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FOREWORDS 
 
After the last event in Saint Malo, four years ago, and former seminars held different venues 
(Juan-les-Pins 1987, La Grande Motte 1989, Strasbourg 1993, Tours 1995, Brest 1999) GTPS 
decided to come back to the east of France for this new edition of EUROPYRO / IPS 
symposium. 
GTPS which stands for “Groupe de Travail de Pyrotechnie” was created 38 years ago as a 
forum to exchange and enhance expertise among its members; it is still gathering main French 
Industrial and Research Organisations plus national Bodies involved in Explosives and 
Pyrotechnics. 
EUROPYRO 2007 was organized jointly with International Pyrotechnic Society as its 34th 
seminar and held at “Palais des Congrès de Beaune” from 8 to 11th October. 
Beaune is well known for the winery and for gastronomy and this city and its countryside is a 
very pleasant place for exchanges and for discussions about the future of pyrotechnics. 
Burgundy (French: Bourgogne; German: Burgund) is a historic region of France, inhabited in 
turn by Celts (Gauls), Romans (Gallo-Romans), and various Germanic peoples, most 
importantly the Burgundians and the Franks; the former gave their name to the region. Later 
in time, the region was divided between the Duchy of Burgundy (west of Burgundy) and the 
County of Burgundy (east of Burgundy). The Duchy of Burgundy is the more famous of the 
two, and the one which reached historical fame. Later, the Duchy of Burgundy became the 
French province of Burgundy, while the County of Burgundy became the French province of 
Franche-Comté (literally meaning "free county"). 
Founded in 1442 by Nicolas Rolin, chancellor of the Duke of Burgundy, and his wife, the 
Hospices are a charity running hospitals and other services for the needy. Following from past 
donations, they own vineyards in Burgundy. 
GTPS and IPS were pleased to welcome attendees in Beaune for Europyro 2007 and 34th 
International Pyrotechnics Seminar. This new edition gathered many pyrotechnic topics with 
detonic issues in the same symposium. Such topics on shockwave propagation and basic 
phenomena used to be presented during former CEA seminar HDP but currently CEA staff 
decided to join Europyro. 
The scientific committee, chaired by Claude Prisset, received a large number of very good 
proposal papers and prepared a high quality scientific program. 
AFP (Association Française de Pyrotechnie) which used to support GTPS events and out-
pouts such as scientific publications and Dictionnary, has managed the organizing committee 
and prepared logistics and welcome. 
I want warmly to thank each members of these committees for their individual commitment, 
International Steering Committee and IPS members for their support, GTPS members for 
sponsoring and, of course, authors and attendees for making this seminar a great scientific 
event in explosives and pyrotechnics field. 
This EUROPYRO 2007 succeeded to bring attendees opportunity of a lot of interesting and 
profitable exchanges, both professional and social. 
 Shall these Proceedings allow you to carry on such exchanges and benefit your scientific 
efforts for the future of explosives and pyrotechnics!  
 
 
Luc Brunet  
GTPS President 
EUROPYRO 2007 chairman 
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« Our Energy to shape your future » 
 
 
 

ABSTRACT 
 

Since a long time, energetic materials have played an essential part in the nations weapon 
systems. After a tremendous expansion period following World War II and the drastic 
evolutions due to the end of the Cold War, the energetic materials industries are looking for a 
new position which takes into account high performances, low vulnerability and profitability. 

Recent research results showed that the energetics materials are far from their development 
limits. Due to the national importance of the field, SNPE Energetic Materials (SNPE) intends to 
adapt its strategy, resources and goals to continue to play a major role in the future. 

For over 50 years, our company has been a major player, together with its partner SPS (Snecma 
Propulsion Solide) in designing, developing, producing and providing support on rocket motors 
for French deterrence through the programs M45 and today M51. Reliability, safety, 
performance, cost control; SNPE offers the broadest range of expertise in Europe.  

For space programs due to its expertise in operational safety and dependability, the CNES 
(National Centre of Space Research) and the ESA (European Space Agency) entrusted SNPE 
with the design and construction of the UPG (French Guyana Propellant Plant) in Kourou. 
SNPE permanently contributes to keeping UPG at the forefront of technology by providing 
support to REGULUS, the subsidiary created with the Italian company AVIO.  

SNPE carries out, on behalf of its clients, all types of design, dimensioning and production 
analyses for loadings for solid fuel rocket motors used in space launch vehicles. For example, 
Ammonium Perchlorate is the principal raw material for composite propellants used in civil and 
military rocket engines. The high purity, the well adapted and well controlled particle size of its 
Ammonium Perchlorate has led SNPE to becoming the main supplier for the powerful Ariane 5 
launch vehicle. 

EURENCO, a subsidiary of SNPE is the only European company to offer a complete range of 
cutting-edge energetic materials for both defence and commercial markets. Its great know-how 
in high explosives and cast PBX charges for warhead makes it an undeniable partner for 
Missile Defence Systems. These means of defence involve developing right solutions to 
technological issues such as readiness, discrimination of the targets, and time to target. 

PyroAlliance, a subsidiary of SNPE, develops advanced energetic equipment in partnership 
with major manufacturers. This company is the leading European producer of energetic 
equipment for designing, producing a wide range of equipment to meet the demanding 
specifications of aerospace, defense and industry. These energetic equipments perform a 
number of critical functions, including launch, propulsion, flight control and range safety. 
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To prepare the future, the CRB (Bouchet Research Center) constitutes a unique centre of 
excellence in Europe in advanced research into energetic materials. With the strong support of 
the French defense procurement agency DGA (Délégation Générale de l’Armement), our teams 
have developed the most advanced technologies in the field of Energetic Materials.  The 
scientific fields cover chemical synthesis, formulation, analysis, safety, mechanics, detonics, 
ballistics and computer modelling and simulation.  

To demonstrate how these competences drive the future we will illustrate several examples and 
in particular how: 

• the modelling and computer simulation involved in experimentation, allowing the 
design of high performance meshing software that can be used in programs of the 
future,  

• the synthesis of new molecules allows us to design new generation of energetic 
materials with increased performances as well energetic ones than specific functioning 
with the development of specific tools, 

• new technologies and new concepts have been developed from an environmental point 
of view to suppress classically destruction of energetic materials by burning or opening 
detonation. 

In conclusion we will underline, why it is essential to make available the most powerful 
technologies. Energetic Materials and more particularly Solid Propulsion is one of these key 
technologies to shape your future. 

 

Gilles FONBLANC 
SNPE Matériaux Energétiques  
Propulsion General Manager 
g.fonblanc@snpe.com
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HIGH-ENERGY CONDENSED SYSTEMS 
 

Yurii Frolov   Alla Pivkina  
 

Semenov Institute of Chemical Physics 
Russian Academy of Science 

119991 Kosygin st. 4 Moscow Russia 
 

ABSTRACT  
 
 The structure and conditions of the high-temperature reaction self-sustaining within high-
energy condensed systems (HCS), including explosives, pyrotechnics, and solid rocket 
propellants, are reviewed .Some phenomenological  aspects are analysed on base of fractal and 
percolation theory.  It is shown the fractal character of particle clusters occurring under certain 
concentration and the percolation phenomena prove the critical role of the structure in the 
combustion process. The continuous reaction surface formation. i.e., existence of the continuous 
heterogeneous surface of the contacts between reacting components. is a necessary condition for 
combustion front propagation  across HCS  sample in common and for phenomena type 
agglomeration.  For the gasless pyrotechnics the conditions of the “solid flame” formation are 
defined. Peculiarities of the low-density HECS are discussed, in particular the conditions for 
quasi-station convective combustion. Novel computer program  is used to analyses of  
combustion front optical imaginations of the combustion propagation . It permit to receive the 
connection between  the  green structure of the sample  and  colour card  of  combustion front 
level.    Special attention is paid to techniques of synthesis, mixing and compacting of nano-sized 
components of HECS. The burning rate dependency on the components size ratio is analyzed, 
the maximum burning rate was observed for nano-sized both metal and oxidizer. The degree of 
agglomeration of the combustion products, which defines the effective use of HCS in energy 
devices, is also discussed.       
     The deep knowledge of  HCS combustion mechanism permits to develop a new processes and 
to receive new materials. 
 

 INTRODUCTION 
 

Powder on the base of potassium nitrite with add of sulfur and carbon is believed  to be one 
of the first HCS for the military and civil use. The prototype of this powders was so called 
"Greek fire", firstly appeared in 5-6 centuries our age in China. 

At the beginning of 13 cent, this powder recipes came to Europe. At 1382 the first use of 
powder on Russia was registrated - for canons defending Kremlin at Moscow. 

Pyrotechnical rockets have been appeared in 15 century, but became of wide use at 18-19 
centuries. 

With the long-range artillery development the need in high energetic materials was rised. 
Due to sufficient success in chemistry in France and England new combustible compounds 
have been synthesised: xyloidin (1832) and pyroxylin (1838). In 1884 French chemist Viele 
synthesised powders "V" by reaction of mixture pyroxylin/colloxylin with alcohol. 
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Traditionally, this fact is believed to start the investigations in field of powders and solid rocket 
propellants. 

Firstly in Russia the smokeless powder was produced in industry scale on Okhta factory in 
1890. Next year Russian chemist D.Mendeleev obtained pyro-colloid powder (cellulose 
nitrite). At 1887 Nobel in Paris developed new smokeless powder -double-based, higher 
energetic then pyroxylin (colloxylin, plastifued by nitroglycerine and camphor). 

Besides of advantages of new powder, ballistit powder was not developed in Russia until 
the First World War. Later its production was stopped to continue again in 30s years. 

At 1915 the Russian Artillery Academy professor Grave suggested to use pyroxyline 
powder for use in army rockets. He've got a patent, but his invention was not realised at that 
time. 

At 1924 in Artillery Academy the rocket pyroxyline powder was developed (PTP), and 
at 1928 the first powder rocket in Russia was launched. This powder had some disadvantages 
to be improved. At 1932 the new powder of double-based propellant "N" was developed 
being for a long time the main powder for army rockets. 

Based on this powder, the new rocket RT-1 was launched, with the range distance 
2000km. 

At that time in the USA and other industrial countries tactical rockets were developed on 
the base of double-based propellants. The charge diameter was less 300mm, furthermore 
propellants had a bad resistance to low temperatures. 

At the beginning of 40s development of the new class of powders - solid rocket propellants 
- was stimulated by Second World War. The fist of SRP "GALSIT" was made in Caltech as a 
booster for aircraft, and consisted of potassium perchlorate, oil fractions,  binders. 

In Russia the SRP development was launched in 40s. At 1942 the SRP on the base of 
nitrite ammonia and polymeric binder, but the effective parameters were worse then for 
double-based ones. Systematic work on SRP started at 1958. At 1966 the first launch of 3-stage 
inter-continental rocket RT-2 on solid rocket propellant was successfully realised. 

Now the heterogeneous condensed systems (HCS)     represent a wide range of energy release 
compositions, which include powders, solid rocket propellants (SRP), pyrotechnics,SHS-
compositions,and  explosives.(Fig 1) 

Usually, HCS consisting of metals with high heat of combustion (boron, aluminum, 
magnesium, titanium, zirconium, and its alloys), oxidizers (traditionally,  nitrates or 
perchlorates), and binder (rubber, polymers, other organic compounds). Some special additives 
could be intended in the mixture to meet technical requirements (catalysts, dyes, cake prevention 
materials, etc.) 

There are several physical and chemical processes involved in the combustion front shape 
formation. 

All combustion phenomena are interconnected, and result in the combustion wave are forming 
and moving with the certain burning rate    

The classical combustion theory does not explain all these phenomena yet 
   The burning rate dependence on a particle size, non-simultaneous burn-out of the components,  
concentration  limit of combustion, agglomeration and dispergation of condense phase, porosity 
of samples, destruction and phase transition on combustion wave, etc.  
. Problem of the non-simultaneous burnout of the HCS components was investigated in many 
aspects, but still there is no study of the combustion front shape connection with the sample 
structure and combustion parameters, which. is very important 

The fractal geometry introduced some parameters to distinguish the “chaotic” and “straight” 
lines - e.g. fractal dimension and could be a key point of the non-simultaneous burnout 
investigation. 

 Analysis a brightness of image and a information produced by fractal geometry permits to 
reconstruct the temperature-time history for the any point of the sample. 

 Another way is transition on nano size  level of HSC components. 



 
 
 
 
 
 
 

 
 
 
 

 
Fig 1. High-

energy 
Heterogeneous 

Condensed 
System 
 

 
HCS  COMBUSTION 
Gas release HSC 
 

Burning rate (U) is  one of the main integral energetic parameter of HCS combustion 
process and  may varied in a wide range - from 10-2 5mm/s up to 10  mm/s    This parameter is 
influenced by the energy release process, ambient pressure and  initial temperature, sample 
microstructure (porosity, particle size, heterogeneity level, etc.).   

The burning rate of a gas release system dependence on the component particle size (Fig 2) 
with the constancy of the rest parameters is a S-shaped curve .  
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Fig 2. Combustion regimes of HCS 

 

 There is a weak or no U dependence on the particle size for the very small (χ/U > d, region 
I) and very large (χ/U < d, region III) particles (χ/U - is the preheated layer thickness).  

Region 111 could be described as "homogeneous" ones with the characteristics zones 
existence: dark zone, zone of the combustion product mixing, flame zone  

Combustion gas products succeed to mix in the dark zone, and "homogeneous" mixture of 
binder and oxidizer react in the flame zone.  

On the other hand (region1)- the layer-ordered HCS type of "sandwich", where the 
combustion front propagates along the contact surface of oxidizer and binder layers  . 

 Both cases are examples of the ordered structure of HCS. For the gas released system the 
burning rate is practically proportional to the pressure value  

U ∝ Pγ, where γ ≈ 1. 
Indicated regimes of HCS combustion and critical particle size values depend on the 

ambient pressure, because of the pressure influence on the preheating and mixing zone thickness.  
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The intermediate zone ( region II )of heterogeneous combustion is the most difficult for 
theoretical and experimental studies because of non-linear U value dependence on the pressure 
and particle size: 

U ∝ f(d, Pγ), γ < 1 
Analogously, the burning rate of the metal-containing SRP increases with the metal particle 

sizes reduction. The maximum U value corresponds to the oxidizer and metal particles equality    
dox=dme

Solid - flame  
 

The solid flames – flames were open in 1967 by professor Merzhanov and his colleagues.  
Solid  flames are а high-temperature diffusion process of chemical conversion of the solid 

components mixture in hard products without forming intermediate gas or fluid phase. (solid 1+ 
solid2 = solid  product) 

For the solid- real gasless  flame components react on the contact boundary through the 
intermediate layer of reaction products, and the burning rate practically doesn't depend on the 
ambient pressure (Fig  3)and could be realized in different regimes (auto oscillating, pulse, spots, 
etc). 

Existence of the solid flame is provided by high calorie content source of mixture reagents, 
defining high heat effect to reactions of the combustion, when heat-releasing exceeds all heat 
losses, high value of the temperature of the melting both sources reagents, and intermediate and 
final products of reaction T
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P, atm 

ad<<Ti
melt

To characteristic of the solid flame possible to refer: 
High heterogeneous composition from solid reagents 
Variety of the structured conversions in front of the combustion, bring about variety mode of 
combustion. 
Absence of diffusion carrying of the reaction products to perpendicular moving the wave of 
the combustion  
 

 

 

 

 
 

  

 

 

 

 

 

 

 

 

Fig 3. Solid flame burnin rate  U dependence on ambient pressure P (5) 
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High heat-capacity of solid-phase of the products of the combustion that provides spreading 

and instability spreading  of the reaction wave   
The structure of the combustion front of the solid flame comprises of itself not only classical 

warming zones and the main reaction defining heat-releasing, but also afterburning zones, where 
temperature can rise higher  than in zone of the reactions. 

Since in solid flam  interaction reagent must pass in places of their contact in mode of the 
reactionary diffusion, the velocity of heat-releasing must be a proportional to velocity of mass-
transition through rising at time layer of the reactions products. So in real composition SF should 
be additional mechanism or condition of mass-transition, maintaining level energy -releasing, 
sufficient for compensation of heat losses and maintenances of the wave of the combustion 
(stationary or not stationary) 

Such condition should  be homogenization of source mixture, formation of intermediate 
liquid  phase (melt one of the component), presence of a adsorbed gas phase.  It can serve the 
explanation of porous mixture hard reagent combustion in autocatalytic mode with high burning 
rate.  

But this will already be an pseudosolid flames. The examples of the practical use pseudosolid 
flames  are the pyrotechnic  mixtures  of metals (Al, Mg, B) with metals oxidizers (MoO3, 
Fe2O3). 

 
 

Сombustion limit 
 

      The HCS combustion is characterized by the combustion limits also, i.e. breaking of 
combustion or abrupt change in the burning rate composition  

When both of the HCS binary components are not combustion self-sustaining compounds, 
the "left" and "right" combustion limits are very sharply defined The mass concentration 
values on the combustion limits can vary dramatically — from units up to tens of percents — 
but the volume concentration critical values are very close to 16' vol.%    approximately    
(Table 1).  



 

Table 1. Concentration limits of combustion 
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Composition 
Concentration Limits of the Concentration Limits of the 

Second component, m% First component, v% / the 
(Lowest/Highest) Second one, v% 

LITERATURE DATA CALCULATIONS 
Ta-Si 4.4/31. 7 16.1 / 16.0 

Ti-Si 14.9 / 57.0 15.2/ 16.8 

Nb-Ge 14.6 / 70.0 12.9/12.7 

Ti-AI 15.8 / 62.8 14.3/ 15.7 

Ti-Co 32.5 / 76.3 11.8/22.5 

Hf-B 4.6 / 23.2 14.4/ 18.2 
 

 
     U, mm/s ,                                                                                 T, K 
                                                                                                  
 
 
              20                                                                                   4000 
                                                                         3 
 
                                                2 
 
              10                                                                                   3000 
                                                                      1                                                   
                                                                   
 
                                  20           40           60             80       METAL, vol.% 
  

Fig. 4. Dependence on the metal content of (1) burning rate, (2) adiabatic flame 
temperature, (3) heat effect of reaction Al+Ni 

 

 
Analogously investigation of metal-containing HCS shows the same tendency. Thus, there 

is a sharp change of the burning rate of stoichiometric mixture AP/binder with the adding of 
metal powder (Al, Zr, Ni) .There is no combustion for these mixtures when the AP/PMMA 
concentration is less than 16 vol.%. 

It is important to note the absence of correlation between experimental U dependence and 
the calculated adiabatic temperature of combustion function on the active component 
concentration. Close to concentration limits the Tad for many of the HCS is higher than 
1500 K (Fig4)). i.e. higher than the combustion temperature of the active component by more 
than   1.5 times. So the combustion limit does not depend on  the HCS. energy (activity) only 

Even if one of the components self-sustains combustion, the indicated critical phenomenon 
is observed for its volume concentration close to 16 vol. % as well. (Fig5) 



 

Fig 5. Burning rate of two component mixture depend on Component 2 concentration. 
 

So the combustion limit does not depend on  the HCS. energy (activity) only. But the 
internal structure of HCS is   important  and helps to explain this phenomena.  

Internal microstructure of HCS depends on the particle shape, the relationship of 
component particle size, composition, sample porosity and others factors. 

 Figure 6 presents the initial internal microstructure of termite composition (Al+Fe
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2O ). 3
Both cases have deal with the same composition and compaction technique (cold uniaxial 
pressing).The difference is the shape of the Al particle, which is spherical and scaly shaped 
only A comparison of these two structures shows that oxide particles (d< l mcm) form a 
continuum matrix. But in the first case, spherical Al particles form isolated clusters in this 
matrix, whereas scaly-shaped Al particles form a percolation cluster (continuum chain) oriented 
relatively to the pressing direction. 

 The mixtures with spherical Al particles are not combustible, but in the mixtures with 
scaly-shaped Al particles, the combustion wave can propagate along the pressing direction. 
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Fig.  6. Initial structure (x420) of pressed samples of stoichiometric "thermite" mixture 

Fe O  + Al: a) scaly-shaped Al particles; b) spherical Al particles. 2 3

The anisotropy of HCS samples in directions perpendicular and parallel to the pressing axis 
revealed in electric conductivity and combustion studies is explained with point of view the 
peculiarities of their structure. 

It is known the component concentration for many physical processes at which geometric 
phase transition on a fractal cluster —percolation cluster type takes place is close to 16 vol.%, as. 

According to the fractal theory approach , the clusters of the component particles are 
formed during sample fabrication. Those clusters are fractals under the percolation threshold (16 
vol.% for a chaotically packed system of same-sized spheres). The concentration growth leads to 
the overcoming of the threshold — isolated clusters form a percolation cluster, which mean the 
formation of a continuous net of the component particle. In the case of a heterogeneous 
combustion regime, components react at the contact surface, so the percolation cluster formation 
means the formation of a continuous reaction surface inside the sample. Experiments show that 
this condition is critical for the HCS. 

 
Combustion  Front – analysis and modeling 

 
The investigations underlay a computer model of combustion front propagation in a system 

with chaotic distribution of the components(L )  Modeling was performed using the 2D and 3D 
"cellular automata" approaches to demonstrate that with increasing the concentration of active 
particles in their mixture with inert species three modes of combustion front propagation — 
channel-like, vortical, and layer-by-layer — were subsequently observed (FIG 7). 

 



 
Fig7. Modes of combustion front propagation — channel-like, vortical, and layer-by-

layer 

 

 The combustion flame front propagation is visually similar to smouldering, the vortical mode 
resembles turbulent combustion of liquids and gases, and the computer burning spreads  

The fractal dimension near the percolation threshold measured in  
the AL/Ni composition is D  = 2.78.  f

Computer program was used to analyse optical images of the combustion front propagation 
process. The focus was placed on the characterization of the chaotic structure of the combustion 
front line.  

The brightness of the image (Fig. 8) could be attributed to a certain temperature level; 
therefore, investigations have been initiated to study temperature fields  geometry in the burning 
sample. Furthermore, analysis of the information produced by fractal analysis allows 
reconstructing the temperature-time history for any point of the sample. 
     The non-uniformity of both the combustion front lines and of temperature fields of the sample 
over the combustion front is apparent  boundaries of the temperature fields (isotherms) have a 
chaotic character; moreover, some temperature "spots" are chaotically introduced inside 
temperature fields 
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a) 

 

 

 

 

 

 

 

 

 

 

 

 

 

b) 

 Fig 8. Optical image (a) and temperature fields visualization (b) of the combustion front 

spreading process.  

. The fractal geometry approach seems to be best suited to describe the chaotic geometry of 
the combustion front line and the temperature fields. The average tendency is for Df to increase 
with increase in temperature. 
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Agglomeration and dispergation 
 
Agglomeration is the process of the component particle enlargement on or near the 

combustion surface or in preheated zone . 
 The agglomeration process has a negative influence on system parameters (energy release, 

aerosol formation), but could have a positive influence (synthesis of compact product, heating of 
object, etc.).  

Usually, an agglomeration phenomenon is observed during combustion of the metal-
containing HCS (Fig 9).  

 

 
 

Fig  9.  Aglomeration process of AL particles on the HCS combustion wave 

 

Agglomerates can consist of the metal particles, the binder destruction products, and 
oxidizer. When we consider HCS with the bimodal oxidizer particle size distribution (or with 
two oxidizers having different particle size), the real components concentration doesn't coincide 
with the "receipt" one. According to the "pocket" theory combustion process goes along the large 
particle boundary, and the large oxidizer fraction form substructures inside the sample with a 
new ratio between fine oxidizer and metal particles. 

This process could be divided to some steps: particles collecting, forming of the contacts 
between particles, coalescence of contacting particles in agglomerate, and it's separation from the 
combustion surface- dispergation. 
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Fig 10. Aglomeration process modeling (scheme) 

 

This process has some stages, and depends on the particle size, contact spot surface, and 
temperature (Fig10). 

The driving forces are surface tension and gravitation, for the "dry" deflagration case - 
gravitation and the nonuniformity of the components burning-out. If the metal particles are much 
smaller than oxidizer ones, the initial structure is favorable for the metal agglomeration due to 
the  particle  collection inside the "pockets" of oxidizer even in the initial mixture. 

When the HCS components melting occurs on the combustion surface, the large particles 
are dispergated into flame zone  as result  of the relationship of buoyant forces (gas flow of the 
component deflagration products) and keeping forces (surface tension, gravitation).  

As a result of some particles coalescence agglomerate could be formed with the size of 
much higher than initial metal one. Finally, agglomerate separates from the combustion surface 
and dispergates to the flame zone.  

Into  the high temperature flame a  first stage of particle junction is the surface diffusion - 
the mass transfer from the convex sections to the concave surface of isthmus between particles. 
The next stage comes when the oxide film disappeared at the contact points and the unit 
"dumbbell"-like particle is formed. The last stage is diffusion leveling of the agglomerate form 
 13
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The dispergated objects could be metal agglomerates, conglomerates of metal and binder, and 
the large particles of the initial components type of AP, HMX, RDX.  

Being in the high temperature zone with the high heating rate, aluminum particles undergo 
sufficient thermal tension. . The defense oxide film on the Al particle surface cracks, because the 
thermal spreading coefficient for Al is three times higher than for Al2O3 one's. As a result, the 
diffusion resistance of Al2O3 film dramatically decreases even before oxide melting, the Al 
evaporation rate increases in the crack sections. 
 At first along the crack and than around the particle, the high temperature zone of vapor-
phase flame is formed where the Al vapor is oxidized. There is a heat feedback from the vapor-
phase to the particle, which leads to Al and oxide film melting. 

Liquid Al2O3 forms spherical drops on the surface of melt aluminum. Metal vapor separates 
these drops to the flame zone. Generally, its size is proportional to the initial metal particle size 
and exceeds the condensation Al2O3 product in the vapor-phase zone (and near it). 

The time of the complete Al particle burning in the active ambient of HCS deflagration 
products (H2O, CO2, O2, CO) when T>2300K, can be defined as: 
 

τAl=0.67dn/ak 
0.9 

 
where n=1.5-1,8 (T>2300K), d - the initial metal particle size, mcm, 
ak - relative active compound concentration . 
The HMX particles burned faster than Al ones of equivalent size and in analogous conditions.  

τHMX=0.27d 1.7/P 0.5

Сombustion of porous HCS 
 

Normal combustion of porous gas-permeable system of the HCS is disturbed when the 
pressure is increased. This is caused by the fact, that besides the conductive heat transfer, 
effective convective heat transfer also takes place. As the result, the rate of combustion 
propagation and the range of its change are considerably increased and under certain conditions 
combustion may transform into detonation. 

The simplified scheme   based on available concepts on transformation of combustion into 
detonation for gas-permeable condensed systems includes following stages: a steady-state, layer 
by layer, combustion; convective combustion, explosive transformation at a low rate regime 
(LRR; 700 m/s-3500 m/s) and normal detonation.  

Each stage has its own mechanism for heat transfer and initiation of a reaction. The stages 
and their duration depend on charge structure, its physical and chemical properties and 
conditions of combustion. 

But this scheme is not complete. The disturbance of combustion, layer by layer, does not yet 
mean the beginning of convective combustion. Between these regimes there is an intermediate 
area - the so-called disturbed combustion area. (Fig 11) 
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Fig 11. Burning rate on rate-pressure dependence, 85% PA + 15% PMMA composition. 
-12m0 = 0.14, K = 7 * 10  cm2. 

 

On combustion of such systems one may reveal the characteristic regions in the general 
picture of combustion rate change along the sample length. 

The first region the change is determined by the ignition conditions. 
The second region rate is changed monotonically or with some deviations from the mean 

value These deviations were caused by the periodic pressure change on the combustion surface. 
The reason of pressure fluctuations is in that the destruction of the charge shell periodically 

lags behind the combustion front. The maximum combustion rate is attained before every next 
shell destruction, that means at the largest length of the after-combustion region. 

The constant external pressure and readily destructive shells provide the stability or quasi 
stability of the convective combustion -its propagation with the constant (in average) rate.  

At the approach of the convective combustion wave to the closed charge end the effect of 
boundary conditions becomes significant. This causes the appearance of the third region of 
combustion. The combustion rate here is abruptly decreased. These large scale fluctuations were 
caused by external conditions. The combustion of gas-permeable systems is also accompanied by 
small scale fluctuations which are associated with particularities of the dispersion process. 
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Fig 12. Characteristic zones and areas at combustion of gas-permeable propellants. 

Outflow zone Transfer zone Compression zone

After comb. zone 
Filtration 

 

 

Every regime has a own pressure profile in the combustion wave   (Fig 12) 
From the experimental data obtained, it appears that the main processes determining the 

development of convective combustions are: 
• gas filtration into propellant pores (the size of filtration zone LΦ); 
• convective heating of pores surface (about 0.4 - 0.6 of LΦ); 
• gasification of propellant and ignition of products formed (0.1 - 0.2 of LΦ); 
• destruction (dispersion) of propellants connected with the intense heating, gas 

evolution and outflow from combustion products; 
• combustion of particle suspension formed. 

In the combustion wave all these processes proceed simultaneously and are interrelated  
The combustion jump occurs, as a rule, along the whole length of the gas penetration area. 

Indeed, if the strength is not sufficient, then after dispersion this area will be partially remained. 
This will lead to the gradual decrease in the rate and the penetration depth for time t3 between 
the combustion jumps. As a result, the width of the gas penetration area will be in accordance 
with the strength parameters of the system. The combustion rate is stabilized under the constant 
external pressure . 

If the jump occurs at the depth that exceeds the area under consideration, then the pressure 
drop ΔP1 at the inlet is increased. This results in the increase of the rate and the depth of gas 
penetration. This will continue till the area would not be equal to the jump depth or the pressure 
drop in the filtration zone would not be realized. 

  The model is developed for non-dimensional combustion of gas-permeable systems that is 
based on the interaction between combustion jumps into single pores and the gas filtration in all 
pore  which takes into account the discrete character of their dispersion, gasification kinetics, 
final completeness of the reaction, strength properties of a charge and processes in the after 
combustion zone. 
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NANOSIZED HCS 

 
During the last 100 years, the efficiency of the known explosives has increased in about two 

times, and practically comes to its saturation. 
 Cyclic nitramine high-energy compounds, such as HMX and RDX are frequently used in 

various rocket-motor formulations and explosive devices. The use of ammonium nitrite in a 
combination with the active binder results in formulation of a pollution free solid rocket 
propellant with a specific impulse of 250 sec.  

New explosives  now used as components of high-energy systems, i.e., ADN (NH4N(NO2)2 
and СL-20 (C8H8N12O12) (Table2). 

 
TABLE 2. BURN RATE CHARACTERISTICS OF CYCLIC NITRAMINES  

Nitramine Pressure 
interval, MPa 

Pressure 
exponent 

Burning rate 
at 10 MPa, 

mm/s 

Strand 
density, g/cc 

Adiabatic 
flame 

temperature at 
10 MPa, K 

RDX 0.1-102 0.825 17.8 1.75 3318 
HMX 0.3-40.1 0.861 18.1 1.72 3295 
CL-20 0.69-10.3 0.745 30.1 1.96 3636 

 

But synthesis of new high-energy compounds and the development of new large-scale 
technological processes require a considerable financial investment. 

Modification of the existing components is often used to increase the energetic potential of 
HCS. Wide spectrum of modification techniques includes addition of catalytic compounds, 
covering of the particles with special additives, variation of the particle size.   

The study of nano-size materials as components for high-energy systems was stimulated by 
the increasing worldwide interest to materials structure and properties at the 1-100 nanometer 
size scale.   

It is expected that in comparison with the micron-sized particles, nano-sized aluminum 
powder will increase the burning rate, and will considerably decrease the agglomeration 
enhancing the specific impulse of solid rocket propellants. 

 Metal particle agglomeration at the combustion surface is considered to be a reason for the 
metal particle ignition delay, chemical incompleteness of combustion, and the total efficiency 
losses. 

The metal nanopowders are produced by a plasma-explosion process, which has its roots in 
work of Narne and Faraday (1774). Ivanov of the High Voltage Institute, Tomsk, Russia, first 
fabricated an «Alex» powderFrom that time many researches have demonstrated   that Alex * 
aluminum powder when mixed with solid oxidizer powder increases burning rates over 
propellant with standard grade aluminum 

For the AN/RDX nanocomposite synthesis we’ve used two vacuum evaporators It permit to 
receivr to problevs simultaneously-to synthesize and to mixe nana components. 

The chemical purity, morphology and nanosize of synthesized AN and RDX particles have 
been confirmed and  investigated by X-ray diffraction,Atomic Force Microscopy, transmission 
electron microscope,  FTIR spectroscopy. derivatogr Q-1500 thermal analysis system with a 
simultaneous TG-DTA module. 



 
The thermal behavior of nano-sized AN powder (Fig. 14) with the average particle size 

about 50nm was found to be different than that of the micron-size AN powder, i.e., the phase 
transition peaks have shifted to lower temperatures. A similar shift of lower temperature has 
been observed for the melting point. The shape of the exothermic peak is changed, that is instead 
of one strong DTA peak for the micron-sized AN, four exothermic DTA peaks appear for the 
nana-size AN .powders.   
 

8

COLD-WALL VACUUM EVAPORATION:
EXPERIMETAL SET-UP

HOLDER 
∅ 50mm

 18

VACUUM

METAL
EVAPORATORS

PRECURSOR
EVAPORATOR

HEATER

radical
vapor

РС

   

 
a) 

Plasma
electro-
condensation
process

Green
mixture

Metal
vapour

Plasma
flow

Anode

Roof-
cathode

 
b) 



Fig 13. Cold-vacuum evaporation method  (a) and plasma electro-condensation method (b). 
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Fig 14a. DTA curve  for nano-sized AN powder 

solid line – micron-sized powder, average particle size 50 µm; 
dotted line – nano-sized AN, average particle size 50nm. 
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Fig 14b. DTA curve for RDX powder (200mg) of different particle size: solid line – d=50μm, 
dotted line – d=50nm 

 

-50

0

50

100

150

200

0 100 200 300 400

Temperature,  C

H
ea

t r
el

ea
se

, a
.u

.

conventional sample nanocomposite

 
Fig 14c.  DTA curve for RDX/AN pressed tablet (100mg):solid line – conventional sample, 

dotted line – nanocomposite. 
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Thermal decomposition of micron-sized powder of pure RDX in air shows an endothermic 
peak at 2050C attributed to melting, followed by an exothermic decomposition peak at 2300C. 
However, the nano-sized RDX powder shows a melting peak at 1850C and the decomposition 
peak at a lower temperature 2170C (Fig 14b). 

 The results show that the activation energy values for the thermal decomposition of nano-
sized hexogen and ammonium nitrate are smaller than for the micron-sized powders. The 
experimental data for the thermal decomposition of RDX were found to be in a good agreement 
with quantum-chemical calculations.  

 Under the pressure of 10MPa the conventional pure RDX sample had a burning rate of 
15.1mm/s. However the RDX nanopowders exhibit a burning rate of 30mm/s.  

Nano-sized aluminium powder, synthesized via the mechanical activation flake Al precursor 
powder, has the average particle size was found about 20nm. The thermal behaviour of nano-Al 
powder was investigated and compared to the precursor Al powder with the average particle size 
of 7um. Both powders have two stages of oxidation at temperatures 550-630°C and above 
750°C. However, the mass gain for the first oxidation stage of the nano-powder is 3,5 times 
higher than of the micron-sized one (Fig15). 

a  

b  

 
Fig 15. TG (a) and DTA (b) results for nano-sized and micron-sized Al powders in air.  

 

Nanosized component using leads to increasing of burning rate.  Burning rate max has 
composition when all components have the same nano sized distribution.( Fig16) 
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Fig 16. Скорость горения образцов HCS  24% AL-76%AP. 
n-nano, m-mikro size -  a)as function of preasure , b) at P=40 at. 

 
The passivating oxide layer prevents fast aluminum oxidation during combustion,. To 

increase the reactivity of the oxide layer, different types of doping materials may used (Zn, Cu, 
Ni, Cr, Zr, alkali-earth metals, etc.).  

Three types of nano-particles were produced by the plasma explosion process   and 
investigated (Table 3) i.e., barium-doped nano-powder, benzine and silicon rubber stabilized 
powders.  
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Table 3. Composition, specific surface, and active aluminum content of as-received samples 

 
 Sample 

number Composition, mass. % Specific surface, m2g-1 Activity Al 
 

1 Al+7,5% Ba  22,7 70.0 
2 Al+1.5% Benzine 9,1 88.3 
3 Al+1.5% Silicone rubber 9,1 75.0 

a)                                                    b) 
 

Fig 17. TG (a) and DTG (b) traces of as-received aluminum powders showing rapid weight gain 
above 5000C for doped powder: sample 1 – Al+7.5% Ba; 2 – Al+1.5% benzine; 3 – Al+1.5% 

silicon rubber; 4 – micron-sized Al. 
 

The fast oxidation of nano-aluminum doped with Ba at 5000C could be attributed to rapid 
diffusion of oxygen through the oxide layer after barium oxide’s fast exothermical oxidation to 
form barium peroxide . Arising considerable structural changes along with the additional heat 
release, may cause the oxide layer to crack at this temperature, thus causing a rapid increase in 
oxidation. Assuming that after the first oxidation step (below the melting point 6600C) a “new” 
passivating oxide layer on the particles of sample 1 has an equivalent thickness for the particles 
within a particular size fraction calculated to be of 2,0 nm. Thus the total oxide layer thickness is 
5,3 nm. 

The internal pressure for samples with Ba-doped nano-aluminum is built up four times faster 
than for samples with nano-aluminum, stabilized with benzine and silicon rubber; and about ten 
times faster than that of the samples with conventional micron-sized aluminum powder. shows 
the averaged U values for investigated samples. The use of Ba-doped nano-aluminum (samples 
1.1.) instead of micron-sized metal (sample 4) results in a burning rate increasing from 3,7 mm/s 
to 42,0 mm/s. The use of the benzine (sample 2) and silicon rubber (sample 3) stabilized 
nanopowders leads to a burning rate increase of about two times, as shown in (Fig 18). 
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Fig 18. Burning rate of stoichiometric compositions of 76%AP/ 24%Al with the different Al 
powders: sample 1. – Al+7.5%; 2 – Al+1.5% benzine; 3 – Al+1.5% silicon rubber; 4 – micron-

sized Al. The initial pressure is 4 MPa. 

 
Analyses of the combustion residue from the burning surface of compositions with various 

Al particle size shows the particle size distribution of formulations AP/Al. (Fig 19 )The average 
linear diameter of agglomerates for compositions with nano-size aluminum is found to be 2 μm, 
whereas for systems with micron-sized metal with the much broader diameter range – 28 μm. 
This phenomenon is advantageous relative to slag, two-phase flow losses, and combustion 
efficiency problems. 
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Fig 19. Integral (Q) particle size distribution of the residual oxide products of nano-Al+7.5% 

Ba (12-months aged) and micron-sized Al 
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CONCLUSION 
 

Analysis of the data shows the importance of the HCS microstructure for the combustion 
process propagation. 

In the case of heterogeneous combustion regime, components react at the contact surface, so 
the percolation cluster formation means the formation of continuous reaction surface inside the 
sample. Experiments show that this condition is critical for the combustion process propagation  

Thus, the control of the internal HCS structure allows to regulate not only the agglomeration 
process, but the burning rate value, and the final size of condensed combustion products, 
subsequently, the level of the two-phase losses in a rocket engine.  

The temperature fields and combustion front have a fractal morphology and could be 
adequate characterized in terms of fractal geometry (e.g. fractal dimension). 

There is a significant increase in agglomeration over the percolation threshold for the Al 
concentration ( 16vol.%). Initial sample structure is favorable for the particle contact formation 
before the combustion process. The larger agglomerate size formed during multi-component 
HCS combustion,. Agglomerates can consist of the metal particles, the binder destruction 
products, and oxidizer. When we consider HCS with the bimodal oxidizer particle size 
distribution (or with two oxidizers having different particle size), the real components 
concentration doesn't coincide with the "receipt" one.  

According to the "pocket" theory combustion process goes along the large particle 
boundary, and the large oxidizer fraction form substructures inside the sample with a new ratio 
between fine oxidizer and metal particles. 

A cold-wall vacuum co-deposition process has been successfully used to obtain AN, RDX 
nanopowders and AN/RDX,  AL. Al/polymer nanocomposites.  

HCS with nanosized component using leads to increasing of burning rate.  Burning rate max 
has composition when all components have the same nano sized distribution. 

The deep knowledge of  HCS combustion mechanism permits to develop a new processes 
and to receive new materials. 
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ABSTRACT 
 
Aluminum is widely used as a fuel in explosives, pyrotechnics and propellants.  New technology 
has developed to produce increasingly finer aluminum powders.  It is now possible to make 
aluminum powder with median sizes less than 100nm.  While manufacturers of this material 
reach production scale, handling safety and characteristics of nano-aluminum remain a concern.  
Presented here is a study of some of the most pressing questions on handling nano-aluminum 
powder.  
 
Handling nano-aluminum involves many hazards.  The chief among these hazards are: even very 
small electrostatic discharges may ignite nano-aluminum, and nano-aluminum will burn in bulk; 
dust clouds of nano-aluminum may initiate into an explosion with only a small amount of 
energy; large amounts of aluminum (>200g) in a humid environment could build up enough heat 
and hydrogen to self-ignite.  Because of these effects, care should be taken to keep aluminum in 
dry, inert environments, and efforts should be made preventing any electro-static discharges.   
 
 
 
INTRODUCTION 
 
As the processes for nano-materials manufacturing have improved, the number of studies on applications 
has increased tremendously.  Aluminum has long been of interest in the explosive and pyrotechnic 
communities for use as a fuel, and subsequently, nano-aluminum is of particular interest.  The 
performance advantage of using nano-aluminum over micron-aluminum powder is in the increased 
surface area and therefore higher reactivity.  However, the disadvantage of passivated aluminum is a 
higher mass percentage of aluminum oxide which dilutes the energy; not to mention a low bulk density 
which creates processing difficulties. 
 
While nano-aluminum is not necessarily considered an explosive, energetic or ‘live’, it does pose certain 
risks.  Nano-aluminum presents unique handling concerns, including sensitivity to electrostatic discharge, 
explosive dust clouds, pyrophorocity (likelihood of spontaneous combustion), as well as inhalation and 
skin irritation risks.  This work focuses on the reactivity hazards, and does not examine the industrial 
hygiene hazards.  The aluminum used in this study includes both 80nm aluminum from Technanogy Inc. 
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(now out of business) and 80nm aluminum from NovaCentrix Inc. (formerly Nanotechnology).  This 
paper details the safety data and testing performed on 80nm, passivated aluminum from an ongoing study.  
The eventual goal of the study is to determine the challenges of scaling-up nano-aluminum use, and 
development of safe handling procedures.
 
SAFETY PRECAUTIONS 
 
Even though the aluminum was passivated, as much work as possible was performed in an argon purged 
glove-box.  This was done for both safety and quality reasons; denying the aluminum access to oxygen 
prevented ignition and prevented the Al2O3 skin from increasing.  Glove-box work included weighing the 
material for use and parceling larger lots of aluminum into smaller ones.  Gloves and full faced respirators 
were used to protect operators when work could not be done in a glove box.  Cleaning was performed 
with either PF-5080 degreaser or ethanol, both of which were demonstrated as being compatible with 
nano-aluminum.  Water is incompatible with nano-aluminum, as seen in SBAT auto-ignition 
temperatures ranging from 80-110°F.  (The Simulated Bulk Autoignition Test is similar to DSC but uses 
gram quantities and a slower temperature ramp rate). 
 
CHARACTERIZATION 
 
The following data was taken on Technanogy 80nm aluminum, though similar characteristics have been 
seen with NovaCentrix 80nm aluminum.  Passivated 80nm material does not consist of discrete 80nm 
particles, but rather of 80nm particles that have agglomerated together.  See Figure 1.  The agglomerates 
show a median size of 120nm in a Microtract (see Figure 2); however, the samples were sonicated in 
heptane prior to the measurements, which has the effect of breaking up agglomerates.  A process only 
recommended in a compatible solution, since the places where two particles touch may not be fully 
passivated.  This de-agglomeration is evident when a dispersion of nano-aluminum in a liquid is 
sonicated.  The dispersion will almost instantly thicken with the increase in exposed aluminum surface 
area.  The scanning electron microscope (SEM) pictures of the aluminum show just how agglomerated 
this material is.  Based on the SEM images, the median agglomerate size appears to be in the micrometer 
size range.  The bulk density of this powder is roughly 0.25g/cc. 
 

 
  (a)      (b) 
Figure 1:  80nm aluminum powder, passivated 20.0kV (a) x250, bar at bottom of picture is 50µm and (b) x2500, bar at bottom of 
picture is 5µm. 
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Figure 2:  Particle size distribution of “80nm” aluminum from Technanogy.  Material was sonicated prior to measurement, 
which would break up many of the agglomerates seen in Figure 1. 
  
HAZARD TESTING 
 
By itself, nano-aluminum powder is insensitive to impact, friction, and heat.  DSC was run on these 
materials, however, we have found the SBAT to be more indicative of how a material will behave in bulk 
situations than the DSC.  It typically returns exotherms 42-55°C lower than DSC.  The maximum test 
temperature in the SBAT is 260°C (500°F).  
 
Table 1:  Handling safety data from different lots of nano-aluminum powder.  “TC ESD” is an ESD test developed by Thiokol 
(now ATK Launch Systems) and it typically returns higher ESD tolerances than ABL ESD testing. 

 Technanogy NovaCentrix Technanogy NovaCentrix
  80nm Al 80nm Al 45nm Al 50nm Al 

ABL Impact, cm >80 >80 >80 >80 
ABL Friction, lbs @ 8ft/s >800 >800 >800 >800 

ABL ESD, J <0.025 0.0025     
TC ESD, J   0.05 0.05 

SBAT onset T, °C No Reaction No Reaction No Reaction No Reaction 
 
When nano-aluminum is introduced to oxidizing environments (i.e. air), it is very sensitive to electrostatic 
discharge (ESD); it is slightly more sensitive than finely ground CL-20.  To prevent ESD hazards, the 
material is stored in electrostatic dissipative or conductive containers, and the technicians and receptacles 
are always grounded during handling.  The material is also stored under argon if it will not be used 
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immediately.  Additional handling precautions include working in an argon purged glove box whenever 
possible, such as for weigh-up and parceling material into smaller lots. 
 
DUST EXPLOSIBILITY 
 
Dust clouds of nano-aluminum, like many other finely divided fuels dispersed in air, are explosive.  The 
test setup consists of an enclosed 1.23L container, a place for the particle sample in the base, a diaphragm 
indicator and two ignition probes at 4” and 2” above the base.  See Figure 3.  The size of the sample may 
be varied for different dust concentrations, the pressure of the ambient gas may be varied and the energy 
from the chosen ignition probe may be varied.  During a test, the chamber is purged and pressurized with 
the gas of choice, the sample is dispersed in the container and a spark is released from a probe.  If there is 
an explosion, the diaphragm will break, clearly showing a “go” reaction.  If a flame occurs but the 
membrane is not broken, it is a “no-go”, but a note is made of the flame. 
 

 
Figure 3:  Diagram of dust explosibility test equipment. 

 
The dust explosibility testing consisted of two types of tests:  the maximum concentration without 
reaction test and the minimum energy test.  The concentration test is performed with both the 4” and the 
2” probe, at 10psi and 6psi, respectively.  The amount of material is started at the highest concentration 
permitted by the test, and incrementally decreased until four “no-goes” occur.  That concentration is the 
maximum concentration with no explosion hazard.  See Table 2. 
 
The minimum energy test is performed by decreasing the energy released by the 4” ignition probe until 
there are four “no-goes.”  The concentration used in this test is determined by taking the average 
maximum concentration from using the 4” and 2” probe, and multiplying it by seven, up to the maximum 
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concentration allowed by the test.  See Table 3.  Both the maximum concentration with no reaction and 
the minimum energy were performed in air, 1%, 4% and 8% O2 in argon. 
  
The testing, as expected, showed that performing operations in argon does significantly decrease, if not 
eliminates, the dust explosibility hazard.  The 8% O2 in argon test demonstrated that having as much as 
40% air in the argon is sufficient to eliminate the possibility of a dust explosion.  In air the hazard is 
present with fairly low concentrations of powder and with very little energy.  A scant 100mg of nano-
aluminum per liter of air and a reasonable static discharge are all that may be needed for a dust explosion. 
Care should always be taken to prevent dust from being dispersed in the air by using enclosed systems 
and inert atmospheres whenever possible. 
 
Table 2:  Table of the highest concentration of aluminum powder that will not explode when ignited by 23.5 Amps.  For 1%,  4% 
and 8%  Oxygen in Argon, the maximum concentration allowed by the test was tested without an explosion.  Test was conducted 
with 80nm aluminum from NovaCentrix. 

 

 

Media 
Ign. 

Position Pressure

Max 
Concentration w/ 

no Reaction 
amperage 
of ignition 

  
in from 
bottom psi g/L A 

air 4 10 0.146 23.5 
air 2 6 0.098 23.5 

1% O2 in Ar 4 10 >.976 23.5 
1% O2 in Ar 2 6 >.976 23.5 
4% O2 in Ar 4 10 >.976 23.5 
4% O2 in Ar 2 6 >.976 23.5 
8% O2 in Ar 4 10 >.976 23.5 
8% O2 in Ar 2 6 >.976 23.5 

 
Table 3:  The minimum energy required to cause an explosion of the nano-aluminum dust cloud.  The concentration used is 
determined by multiplying the average concentration from above by 7 or by maximum allowed by the equipment. 

Media Ign. Position Pressure Concentration Energy req'd for ignition 

  
inches from 

bottom psi g/L J 
air 4 10 0.854 0.065 

1% O2 in Ar 4 10 0.976 >9.56 
4% O2 in Ar 4 10 0.976 >9.57 
8% O2 in Ar 4 10 0.976 >9.57 

 
 
HEAT, HUMIDITY & SPONTANEOUS COMBUSTION 
 
Spontaneous combustion of aluminum is not normally a big concern, because the aluminum oxide skin on 
aluminum protects the interior aluminum from reacting with ambient oxygen (see Reaction 2).  The bulk 
of the aluminum oxide skin is created almost instantaneously when raw aluminum, of any size, is exposed 
to oxygen.  However, tiny amounts of oxygen will manage to diffuse through the skin to the interior 
aluminum, and thus increase the skin depth.  Eventually, the skin will be completely impregnable. 
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The oxidation of aluminum releases heat, but this is not a concern when dealing with micron or larger 
particles.  When these particles are passivated, the heat from the reaction is dispersed before it can build 
to a critical level.  However, the surface area for nano-meter sized particles is very high, so a larger 
percentage of the aluminum is being oxidized in nano particles than in micron particles.  The passivation 
of nano-aluminum is very dangerous, and is performed in a controlled environment by the manufacturer 
where oxygen is very slowly introduced. 
 
The purpose of this test was to determine whether the “passivated” aluminum, as received from the 
manufacture, had formed a completely impregnable skin or merely a mostly impregnable skin.  The test 
was designed to create a situation where nano-aluminum might spontaneously combust.  To that purpose, 
a humid environment was created.  When water vapor molecules oxidize aluminum, they also release 
highly flammable hydrogen gas and heat (see Reaction 1).  Heat generated from the reaction might not be 
transferred quickly enough to prevent the material from producing a runaway exotherm and possibly 
catching fire or igniting the resulting hydrogen. 
 
There are at least three reactions that could occur when aluminum is exposed to air: 
 
  2Al + 3H2O → Al2O3 + 3H2 + heat    Reaction 1 
 
  Al + 3H2O → Al(OH)3 +1.5H2 + heat    Reaction 2 
 
  4Al + 3O2 → 2Al2O3 + heat     Reaction 3 
 
Test Specifications 
Figure 4 is a diagram of the test set-up. The test oven is comprised of a five gallon steel bucket wrapped 
with 50 feet of Chromalox SRL8-1 self-regulating heat trace cable; the heating cable does not heat above 
185 ºF. The bucket was then wrapped in 2.5 inch thick fiberglass insulation. Two, one-half inch holes 
were drilled in the lid to allow any hydrogen to escape. A single hole was drilled in the side of the bucket 
to allow for thermocouple installation. 
 
To regulate humidity to roughly 50%, a two-liter 80/20 by weight glycerol/water solution was placed in a 
one gallon polypropylene container. The open container was placed in the bottom of the five gallon 
oven/bucket.  A sixty-hour dry run demonstrated that this glycerol/water solution regulated the relative 
humidity to roughly 48% +/- 2% at the 100 ºF +/- 5 ºF requirement. 
 
210 grams of the nano-aluminum was placed into a half-gallon polypropylene bucket. The polypropylene 
container was chosen to limit heat transfer. The diameter of the container was roughly six inches, while 
the depth of the nano-aluminum in the container was approximately two and a half inches. 
 
Temperature was measured in four places: in the center of the oven (TC-4), at approximately the center of 
the nano-aluminum (TC-3), at the inside diameter of the container submerged in the nano-aluminum (TC-
1), and at the bottom outside center of the half gallon container (TC-2). Monarch DC2000 data loggers 
recorded temperature every twenty seconds for forty-eight hours. 
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Figure 4:  Oven schematic 

 
 
Results 
Figure 5 shows the temperatures for the duration of the test. The oven temperature was held relatively 
constant at 37.8°C (100ºF).  The initial temperature spike is from controller overshoot.  
 
The other three temperature traces show that the nano-aluminum reacted to the humidity, with a 
maximum exotherm temperature 2.78°C (5ºF) greater than the oven temperature and then slowly tapering 
off for test duration.   
 
The exotherm from the nano-aluminum ramps slowly at first. This happens because the partial pressure of 
the glycerol/water solution is temperature dependent. Therefore, as the temperature of the solution 
equilibrated to the oven temperature, the relative humidity also stabilized, which occurred two to three 
hours after the test began. Also of note is that TC-2 lags behind the other temperatures because it was 
located on the outside of the polypropylene container and was therefore insulated from the temperature 
rise due to the reaction. 
 
The most likely cause for the downward slope in temperature is the oxidation of available surface area. 
The reduction in surface area reduces the amount of hydrogen produced and decreases the reaction’s 
exothermic temperature. 
 
At approximately 22 hours into the test and then again 48 hours later the temperature decreases by 2 ºF – 
3 ºF.  It is not clear why this occurred.  A more in-depth study is required to understand the exact cause.  
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As of the writing of this paper, there are plans to repeat this experiment with larger amounts of aluminum 
powder, which will, hopefully, provide insight into the temperature dip. 
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Figure 5: Temperature traces for the exothermic nano-aluminum experiment at 50% Relative Humidity 

 
 
It was demonstrated that elevated temperatures in a humid environment will cause the nano-aluminum to 
undergo exothermic reaction. However, for the configuration tested, the reaction did not create a situation 
of runaway exotherm and subsequent combustion of either the hydrogen produced or the aluminum itself. 
However, under these conditions, a hydrogen gas build-up could pose a fire and/or explosion hazard.  
 
SUMMARY 
 
There are many hazards involved with handling nano-aluminum.  The chief among these hazards are: 
even very small electrostatic discharges may ignite nano-aluminum, and nano-aluminum can burn in bulk; 
dust clouds of nano-aluminum may initiate into an explosion with only a small amount of energy; large 
amounts of aluminum (>200g) in a humid environment could build up enough heat and hydrogen to self-
ignite.  Care should be taken to keep aluminum in dry, inert environments as well as preventing any 
electro-static discharges.  This study did not examine the industrial hygiene concerns, which include 
inhalation and skin irritation concerns. 
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ABSTRACT 

 
An increasing demand for improved gun system performance has led to the use of more energetic but 
more erosive gun propellant formulations.  While improving performance, these new propellants can 
dramatically accelerate gun tube erosion, requiring more frequent tube replacement, and consequently 
increasing life-cycle costs. 
The erosion processes are complex and  high temperature as well as high kinetic interactions will 
create severe thermal effects, high pressures and complex mechanical phenomena. 
One way  to reduce this erosion is to use a wear protection, generally made with a mixture of wax and 
solid particles oxyde, used as solid form inside the ammunition. 
This paper presents an experimental method linked to a simple numerical algorithm to study the effect 
of nanometric particle oxyde on gun barrel protective action. This method makes it possible to assess 
the thermal protection effect and to select the best oxydes and concepts using low cost laboratory tests, 
before real scale tests. 
In this paper, we compare the effect of the addition of two types of inert powders on the combustion of 
a double base gun propellant. The two powders had the same chemical formula but the average size of 
particles are very different. 
In the first experiment, the both nanoparticles seems to modify the temperature. The microparticles 
didn't present such a behaviour and the chemical equilibrium properties ave very close to the 
calculated values. 
 
  
 
PROTECTION MATERIALS 
Titanium dioxyde (TiO2) is usually used as an additive to protect gun barrel against erosion. 
Micrometric sized particles ar employed, and the positives effects has been clearly established. New 
nanosized titanium oxyde powders are now available on the market for civilian uses (cosmetics, 
paints…). The question of the effects of these nano particules on the complex interior ballistics 
phemonena is very important, both commercially and because the nature of the action (thermal, 
mechanical, chemical …) of additives during the combustion has not been clearly established in the 
past.  



 

Two types of titanium oxyde have been tested, the first one a submicrometric sized titanium oxyde , 
the second one a nanometric oxyde (34 nm average size). 

                    TiO2  700 nm                                 TiO2 nanometric 38 nm 

                 
 
The ESM shows similar shapes for the two samples, with complex macroscopic structure and 
clusterization. 
We used the sample to prepare to type of additives: 

• Compressed pellets with TiO2 uncoated 

• Compressed pellets with wax coated oxyde 

 
 
EXPERIMENTAL SYSTEM 
In order to assess a sensor behavior, pyrotechnic experiments have been realized, in which an intermetallic 
composition directly burns on the metal.  
The experimental system is a steel cylinder (35NCD16). It is pierced to its center, so as to introduce three 
thermal probes. These probes are placed at equal distances from each other 
. 

T3 T2 T1T4  

 Temperature probes locations 
The experimental configuration is shown on the sketch, where : 
1. Thermal sensor ; 
2. Sample ; 
3. Heating element (ex: propellant or hot plate). 



 

1
2

3  

Experimental system 
The pyrotechnic input is made of a titanium/boron composition. The strongly exothermic chemical reaction 
produces an alloy (TiB2). A large part of the reaction products stays in the condensed phase. Although the 
mixture equilibrium temperature is high (~4000°C), the sensor surface temperature only increases up to 300°C . 
 

Intermetallic 0.8 g + CaSi2=0.2 g thickness 2.19 mm 
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The experimental system is a steel cylinder. This cylinder is pierced to its center, so as to introduce 
three thermal probes. These probes are placed at equal distances from each other. 
To assess the behaviour of the sensor, we built a pyrotechnic experiment where a intermetallic 
composition burns directly on the sample of oxyde. The chemical reaction is strongly exothermic 
(4000°C) and a large part of the reaction products are in condensed phase.  
Even if the équilibrium temperature of the mixture is high, the surface température of the sensor 
increases to 300 °C. 
The thermal protection efficiency can be defined by the ratio between the temperature of the metallic 
surface protected by the sample and the temperature of the metallic surface not protected. 
 
 
 
MODELLING OF THE INVERSE CONDUCTION PROBLEM 



 

Let consider an homogeneous circular cylinder of which one end is put in e.g. flames. The temperature 
determination at this end may be needed for some reason. The problem can be assessed as the 
measurement of the surface temperature of a semi-infinite wall, of which thermal properties are 
unknown, and that is subjected to an instationnary heat flux. 

end where T is needed
 

 

Since edge effects are supposed to be negligible, heat conduction in the homogeneous cylinder can be 
approximated with the Fourier one-dimensional law  
 

²dx
T²d

dt
dT

α=
 

where α refers to the thermal diffusivity of the material.  
 
The thermal diffusivity can be computed with a finite difference model. However if a real time model 
is needed, the procedure to evaluate this thermal parameter during the experiment strongly increases 
the operating time. This disadvantage can be avoided by solving the equation with additional 
temperature boundary conditions, for both past and present time. 
Thus 1D equation is discretized for space coordinate i and time coordinate n with a classical finite 
differences numerical scheme : 
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where λ represents the implicit parameter in the numerical resolution. For λ= 0, the model is explicit. 
For λ= 1, it is implicit. λ= ½ represents the Cranck-Nicholson semi implicit model.  
For λ= ½, Equation 2 is simplified by setting the following change of variables: 
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and we obtain the relation : 

i1i1ii2 Θ=Θβ+Θβ+Θβ− +−  

The variables β and Θ4 can be evaluated from the following set of equations: 
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This numerical scheme is stable and accurate to the second order. Thus, the calculated surface 
temperature is only dependent on the three thermograms T1(t), T2(t) and T3(t). For its evaluation at 
time t, four temperatures in the past and three in the present have to be known. T4 is therefore known 
for all t , except for the initial temperature that is arbitrarily fixed equal to the three others: 
 

T1(0) = T2(0) = T3(0) =T 4(0) 

The graphical representation of this numerical scheme presents how the surface temperature the T4 can 
be calculated from seven known temperatures. 

t t+dt
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Numerical scheme in the case of equidistant probes 
This numerical scheme correspond to an inverse heat transfer problem1 2 and has already been used in 
a large field of applications3 4 . 
 
MAIN ADVANTAGES OF THE METHOD 
The main advantages for the method are : 
 - Thermal characteristics (especially thermal diffusivity) of the material of the probe is not 
used for the the calculation of the surface temperature.  
 - The numerical algorithm is semi-implicit and accurate at the second order 

- The algorithm is theoretically stable 
These properties make it possible to use the algorithm in a real time sensor. This method allow us to 
obtain comparative data from different protection materials against erosion. 
 
EXPERIMENTAL RESULTS 
                                                           
1 Alifanov, O. M., "Inverse Heat Transfer Problems", Springer Verlag, 1994 
2 Fuhrer,O., "Inverse Heat Conduction In Soils ", ETH Zürich, Dept. Physics, Thesis, March 2000 
 
3 Konstantyn B. Isayev, “Research of thermal conductivity of different materials by solving of heat conduction 
inverse problems”, 4th International Conference On Inverse Problems in Engineering, Rio (Brasil), 2000 
 
4 Lam, T. T., and W. K. Yeung, “Inverse determination of thermal conductivity for one-dimensional problems”, 
Journal of Thermophysics and Heat Transfer, 9, 335-344, 1995 



 

The experiments lead to differents thermograms measured T1, T2, T3 and T4 the calculated surface 
temperature. These thermogramms permit to compare the efficiency of the anti-erosion additives : 
TiO2 nanometric has the best efficiency in the condition of the experiment. 

 

TiO2/wax 
micrometric 
 
 
TiO2/wax 
nanometric 

Calculated surface temperature 
 
These results has been confirmed by real scale experiments in a 45mm barrel  (additives in form of foil 
as shown on the next picture) but are not presented in this paper. 
 

 
Additive in real scale test 

 
 
 
 



 

CONCLUSION 
 
This study had several goals: 

• Assess how new nanosized oxyde reacts during the combustion of high energy propellants 

• Compare them to micrometic oxydes 

• Study how to manufacture nanometric wax based additives 
 
The experiments tends to prove that nanosized particles could improve life of the products and thus 
reduce life-cycle costs. 
However, even if nanosized oxyde are more and more widely used in civilian industry, they could be 
considered as more expensive than their micrometric equivalent. The future of these material, used as 
an anti-erosion protection, has to be confirmed, taking into account the complete munition 
architecture. 
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Abstract :
Aluminum powder is a common ingredient in energetic materials and the use of a 
nanometric power is recognized to enhance their properties. 
 
Nanometric aluminum is used to raise the flame temperature in rocket propellant. This 
kind of product permit a better achievement of the combustion and the combustion rate 
is twice faster than with regular particles (micron sized). 
 
In spite of these possibilities, some difficulties persist like particles aggregation therefore 
nanometric aluminum should be specifically processed before to be used.  
 
For these reasons, an experimental study was undertaken to find a way to disperse 
aluminum nanopowder during the propellant process. A first propellant was successfully 
realized.  
 
By assembling and comparison of results of three various methods (detailed and wide 
visualizations by means of a rapid video camera, particle capture at a very short distance 
from the propellant combustion surface and size analyses by laser diffusion), we show 
evolutions in the propellant combustion process. Experiments were carried on three 
propellants with same Al loading but decreased particle sizes (60µm, 5µm and 50nm). 
 
Now, it is possible to assure that size decrease in the nanometric domain leads to a new 
Al particles oxidation process, at the propellant combustion surface level, without enough 
time for agglomeration. In opposition of the micrometric aluminized propellant which 
emits aluminum droplets, in the nanometric Al propellant combustion aluminum reacts 
just a the surface level without agglomeration and lets take off alumina flakes.  
 
Beyond the nano-Al higher reactivity, consequences are also complete changes of the 
particles thermal and chemical environment then the oxidation process. The early 
oxidation of the metal nanometric fraction releases energy just at the combustion surface 
level, modifying the local thermal balance and the propellant working. 
 
This ends to an evolution of the combustion model for nano-Al propellants which is 
presently in progress yet. 
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ABSTRACT 
 
Explosive performance of HMX-based formulations containing 15% wt. of Al has 

been studied. For high-dense charges, there were measured detonation velocities, 
temperature time-histories and pressure profiles, plate velocities in plate-push tests, and 
heats of explosion. There were tested mechanical mixes of micron-sized HMX powder 
with Al powders and nano-composites. Incorporation of nano-sized Al into the 
formulations reduces detonation velocity. The mixes exhibited close values of detonation 
velocity, while the velocities in the composites with variable Al nano-particles differed 
by approximately 200 m/s. Two-peak pressure histories were observed for all 
formulations except the most uniform composite. The pressures of the second peak were 
practically the same for a given Al nano-powder. Temperature time-histories correlated 
with pressure ones. For the formulations with nano-sized Al the plate velocity was found 
to be a linear function of pure Al content. The explosives with the same type of nano-
sized Al had close values of the heat of explosion, and the Al nano-powder oxidised 
completely under the explosion in the calorimetric bomb. Al powder activity was found 
to be the main factor controlling the heat of explosion of formulations with nano-sized 
Al.  

 
 
 

INTRODUCTION 
 
In the last few years, researches involved with energetic materials have demonstrated great 

interest in development of high-energy nano-scale compositions. Preparation of the explosive 
formulations with uniformly distributed nano-sized Al particles is an important problem of the 
composite-explosive manufacture. A possible solutions is to produce nano-composites (hereinafter 
composites), i.e. grains of “nano-sized Al in a matrix of an explosive”. The results of a comprehensive
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investigation of explosive performance of HMX-based composites with 15% wt. of Al are given in the 
present paper The main goal of this investigation was to estimate the potentialities of explosive 
formulations containing nano-sized Al. There were measured velocity of detonation (VoD), 
temperature time-histories and pressure profiles in detonation products (DP), velocities of plates 
accelerated in plate-push tests, and heats of explosion (HoE). Each parameter characterises the 
explosion within a certain time. So, the processes occurring within first 0.1 μs (or actually less) affect 
VoD. Temperature time-histories and pressure ones were recorded in the time range 1…2 μs, plate 
velocities were measured within 4…15 μs, and HoE determined in the calorimetric bomb 
corresponded to the times about 50 μs. In so doing, there were studied high-dense samples produced 
by cold pressing of the composites (hereinafter HMX/Al) and mechanical mixes of variables Al 
powders with HMX (hereinafter HMX+Al, HMX particle size 10…20 μm). Pressed charges slightly 
differed in initial density. So, for the comparison, experimental data (except brightness temperatures) 
were normalised to the same density of the aluminised charge - 1.76 g/cm3 (HMX density in the 
charge is 1.66 g/cm3). 

In the formulations, there was used nano-sized Al powder produced by Gen-Miller levitation 
technique [1]. There was elaborated the technique of coating of Al particles by organic and inorganic 
materials in order to prevent “cold welding” of Al particles and their agglomeration. The technique of 
production nano-sized Al and the powder characteristics are described in [2]. Mechanically activated 
nano-sized Al powders [3] as well as commercial Al were also used. Characteristics of the Al powders 
and their notations are given in Table 1, where <d> – average particle size and m – pure-metal content 
of Al powder (Al activity). 

 
Table 1. Al powders. 

Al powder  Coating reactant (Reagent) <d>, (μm) m, % 
Al(1-1S) 0.094 86 
Al(2-1S) Atmospheric air 0.038 77 
Al(1-Ox) 0.123a 83 
Al(2-Ox) Dry oxygen 0.065 70 
Al(1-6S) 0.143 86 
Al(2-6S) Hexamethylsilazane 0.86 82 
Al(act) Graphite  0.040b 60 
Al(fl) Stearin 1×45c 85 

Al(3.6) 3.6 96 
Al(7) 7.0 98 

Al(15) 15 98 
Al(150) 

Atmospheric air 

150 99 
 
a - Particle distribution is of bimodal character with two maxima at 0.018 μm and 0.256 μm. The average size was calculated 
over 700 particles. 
b - Particles are agglomerated; graphite content is up to 20% wt. 
c – Flaked Al particles covered by stearin (3.8% wt.). 
 

Al-containing composites were produced by atomisation drying of nano-sized Al suspension in 
HMX solution. The produced composites were dark powders of different shades depending on nano-
sized Al used; the composites exhibited low loose-packed density (about 0.1 g/cm3). Two types of 
HMX/Al(1-6S) composite manufactured at different operating mode are shown in Fig. 1. Comparing 
the images 1b and 1c, one can see practically uniform Al distribution over the composite grains. 

Al particle distribution over the pressed charges was studied using X-ray analysis and scanning 
electronic microscopy. For the mix-made charges, one can observe areas up to 50 μm in size (about 
two diameters of HMX particle) with no Al, see Fig. 2(a), while Al is distributed practically uniformly 
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over the pressed composite, see Fig. 2(b). Uniformity of nano-sized Al distribution over the 
composite-made charges depends on Al particle size and the type of particle coating used. Some 
characteristics of the composites tested are given in [4,5]. 

Mechanical sensitivity of both HMX-based mechanical mixtures and the composites was 
studied in [6]. Critical pressure of the explosion initiation in the HMX-based composites containing 
15% wt. of Al was found to be slightly higher than that of the corresponding mechanical mixes with 
the same nano-sized Al used.  
 
 
 
VELOCITY OF DETONATION 
 

Measuring VoD, there were tested 20-mm diameter charges initiated by RDX-with-wax booster. 
A pellet of the tested explosive 1.5 diameter in length was placed between the booster and the base 
charge, which was above 2 diameters in length. Electric-contact gauges of 0.05 mm in thickness were 
used to record the transit time of the detonation wave. Accuracy of the velocity measurement was at a 
level of 50 m/s. The obtained data are given in Table 2, where there are made the following notations: 
ρ0 – initial charge density; TMD - the charge density referred to the theoretical maximum one; D – 
experimental VoD; ρHE – HMX density in charges (ρHE = 0.85×ρ0×ρAl / [ρAl – 0.15×ρ0]; DHE – VoD of 
HMX at ρHE; Δ = DHE – D. 
 

Table 2. Velocity of Detonation. 

Formulation ρ0, 
g/cm3

TMD, 
% 

D, 
km/s 

ρHE, 
g/cm3

DHE, 
km/s 

Δ, 
km/s 

D*, 
km/s 

ΔD*, 
km/s 

HMX+Al(1-6S) 1.76 88.2 7.81 1.66 8.27 0.46 7.81 
HMX/Al(1-6S) 1.77 89.0 8.02 1.67 8.32 0.30 7.96 +0.15 

HMX+Al(1-Оx) 1.75 87.8 7.85 1.65 8.24 0.39 7.88 
HMX/Al(1-Оx) 1.81 90.6 8.25 1.71 8.44 0.19 8.09 +0.21 

HMX+Al(2-6S) 1.69 84.6 7.63 1.58 8.02 0.39 7.88 
HMX/Al(2-6S) 1.77 88.7 7.76 1.67 8.31 0.55 7.72 -0.16 

HMX+Al(2-Оx) 1.73 86.9 7.69 1.63 8.18 0.49 7.79 
HMX/Al(2-Оx) 1.71 85.8 7.70 1.61 8.10 0.40 7.87 +0.08 

HMX+Al(7) 1.87 93.7 8.55 1.77 8.66 0.11 8.18 - 
1.72 90.2 8.48 HMX 1.81 95.1 8.79 1.66 8.27 - - - 

 
Incorporation of nano-sized Al into the formulations reduces VoD relative to DHE to a greater 

extent than micron-size Al does. The maximum difference – Δ was observed for HMX/Al(2-6S), and 
the minimum one - for HMX/Al(1-0x). Experimental VoDs were normalised to the charge density 
1.76 g/cm3. In so doing, it was assumed a linear character of D(ρ) dependence, and the same 
inclination of VoD line to the density axis as for pure HMX. Recalculated values of D* are defined as: 
D* = D – 3.34×(ρHE – 1.66). D* values as well as ΔD* (the difference in the normalised VoDs 
between composite- and mix-made charges) are also given in Table 2.  

D* obtained for mix-made charges were practically the same, but the VoDs of the composites 
containing variable nano-sized Al differed by approximately 200 m/s. However, composite-made 
charges had no advantages over the charges made of HMX+Al(7) mix. In general, VoDs in aluminised 
formulations were found to be lesser than VoD in pure HMX. Velocity decrease can be caused by the 
losses of the energy spent on compression, heating and acceleration of Al particle. Decrease of mole 
number of gaseous products in case of Al reacting with DP of HMX in detonation zone can also result 
in VoD reduction. Thus, VoD investigation alone doesn’t allow one to answer the question whether Al 
reacts with DP in detonation zone. 



europyro 2007 

PRESSURE PROFILES 
 
Optical pyrometry was used to record pressure histories by employing the indicator technique 

[7]. Bromoform poured on a tested sample was used as an indicator. Pressed charges (40 mm in 
diameter and ∼45 mm in height) were initiated by plane-wave generator (through an intermediate 
RDX-with-wax charge of 10-mm in height and 1.67 g/cm3 in density). The accuracy was about 3%. 
Pressure histories in DP are shown in Fig 3. Two-peak pressure profile was observed for all tested 
explosives except the composite HMX/Al(2-6S), which was assumed to be the most uniform. The 
experimental data are given in Table 3, in which the following notions are made: D – VoD 
corresponding to the charge density ρ0; P1, P2, Pmin – pressure values of the first peak and the second 
one, and the minimum value between them; τ12 – inter-peak time; <P> - the pressure averaged over the 
record time. Experimental pressure values were normalised to the charge density 1.76 g/cm3 using the 
expression P* = (D*/D)2×P×(1.76/ρ0) (see the values given in Table 3 in brackets). In so doing it was 
assumed that slight variations in initial charge density would not result in changes of DP composition 
and the profile would hold its shape. 

Pressure drop between the peaks is less both in time and in depth for the mechanical mixture 
with finer Al. For a given Al, normalised second peak pressures were the same (within the 
experimental error) in the composite and the corresponding mechanical mix, while, they were higher 
for the formulations with finer Al(2-6S). Pressures of the second peak were attained in different times 
and this fact resulted in different averaged pressures. 
 

Table 3. Detonation pressure. 
Al Al(1-6S) Al(2-6S) 

Parameter Mixture Composite Mixture Composi
te

ρ0,  
g/cm3

1.80 
(1.76) 

1.82 
(1.76) 

1.75 
(1.76) 

1.71 
(1.76) 

D,  
km/s 

7.95 
(7.81) 

8.16 
(7.96) 

7.83 
(7.88) 

7.55 
(7.72) 

P1,  
GPa 

29.2 
(27.6) 

27.5 
(25.4) 

29.0 
(29.6) 

24.6a

(26.5a) 
P2,  

GPa 
28.6 

(26.9) 
29.1 

(26.9) 
29.8 

(30.4) 
29.0a

(31.3a) 
Pmin,  
GPa 

22.0 
(20.7) 

24.0 
(22.1) 

22.0 
(22.4) - 

τ12, μs 0.29 0.50 0.16 0.08a

<P>,  
GPa 

25.3 
(23.9) 

26.4 
(24.4) 

25.4 
(25.9) 

25.7 
(27.6) 

 
a - Monotonic pressure growth.  
 

The charges tested were of the same porosity (94…95% TMD) and had the same length (~45 
mm); unfortunately the influence of these factors on two-peak profile formation was not 
experimentally studied. 
 
 
 
TEMPERATURE HISTORIES 
 

Brightness temperature histories were obtained recording radiation emitted from the DP-LiF 
interface (see Fig. 4). Pressure and temperature histories can not be compared directly, but they 
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correlate qualitatively. Temperature rise has more or less prominent “step”. The smoothest 
temperature history was measured for the most uniform composite HMX/Al(2-6S). Tested 
formulations and their characteristics are given in Table 4, in which there are made the following 
notations: T1, T2 – the temperature of the first maximum and the second one; τ12 – inter-peak time, T(1) 
– the temperature measured at 1 μs after detonation wave entered DP/LiF interface; <T> - the value 
averaged over 2 μs. 
 

Table 4. Detonation temperature. 
Al Al(1-6S) Al(2-6S) 

Parameter Mixture Composite Mixture Composite 
ρ0, g/cm3 1.80 1.77 1.75 1.73 
D, км/s 7.95 8.02 7.84 7.63 
T1, K 3840 3520 3665 3540a

T2, K 3885 3645 3795 3835 
τ12, μs 0.37 0.21 0.31 0.24a

T(1), К 3740 3370 3655 3640 
<T> 3600 3270 3555 3545 

 

a – Monotonic temperature growth.  
 
 
 
ACCELERATION ABILITY 
 

Acceleration ability of the explosives was measured in plate-push tests using experimental 
assembly shown in Fig. 5. Tested charges, 20 mm in diameter and ~30 mm in length, were placed into 
a massive steel casing. An electric detonator through an intermediate RDX layer 0.6 g in mass initiated 
the charges. Transit times of a copper plate accelerated by DP were measured using four needle gages, 
first of which was placed in ~5 mm from the charge end-surface (L0) and the other three were placed 
in ~10 mm from each other. Average velocities (W) of the plate flight at three bases (L1, L2, L3) were 
determined via two analogous-digital converters with resolution time 10 ns and 5 ns. Measurement 
accuracy was about 1.5%. Experimental data are given in Table 5. 
 

Table 5. Plate-push test. 
Al - Al(3.6) Al(1-6S) Al(2-6S) Al(act) 

Parameter  HMX Mixture Mixture Composite Mixture Composite Composite 

ρ0, g/cm3 1.74 1.76 1.80 1.80 1.73 1.72 1.78 
L0, mm 4.66 5.11 4.85 4.83 4.79 4.92 4.71 
L1, mm 

(W1, km/s) 
10.03 
(2.25) 

9.75  
(2.23) 

9.90  
(2.21) 

10.10  
(2.26) 

10.08  
(2.20) 

9.95 
(2.16) 

10.00  
(2.14) 

L2, mm 
(W2, km/s) 

11.35  
(2.43) 

10.08  
(2.44) 

10.13 
(2.47) 

10.08  
(2.45) 

9.98  
(2.36) 

9.97  
(2.36) 

9.90  
(2.34) 

L3, mm 
(W3, km/s) 

8.68  
(2.49) 

9.98  
(2.49) 

9.93 
(2.52) 

9.83  
(2.51) 

10.03  
(2.42) 

10.04  
(2.40) 

10.05  
(2.37) 

W*3, km/s 2.40a 2.49 2.48 2.46 2.44 2.44 2.36 
 

a – Referred to HMX density 1.66 g/cm3.  
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Test parameters (including the charge density) slightly differed, so the data were normalised to 
the same conditions (charge density - 1.76 g/cm3, copper plate thickness - 1.49 mm, charge height - 30 
mm). Final normalised velocities (W*3) are given in Table 5. The velocities were referred to the 
middles of the bases, and, in so doing, the curves, characterising copper plate acceleration had been 
constructed, see Fig. 6. For all explosives except HMX/Al(act), Al incorporation into the formulations 
resulted in W*3 growth in comparison to the HMX charge 1.66 g/cm3 (2.40 km/s). The maximum final 
velocity was obtained for HMX+Al(3.6) mixture and the minimum one - for HMX/Al(act) composite. 
Initial charge structure (i.e., mix-made charge or composite-made one) does not influence the 
constructed acceleration curves, practically. Thus, at the initial stage of the plate acceleration, 
HMX/Al(1-6S) composite exhibits the velocities slightly higher than those obtained for HMX+Al(1-
6S) mix, while one can see the reverse picture at the final stages. For the formulations containing 
Al(2-6S), finer nano-sized powder, the curves practically coincides. 

The observed gain in the velocity (maximum ~4%) is caused by the realization of the Al-
oxidation energy. Reduction of Al particle size is followed by the growth of Al oxide content in 
formulations. This can explain that the mixtures (HMX+Al(3.6) and HMX+Al(1-6S)) exhibited the 
same final plate velocities. The relationship between final velocities and Al activity (pure-metal 
content of Al powder) can be approximated by a linear function; however the velocity is varied 
through a small range (150 m/s, i.e. 5.5%) while the activity changes from 60% to 96% (see Fig. 7). 
 
 
 
HEAT OF EXPLOSION 
 

HoE is a parameter characterising the energy content of HE and the potential working ability of 
DP. There are presented the data of HoE for the aluminised mechanical mixes as well as for the 
composites. HoEs were measured using a calorimetric set-up with the bombs of 5 litres in internal 
volume [8]. The results are given in Table 6, in which there are made the following notations: ρ0 – 
charge density, Q is the HoE value (H2O – gas) at experimental density, Q* is the HoE value 
corresponding to the charge density 1.76 g/cm3; N is the calculated mole number of gaseous DP; γ1 
and γ2 are the values of oxidation completeness calculated, respectively, taking into account only the 
mass content of pure Al and the total mass of the Al powder including the oxide film. The accuracy of 
γ calculation was about 3%. N, γ1 and γ2 correspond to Q*. 
 

Table 6. Heat of explosion. 

Formulations ρ0, 
g/cm3

Q, 
kJ/kg 

Q*, 
kJ/kg 

N, 
mole/kg 

γ1, 
% 

γ2, 
% 

HMX 1.81 5610 5500 38.1 - - 
HMX+Al(150) 1.86 6600 6560 31.7 71 70 
HMX+Al(15) 1.89 6980 6930 31.5 85 83 
HMX+Al(3.6) 1.85 7080 7040 31.4 91 87 

HMX+Al(1-1S) 1.83 6930 6900 31.5 96 83 
HMX+Al(1-6S) 1.84 7020 6990 31.5 99 85 
HMX/Al(1-6S) 1.75 6960 6970 31.5 99 85 
HMX+Al(2-6S) 1.76 6840 6840 31.5 98 80 
HMX/Al(2-6S) 1.72 6770 6780 31.6 95 78 
HMX+Al(1-Ox) 1.81 6820 6800 31.6 95 79 
HMX/Al(1-Ox) 1.80 6830 6810 31.6 95 79 
HMX+Al(2-Ox) 1.76 6490 6490 31.7 96 67 
HMX/Al(2-Ox) 1.71 6430 6450 31.7 94 66 
HMX/Al(act) 1.81 6180 6160 32.0 92 55 
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The conversion from Q to Q* and the calculation of DP composition were performed using the 
method suggested in [9]. 

From the data obtained it follows that reduction of Al particle size from 150 to 3.6 μm results in 
HoE growth. While the reverse picture is observed for nano-sized Al and EH values obtained for 
mixes and composites are practically the same within the experimental error.  

By and large the explosives with nano-sized Al don’t surpass in Q* the mixes with micron-sized 
Al because of the larger oxide-film content of nano-Al. Content of pure (active) Al in the powder is 
the factor, which controls HoE in the case of complete Al oxidation. Normalised HoE values versus Al 
activity are shown in Fig. 8. The dashed line corresponds to the values calculated on the assumption of 
total oxidation of active Al. The points obtained for the formulations with nano-sized Al lie nearby the 
line, it means that actually active Al is oxidised almost completely in the calorimetric bomb (the γ1-
values are close to unity irrespective to the size of nano-particles). Reduction in particle size of nano-
Al results in HoE decrease due to the growth of initial oxide-film content (the γ2-value decreases). 
Complete oxidation of nano-sized Al under explosion explains the fact that mixes and composites 
have the close HoE-values. Al does not oxidise completely for the mixes with Al(3.6), Al(15), and 
Al(150) (see the γ1-values in Table 6). In this case the Al particle size (specific surface) is the factor, 
which controls HoE. 

The maximum HoE-value for HMX-based formulations with 15% of Al, calculated on the 
assumption that active Al is oxidised completely and the charge density equals TMD, i.e. 1.994 g/cm3, 
is 7480 kJ/kg. This value exceeds the maximum experimental HoE obtained for the mix with Al(3.6) 
at ρ0 = 1.85 g/cm3 by ~5.5%. Some growth in HoE of the formulations, available in practice, can be 
achieved by the substitution of a part of oxide film by an active coating provided that its participation 
in chemical reactions results in additional energy release under explosion. 

 
 
 

DISCUSSION 
 

One would expect that reduction in Al particle size should result in more intensive reacting in 
the immediate vicinity of the detonation front. The obtained data allow one to analyse qualitatively the 
behaviour of the additive in DP at different characteristic times and conditions. 

It was found that nano-sized Al was oxidised completely in the course of explosion in the 
calorimetric bomb (at ~50 μs), while the completeness of the oxidation of micron-size Al (1…10 μm) 
was close to 90%. Final velocities of copper plates accelerated by DP correspond to the times ~15 μs, 
so one can suppose that the completeness of Al oxidation in the calorimetric bomb and in plate-push 
test would differ. However, for the tested formulations the final plate velocity can be considered as a 
linear function of the square root of HoE (on condition that variations in mole number of gaseous 
products are negligible [10]), see Fig. 9. This linear correlation suggests that pure Al of the additive 
with the particle size ranged from hundred nanometres to several microns is oxidised completely in a 
time peculiar to the plate-push test. 

The following analysis shows that micron- and nano-sized Al behave variously in the course of 
copper plate acceleration. The tested formulations, see Table 7, exhibit the same final velocities, while 
HMX/Al(2-6S) has the minimum VoD value and the maximum pressure averaged over the first 
microsecond. The latter can be explained by the absence of two-peak pressure profile. 

In [11], analysing the whole body of the experimental data on the HMX-based mixes, i.e. VoD, 
temperature and pressure, presented in [12], there were made some assumptions on the special features 
of the detonation of aluminised explosives. In so doing, there were calculated VoD, pressure profiles – 
P(x), and temperature profiles – T(x). Assuming fast oxidation of micron-size Al (within the first 
microsecond) computer simulation showed a special feature of the under-compressed detonation mode 
– the presence of the “plateau” in the pressure profile extending with charge length [11]. The “plateau” 
is able to transform in two-peak profile under certain conditions of the initiation. Taking into account 
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the VoDs calculated assuming Al to be reactive (the values are given in [11]) the pressure profiles 
P(x), to a first approximation, were reconstructed in P(t) profiles and compared with the experimental 
ones, see Fig. 10. Besides the values of the first peaks, one can see a good qualitative agreement 
between the experimental data and calculated ones. 

 
Table 7. Explosive performance (ρ0 = 1.76 g/cm3). 

Formulation D*, km/s 
(<0.1 μs) 

<P*1.0>, GPa 
(∼1 μs) 

W*1, km/s 
(~4.5 μs) 

W*3, km/s 
(~15 μs) 

γ1, % 
(∼50 μs) 

HMX+Al(3.6) 8.12 - 2.23 2.49 91 
HMX+Al(1-6S) 7.81 23.9 2.18 2.48 99 
HMX/Al(1-6S) 7.96 24.4 2.21 2.46 99 
HMX+Al(2-6S) 7.88 25.9 2.22 2.45 98 
HMX/Al(2-6S) 7.72 27.6 2.19 2.44 95 

HMXa 8.27 27.0 2.17 2.40 - 
 

a – Charge density 1.66 g/cm3. 
 
Thus, we can use and develop the assumptions made in [11] to draw the picture of the Al 

particle behaviour in DP. Energy release in the course of detonation of aluminised explosives can be 
considered as a multi-phase process. Detonation decomposition of HMX is the first (and the fastest) 
stage, which is exothermic one. Heating of the particles and their implication into reacting proceed 
within the later stages, the first of which can be endothermic one. Finer Al particles distributed 
uniformly over HMX are involved into the reacting earlier and are warmed-up faster; these processes 
can result in larger decrease of VoD, while pressures averaged within the first microsecond turn to be 
higher for more uniform formulations with finer Al particles, see Table 7. Moreover, the pressure fall 
between the peaks is smaller, or it transforms to the smooth pressure growth, as it is seen for 
HMX/Al(2-6S). We suppose that both the lowest VoD and the highest average pressure measured for 
HMX/Al(2-6S) are related with faster implication of nano-sized Al into the reaction. Deeper and 
longer pressure decrease between the peaks can be explained by later Al implication into the reaction 
and later its completion. However it is beyond reason to associate inter-peak times with the 
characteristic times of Al reacting. 

Comparing push-test velocities measured at the first and the final bases given in Table 7, one 
can see that composite HMX/Al(2-6S) has lost its advantages already at the first base. The main 
reason is that active-Al is oxidized fast and completely for all considered Al nano-powders 
irrespective of the type of formulation (mix or composite). In so doing, the quantity of released energy 
depends primarily on the pure-Al content, which is lesser for Al(2-6S) (among Al powders considered 
in Table 7). Moreover, in the general case the faster energy release doesn’t mean the larger work of 
explosion. 
 
 
 
CONCLUSIONS 

 
1. The present work demonstrates the feasibility to manufacture high-dense charges made of 

nano-composites with relatively uniform distribution of Al particles in HE-matrix. 
2. There were experimentally studied detonation performance of HMX-based mechanical mixes 

containing nano-sized Al with different coatings, and nano-composites. So, the main experimental 
results can be summarised as following. 

•  Composite-made charges had no advantages over the mix-made charges with micron-size 
Al(7) in detonation velocity. In general, the velocities of detonation of aluminised formulations 
were found to be less than the velocity of pure HMX. 
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•  At the given test arrangement, initial structure (composite- or mix-made charges) influenced 
on the pressure history, i.e. on the parameters of two-peak profile. The pressures of the second 
peak were the same for the charges with the same nano-sized Al irrespective of their structure. 
Temperature profiles correlates with pressure ones. 
•  In the plate-push tests, the maximum final velocity was obtained for mixes with micron-sized 
Al(3.6) and nano-sized Al(1-6S) and the minimum one - for the composite with Al(act). The 
relationship between final velocities and Al activity can be approximated by a linear function. 
The observed gain in the velocity (maximum ~4%) is caused by the realization of the energy of 
Al oxidation. Initial charge structure does not influence the plate acceleration. 
•  The explosives with nano-sized Al don’t surpass in the heat of explosion the mixes with 
micron-sized Al due to the larger content of the oxide film. The pure-Al content of Al nano-
powder is the main factor controlling the heat release under explosion in the case of complete Al 
oxidation. 
3. The obtained data allowed analysing qualitatively the completeness of Al oxidation in DP and 
the time of the oxidation. 
•  It was found that nano-sized Al oxidised completely in the course of explosion in the 
calorimetric bomb (at ~50 μs). 
•  The found linear correlation between the plate velocity, measured in the plate-push test, and 
the square root of the heat of explosion suggests that pure Al of the additive with the particle 
size ranged from hundred nanometres to several microns is oxidised completely in a time about 
15 μs. 
4. Basing on the whole body of the data obtained we can conclude that nano-sized Al is able to 

enter into the reaction early (within first tenth of microsecond) and to react fast (within several 
microseconds), and the charge structure (composite- or mix-made charge) can influence the both 
processes. However, earlier energy release has no positive effect on the acceleration ability and the 
heat of explosion. The main reason is a relatively high oxide-film content of nano-sized Al powders.  

 
A fundamental problem to produce a novel energetic material based on explosive nano-

composites with nano-sized Al is still under investigation.  
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a) Mixture of crystallites of 
irregular form with <d> = 1.1 μm. 

b) Fragments of microscopic hollow 
spheres with shell thickness 0.2…0.4 

μm. 

c) Images of the spheres (see b) in 
characteristic radiation of Al. 

Fig. 1. Different structures of HMX/Al(1-6S) composites. 
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Fig. 2. Photomicrographs of the surface of the charges and Al distribution along the line of the electronic scanning 
(light line in the photos). a) mix-made charge HMX+Al(1-6S); b) composite-made charge HMX/Al(1-6S). 
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Fig. 3. Pressure profiles in detonation products. 1 – mechanical mixes; 2 – composites. 
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Fig. 4. Brightness temperature time-histories measured at DP/LiF interface. 1 - mechanical mixes, 2 – composites. 
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Fig. 5. Plate-push test assembly. 1 – detonator; 2 – foam plastic cover; 3 – RDX layer; 4 – tested explosive; 5 – massive steel 
casing; copper plate;7 – needle-shaped gages; 8 - Plexiglas cover. 
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Fig. 6. Normalised plate velocities versus flight distance. Notations: ◊ – HMX; Δ – HMX+Al(3.6); □ – HMX+Al(1-6S); ○ – 

HMX+Al(2-6S); ■ – HMX/Al(1-6S); ● – HMX/Al(2-6S); ▲ – HMX/Al(act). 
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Fig. 7. The dependence of the final plate velocity versus Al activity. Notations: ∆ – HMX+Al(3.6); □ – HMX+Al(1-6S); ○ – 

HMX+Al(2-6S); ■ – HMX/Al(1-6S); ● – HMX/Al(2-6S); ▲ – HMX/Al(act). 
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Fig. 8. Heat of explosion versus Al activity. 1 - HMX/Al(act); 2 - HMX+Al(2-Ox); 3 - HMX/Al(2-Ox); 4 - HMX+Al(2-6S); 5 - 

HMX/Al(2-6S); 6 - HMX+Al(1-Ox); 7 - HMX/Al(1-Ox); 8 - HMX+Al(1-6S); 9 - HMX/Al(1-6S); 10 - HMX+Al(3.6); 11 - 
HMX+Al(15); 12 - HMX+Al(150). Dashed line corresponds to the complete Al oxidation. 
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Fig. 9. Final plate velocity versus square root of the heat of explosion (ρ0 = 1.76 g/cm3). Notations: ∆ – HMX+Al(3.6); □ – 

HMX+Al(1-6S); ○ – HMX+Al(2-6S); ■ – HMX/Al(1-6S); ● – HMX/Al(2-6S); ▲ – HMX/Al(act). 
 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
20

25

30

35

40

2

1

 
 

Pr
es

su
re

, G
P

a

Time, μs

34

 
Fig. 10. Pressure profiles in the DP of HMX+Al mixes (85/15). Calculation [11]. Charge length: 1 – ∼26 mm; 2 – ∼53 mm. 

Experiment [12], charge length ∼45 mm. Formulations:  3 – HMX+Al(fl); 4 – HMX+Al(1-1S). 
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1 ABSTRACT 
 
Combustion synthesis is a method that is primarily used for the large scale production of 
ceramic and intermetallic materials. However, in certain applications, combustion 
synthesis may take place at a much smaller scale (e.g., less than 10-mm).  In such cases, 
significant heat losses may occur. Up to now, a non-adiabatic combustion regime, 
especially when the critical diameter is of the order of one millimeter or below, has been 
less explored. In this work semi-confined combustion experiments of the highly 
exothermic reaction between titanium and boron were conducted with diluent/binder 
(Ti/B4C-Ni/Al) in borosilicate glass capillaries ranging from 0.399- to 1.049-mm internal 
diameter. It has been shown that by tuning the reaction with the diluent/binder systems 
a steadily propagating combustion front results even at diameters as small as 0.399-mm.  
The measurement of the combustion front propagation velocity unexpectedly has shown 
no significant reduction of that velocity with decreasing capillary size.  As expected, 
XRD analyses of select systems indicated an increase in intermediate phases with the 
decrease in diameter, due to the rapid cooling. In addition SEM imaging has clearly 
shown significant grain refinement with decreasing capillary size. 

                                                           
1 Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin Company, for the 
United States Department of Energy’s National Nuclear Security Administration under Contract DE-AC04-
94AL85000. 
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2 INTRODUCTION 
 
Combustion synthesis technique has been successfully used for the production of pure products, such 
as nitrides of aluminum, zirconium, silicon, titanium and tantalum, silicon carbide, titanium diboride, 
nickel aluminides, and complex solid solutions as well as composite materials.1  The main advantage 
of this technique is its very short synthesis time, possibility of the formation of non-stoichiometric 
compounds, and versatile equipment that allows the production of a variety of different products.  
Commercial production of advanced materials in a combustion regime is normally conducted in large 
beds, where heat losses are negligible.  In certain applications (e.g., coatings, functionally graded 
materials, small net shapes) where the smaller scale is required these heat losses may significantly 
affect characteristics of the combustion front and the phase composition of the resulting products.  
It is well known that the critical size of the reacted specimen affects these properties and also may lead 
to front instabilities, decrease of combustion front propagation velocity, and finally to extinction,2-4  
Roy and Biswas reported that the combustion synthesis of Ti/2B and Ti/B would not propagate at a 
diameter of 6-mm in their conditions due to radial heat losses.5  Martinez Pacheco et al. studied the 
diameter effects in the combustion of Ti/2B and Ti/C with Al and Cu as diluents, and did not observe a 
dramatic diameter effect on propagation velocity.3   
 
However, in the case of strongly exothermic systems with high activation energies the combustion 
front velocity may be high enough and the combustion process may be completed in a small diameter 
specimen due to a relatively low heat loss to heat generation ratio in the combustion zone.  In this 
research study condensed-phase reacting systems with different exothermicities were chosen to 
investigate combustion front propagation characteristics in small diameter borosilicate glass 
capillaries.  Direct reaction between titanium and boron powders is very exothermic and the resulting 
product is very porous.5, 6  The undesirable expansion is caused by volatization of impurities, 
especially those present in boron powder.6  This expansion can be reduced by lowering the combustion 
temperature.  There are several ways of controlling a combustion process: i) use of inert diluents, ii) 
combination of different reacting systems, and iii) alteration of reaction stoichiometry. However, by 
changing the combustion conditions, products with different morphology or composition may be 
formed.  Hoke and Meyers showed the use of inert metals (such as Ni, Cr, Hf, Mo, and Ta) as binders 
during the simultaneous combustion synthesis and densification of TiB2-based materials reduces 
residual porosity.7  Similarly, the addition of Ni has been shown to promote reaction in the 3Ti/B4C 
system presumable due to lowering the interfacial energy between grains and/or the viscosity of the 
molten phase.8 
 
The objective of this paper was to investigate combustion front propagation velocity in small diameter 
capillaries, product morphology, and product composition as a function of capillary diameter. 
Titanium-boron reacting mixture was selected as a base system with 3Ti/B4C or Ni/Al reacting 
systems as modifiers.   
 
3 EXPERIMENTAL 
 
Different reactant mixtures were prepared to study combustion front propagation in millimeter and 
sub-millimeter capillaries based on three model reactions: 
 
Ti + 2B → TiB2 Tad =  3200 K, ΔH°f,298K = -280.5 kJ/mol Ti (1) 
3Ti + B4C → 2TiB2 + TiC Tad =  2800 K,9 ΔH°f,298K = -709.8 kJ/mol BB4C (2) 
Ni + Al → NiAl Tad =  1911 K, ΔH°f,298K  = -118.4 kJ/mol Ni (3) 
 
These reactions are treated as the ideal reactions to permit a simple and logical methodology for 
formulation and necessarily assume complete reaction, no side reactions, and neglect non-ideal phases.  
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Starting materials are described in Table 1, with characterization data provided by the manufacturers.  
The B and B4C powders were washed in methanol to help reduce the amount of native oxide.10  The 
formulations were mixed in 2-g batches, by weighing the individual reactant powders into 20-mL 
round-bottomed glass vials and adding sufficient hexanes (~4 mL) to ensure a low-viscosity slurry 
during ultrasonic agitation.  The formulations were individually mixed in a 100-W, 1.9-L ultrasonic 
bath at the highest power level for 10 minutes.  After mixing, they were allowed to air dry.  It is of 
note that experiments were performed utilizing both methanol and hexanes as mixing fluids, and the 
material that was mixed in hexanes propagated more reliably than that mixed in methanol.  This 
unexpected finding needs further investigation and is beyond the scope of the present work.  The 
formulations were loaded into borosilicate glass capillaries (Drummond Scientific Co., Broomall, PA) 
by pushing the capillary into a pile of the powder and pressing the powder into the capillary using a 
steel gauge pin.  Nominal internal capillary diameters were: 1.049-, 0.798-, 0.594-, and 0.399-mm.  An 
ignition increment was used in every sample, consisting of a 75:25 Ti/2B-Ni/Al formulation in the 
initial portion of the capillary.  For the 0.399-mm capillaries, a length of capillary containing the 
ignition increment was fitted over the ignition end of the capillary.  The capillaries were filled in small 
increments to minimize density gradients and pressing artifacts.  A summary of the reactant mixtures 
prior to ignition is shown in Table 2. 
 
Capillaries filled with reactant mixtures were positioned horizontally in optomechanical positioning 
equipment that fixed both the ignition end and the distal end so thermal expansion did not move the 
capillary ahead of the reaction front.  Samples were fired in a vacuum of <150 mtorr to prevent sample 
deconsolidation due to heated air trapped in the samples.  Samples were ignited by a <500-ms pulse 
from a 25-W, 840-nm, laser diode, delivered through a fiber optic.  Reaction propagation was recorded 
using a Redlake HG100K high speed video camera, at 1000 frames-per-second (fps).  A stationary 1-
mm grid rule was imaged at the beginning and end of every firing series to provide an accurate length 
reference. 
 
Combustion front tracking was performed using the tracking functions in the Image-Pro Plus 6.0 
image analysis software package.  The 1000 frame-per-second high-speed video record was reduced to 
only those images that showed the continuous combustion from the first light at the left portion of the 
video record to the spring-loaded clamp that held the right, distal end of the capillary.  The 39 data sets 
were comprised of 181-410 individual images.  These 1376×768 color images were then cropped to a 
height of 200 pixels and converted to 8-bit gray scale.  To improve detection of the leading 
combustion front, a new image sequence was created, comprised of the differences between adjacent 
images.  This enhanced detection of the portion of the combustion wave that had moved from bright 
products into dark unreacted material.  These difference images were then converted back into true 8-
bit gray scale using a 3×3 variance filter to further enhance edge detection.11  The tracking function 
uses an edge-finding algorithm to define an object and object’s center, with other associated data.  In 
an image, multiple objects are defined, based on the user-defined thresholding settings.  Thresholding 
was set to track pixel brightness values from 49-255, which resulted in reliable tracking of the 
combustion front.  The leading edge of the combustion front was defined as the center of the highest 
valued (rightmost) tracked object.  In the few instances where the tracked value was in obvious 
contradiction to the position of the true combustion front, that value was neglected.  Steady-state 
combustion velocity was measured as a linear fit to the final eight millimeters of the combustion, 
which eliminated ignition transients from being captured.  A graphical representation of this data 
analysis is shown in Figure 1. 
 
4 RESULTS AND DISCUSSION 
 
Self-sustaining reaction process was observed in all reactant mixtures at the diameters of 1.049-, 
0.798-, and 0.594-mm.  Only in the case of mixture 4 (75:25 Ti/2B-Ni/Al) did the combustion front 
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propagate in the smallest diameter capillary (0.399-mm). In Figure 2 high speed camera images of the 
combustion fronts propagating in reactant mixture 4 in the four different capillaries are shown. It can 
be clearly seen that with decreasing capillary diameter the brightness of the combustion front and the 
width of the reaction zone decrease.  This effect is caused by increased thermal losses into the 
borosilicate glass capillaries.  A similar trend was also observed for the other three studied mixtures. 
 
Plots of the combustion front interface as a function of time (x-t) for all 39 experiments are shown in 
Figure 3.  The ignition transient can be seen in the case of reactant mixtures 1, 2 and 3, but obviously 
not in reactant mixture 4, because that mixture was used as ignition material in all experiments. It can 
be clearly seen from all graphs that there is no significant change of combustion front velocity in 
capillary diameters greater than or equal to 0.594-mm.  
 
This observation of essentially constant combustion velocities in such small capillaries is interesting 
and unexpected despite a significant change in brightness for the combustion front.  A diameter effect 
is observed in both high explosives,12 and in nanocomposite thermites,13 and despite quite different 
combustion mechanisms (convection-dominated versus conduction-dominated) it would be expected 
to see this effect in gasless pyrotechnics due to increased thermal losses. As can be seen from Figure 3 
for mixture 4 the combustion front velocity significantly decreased when the capillary diameter was 
reduced to 0.399-mm.  It should be noted that the combustion front did not propagate in the smallest 
capillary when mixtures 1-3 were used.  Therefore the overall trend is consistent with general 
observation in the field of explosives and pyrotechnics.  
 
Linear curve fits were performed on the x-t data and they are shown in Table 3 and Figure 4.  
Combustion front velocities ranged from 29 to 59 mm/s depending on the composition of the reactant 
mixture. Despite the fact that these experiments were conducted close to the critical diameter at which 
extinction takes place relatively steady combustion velocities were observed.  The indicator of this 
behavior is that the lowest R-squared value for a linear fit to the data was 0.993.   Another important 
observation is that there has been no combustion front oscillation as expected in non-convective 
combustion.   
 
Selected products were removed from the capillaries and subjected to x-ray diffraction (XRD) and 
scanning electron microscopy (SEM) analyses.  XRD analyses were performed in order to determine 
the completeness of the studied gasless reactions when the diameter of the capillary was decreased. 
 
As shown in Figure 5 for products formed from mixture 4 (75:25 Ti/2B-Ni/Al) there are the expected 
slight phase differences as a function of size.  As indicated, TiB2 phase is the expected dominant phase 
present in products formed in all examined capillary sizes.  As the size of the capillary is decreased to 
0.798-mm there is the appearance of both Ti3Al and TiAl as well as unreacted Ni.  Magnesium was 
also detected in all samples, due to its presence as an impurity in the boron powder.  With a further 
decrease in size to 0.594-mm the same titanium aluminide phases are observed as well as unreacted Ni 
and the intensity of the peaks is increased indicating a slight increase of these particular phases.  The 
decrease to 0.399-mm does not show any additional unreacted materials and the phase composition is 
the same as 0.594- and 0.798-mm; however there is slight broadening of the peaks which indicates that 
the grain size of the resulting product is also reduced due to rapid cooling of the capillary.  This has 
been confirmed with SEM and is shown in Figure 6. 
 
XRD analysis of products formed from mixture 3 (37.5:37.5:25 Ti/2B-3Ti/BB4C-Ni/Al) was also 
performed for 1.049-, 0.798-, and 0.594-mm capillary diameters.  For this system there are more 
apparent differences between phase compositions obtained as a function of capillary diameter.  As 
shown in  the expected dominant phases, TiB2Figure 7 B , TiC, NiAl, and the Mg impurity are clearly 
present for all three sizes.  As the size decreases from 1.049-mm to 0.798-mm a small amount of NiTi 
is detected and the intensity of the NiAl peak decreases.  When the size is further decreased to 0.594-
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mm the detected minor phases are Ti3Al as well as NiTi and once again there is slight broadening of 
the peaks.  
 
In parallel with these experimental studies, two dimensional mathematical modeling of the combustion 
front propagation in small diameter capillaries filled with Ti/2B or Ni/Al has clearly indicated that 
despite significant radial temperature gradients the combustion may propagate even at such small 
capillary diameters.  The detailed analysis of these modeling results will be presented elsewhere.14 
 
4 CONCLUSIONS 
 
The experimental research study concluded that the combustion front propagates in small borosilicate 
glass capillaries with diameters as small as 0.399-mm.  While not the focus of this study, the mixing 
fluid was found to have an effect on the ability of a system to propagate; when hexanes were used the 
reactive mixture(s) would propagate at these small geometries but not when methanol was utilized.  It 
has been shown that the critical diameter at which extinction may take place is strongly dependent on 
the nature of the reacting system.  It was demonstrated that the combustion front propagation velocity 
is not strongly affected by capillary diameters above 0.594-mm for all reactive mixtures under study 
despite different resulting product morphology and composition. 
  
5 ACKNOWLEDGEMENTS 
 
The authors thank J. Patrick Ball for assistance with some of the experimental setup and material 
formulation.  This work was supported by Sandia’s Laboratory Directed Research and Development 
program.  In addition, Ms. Groven was supported by National Science Foundation Graduate Research 
Fellowship and National Science Foundation Grant, Contract # CTS-0327962. 
 
6 REFERENCES 
 
1. Mossino, P., Some aspects in self-propagating high-temperature synthesis. Ceramics 
International 2004, 30, 311–332. 
2. Moore, J. J.; Feng, H. J., Combustion synthesis of advanced materials: Part I. reaction 
parameters. Progress in Materials Science 1995, 39, (4-5), 243-273  
3. Pacheco, M. M.; Bouma, R.; Cuevas, O. A.; Katgerman, L., Experimental Study and 
Modelling of Combustion Front Velocity in Ti-2B and Ti-C based Reactant Mixtures. CIMTEC 2006 
(11th International Conferences on Modern Materials and Technologies), Acireale, Sicily, Italy, 2006. 
4. Viljoen, H. J.; Puszynski, J. A., Analysis of Propagation Characteristics During Non-Adiabatic 
Condensed Phase Combustion. Journal of Materials Synthesis and Processing 1994, 2, (4), 247-253. 
5. Roy, S. K.; Biswas, A., Combustion Synthesis of TiB and TiB2 Under Vacuum. Journal of 
Materials Science Letters 1994, 13, 371-373. 
6. Borovinskaya, I. P.; Merzhanov, A. G.; Novikov, N. P.; Filonenko, A. K., Gasless combustion 
of mixtures of powdered transition metals with boron. Combustion, Explosion, and Shock Waves 1974, 
10, (1), 2-10. 
7. Hoke, D. A.; Meyers, M. A., Consolidation of Combustion-Synthesized Titanium Diboride-
Based Materials. Journal of the American Ceramic Society 1995, 78, (2), 275-284. 
8. Lee, S. K.; Kim, D.-H.; Kim, C. H., Fabrication of TiB2/TiC composites by the directional 
reaction of titanium with boron carbide. Journal of Materials Science 1994, 29, 4125-4130. 
9. Sumin, V. I.; Makurin, Y. N., Self-propagating high-temperature synthesis. Calculation of the 
basic parameters. Refractories and Industrial Ceramics 1993, 34, (1-2), 39-42. 
10. Williams, P. D.; Hawn, D. D., Aqueous Dispersion and Slip Casting of Boron Carbide 
Powder: Effect of pH and Oxygen Content. Journal of the American Ceramic Society 1991, 74, (7), 
1614-1618. 



Europyro 2007 and 34th International Pyrotechnics Seminar, Beaune, France, October 
8-11, 2007. 

11. Feineigle, P. A.; Witkin, A. P.; Stonick, V. L. Processing of 3D DIC microscopy images for 
data visualization, Acoustics, Speech, and Signal Processing, 1996. ICASSP-96. Conference 
Proceedings., 1996 IEEE International Conference on, Atlanta, GA, May 7-10, 1996; Atlanta, GA, 
2160-2163. 
12. Campbell, A. W.; Engelke, R. The Diameter Effect in High-Density Heterogeneous 
Explosives, 6th Symposium (International) on Detonation, Coronado, CA, August 24-27, 1976; 
Coronado, CA, 642-652. 
13. Son, S.; Asay, B.; Foley, T.; Yetter, R.; Wu, M.-H.; Risha, G., Combustion of Nanoscale 
Al/MoO3 Thermite in Microchannels. Journal of Propulsion and Power 2007, 23, (4), 715-721. 
14. Groven, L. J.; Tappan, A. S.; Puszynski, J. A. International Pyrotechnics Seminar, Fort 
Collins, Colorado, USA, July 13-18, 2008 (in preparation).  
 
 

Table 1. Reactants used in combustion experiments. 
 Ti B BB4C Ni Al 

Manufacturer Chemetall Cerac H. C. Starck Cerac Valimet 
Product Code S 8 B-1077 HD20 N-2003 H-2 

Purity 98.7% 96.1% 96.4% 99.5% 99.7% 
Particle Size 8 ± 1.5 μm 0.81 μm 1.2 μm 0.83 μm 2-3 μm 

 
 

Table 2. Summary of formulations used in combustion experiments. 

Weight % 
of reactant pairs Mixture 

Number Description 

Ti/2B 3Ti/BB4C Ni/Al 

Mixture 
TMD 
(g/cc) 

Green 
Density  

(%TMD) 

Green 
Density 
(g/cc) 

Standard 
Deviation 

(g/cc) 

1 25:75 
Ti/2B-3Ti/B4C 25 75 0 3.644 52 1.90 0.03 

2 50:50 
Ti/2B-3Ti/B4C 50 50 0 3.602 54 1.94 0.20 

3 
37.5:37.5:25 

Ti/2B-3Ti/B4C- 
Ni/Al 

37.5 37.5 25 4.397 48 2.13 0.10 

4 75:25 
Ti/2B-Ni/Al 75 0 25 3.826 50 1.90 0.03 
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Figure 1.  Image analysis process used to define the 

leading edge of the combustion front.  First the difference 
between two adjacent images highlights the leading edge 

(top).  Second, filtering and edge finding defines the 
coordinates of this leading edge. 

 
 

 
Figure 2.  Tiled images from mixture 4 showing combustion in the four diameters.  20 ms interframe time. 
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Figure 3.  Summary of x-t diagrams for all 39 experiments for the four mixtures and four diameters.  Steady combustion was 

observed across the length of each capillary.  Other than in the lower right graph, there are no statistically-significant 
trends. 

 
 
Table 3.  Summary of all experiments, including ratio of go/total experiments, average velocity, and unbiased (n-1) standard 

deviation, for the four mixtures and four diameters. 

 25:75 
Ti/2B-3Ti/B4C 

50:50 
Ti/2B-3Ti/B4C 

37.5:37.5:25 
Ti/2B-3Ti/B4C-Ni/Al 

75:25 
Ti/2B-Ni/Al 

Capillary 
Diameter 

(mm) 

Go / 
total 

Ave. 
Vel. 

(mm/s) 

Std. 
Dev. 

(mm/s) 

Go / 
total 

Ave. 
Vel. 

(mm/s) 

Std. 
Dev. 

(mm/s) 

Go / 
total 

Ave. 
Vel. 

(mm/s) 

Std. 
Dev. 

(mm/s) 

Go / 
total 

Ave. 
Vel. 

(mm/s) 

Std. 
Dev. 

(mm/s) 

1.049 3/3 33.5 2.4 4/4 42.9 3.9 3/3 32.1 1.4 3/3 55.7 0.5 
0.798 3/4 30.2 4.3 3/3 35.7 2.7 3/4 29.7 1.0 3/3 58.6 1.5 
0.594 2/4 30.0 2.2 4/4 38.3 3.9 3/5 30.4 0.7 3/3 53.9 0.4 
0.399 0/3 n/a n/a 0/3 n/a n/a 0/3 n/a n/a 2/3 36.1 2.3 
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Figure 4.  Summary of average velocity data for all 
materials and diameters.  Error bars represent one 

standard deviation, positive and negative, from the mean.  
Other than in material 4, there are no statistically-

significant velocity trends. 
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Figure 5.  XRD analysis of mixture 4 (75:25 Ti/2B-Ni/Al) reacted samples as a function of capillary diameter. 
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b)a) 

c) d)

Figure 6.  SEM images of product from mixture 4 (75:25 Ti/2B-Ni/Al) showing a significant decrease in grain size with 
decrease in capillary diameter due to rapid cooling; a) 1.049-mm, b) 0.798-mm, c) 0.594-mm, and d) 0.399-mm. 
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Figure 7.  XRD analysis of mixture 3 (37.5:37.5:25 Ti/2B-3Ti/B4C-Ni/Al) reacted samples as a function of capillary diameter. 
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1 ABSTRACT 
 
Solid phase redox reactions are characterized by the exchange of oxygen between 
particles of metals and solid oxides. The reaction velocity is controlled by the 
fuel/oxidizer ratio and the particle size which influences the contact area and 
homogeneity of the dispersion. To model this type of reaction mainly thermodynamic 
approaches are in use which only allow limited conclusions to reaction velocity and 
physico-chemical reaction mechanisms. To describe particle reactions with heat and 
mass transfer a transient, 3-D model is developed using the heat flow and diffusion 
equation in combination with hot-spots both as energy sources and as material sources. 
An approach based on the Green’s function is used to solve the equations. The 
advantage of the procedure is that the physical/chemical nature of the process is always 
obvious as well as occurring stability problems. In addition, complex geometrical 3-D 
configurations are accessible at transient conditions because of the effectiveness of the 
approach. To validate this modeling thermite-like mixtures of Zr with Fe2O3 have been 
prepared using different fuel/oxidizer ratios (lean, stoichiometric and fat) and particle 
sizes including nano-particles. The reaction temperature was determined using fast 
NIR-spectrometer assuming grey body spectra. The results are discussed in comparison 
to the modeling calculation. 
 
 
 
2 INTRODUCTION 
 
Recently thermite type reactions are in scope of interest, not only since the availability of nano-
particles of various metals and oxides promises very fast conversion rates but also for new pyrotechnic 
applications that aim to high energy release with low gas production like shock free explosives or 
incendiaries for B/C countermeasures and special flares. 
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This kind of solid phase redox reactions are characterized by the exchange of oxygen between 
particles of metals and solid oxides. The reaction velocity is controlled by the fuel/oxidizer ratio and 
the particle size which influences the contact area and homogeneity of the dispersion. To model this 
type of reaction mainly thermodynamic approaches are in use resulting in possible reactions, energy 
release and temperature. These models only allow limited conclusions to reaction velocity and 
physico-chemical reaction mechanisms.  
 
To describe particle reactions with heat and mass transfer a transient, 3-D model is developed using 
the heat flow and/or diffusion equation in combination with hot-spots as sources. Hot-spots may occur 
as particles of fuel and oxidizer serving both as energy sources on phase transitions or chemical 
reactions and as material sources for solid propellants and pyrotechnics. An approach based on the 
Green’s Function is used to solve the equations reducing the spatial spreading to an integral at time 
steps of the reaction progress. The advantage of the procedure is that the physical/chemical nature of 
the process is always obvious as well as occurring stability problems. In addition, complex 
geometrical 3-D configurations are accessible at transient conditions because of the effectiveness of 
the approach. 
 
To validate this modelling thermite-like mixtures of Zr and Fe2O3 have been prepared using different 
fuel/oxidizer ratios (lean, stoichiometric and fat) and particle sizes including nano-particles. Burning 
rates were measured in a burning channel. The reaction temperature was determined using fast NIR-
spectrometer assuming grey body spectra. This assumption was proved to be valid. The results are 
discussed in comparison to the modelling calculation. 
 
3 HOT-SPOT MODEL 
 
From a physical point of view combustion processes are mainly dealing with heat transfer: it means 
heat is generated and consumed by different processes at different locations. Pyrotechnics are usually 
solid materials. Therefore the model description starts with the partial differential equation of heat 
transfer in a solid, where convective effects can be neglected. 
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There are several analytical and numerical methods to solve the differential equation. Here the Green’s 
method [1] is chosen because, if the appropriate Green’s function for the homogeneous problem is 
known, it only has to be integrated with the source term of the differential equation.  
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The Green’s function for the above differential equation in three dimensions is a Gaussian-like 
function. 
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The great advantage of this method is that numerical integration is a much faster and a much more 
stable process than differentiation. 
The next step is to choose the source terms. Two types of heat sources may be considered. One is the 
heat output of the chemical reaction of the material. Here a chemical reaction of the following type is 
chosen: 
A + B → C 

 2
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Then the heat output is given by: 

BAreacreac ckcqQ =&  (4) 
with the reaction constant k described by Arrhenius parameters 
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The other one is a localized portion of energy which is introduced in the system at a certain moment to 
start a reaction. This is the hot spot and it can be described by a Gaussian function or a Dirac delta 
function. 
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If there are only hot spots, integration can be done analytically. But this is not possible with the 
Arrhenius term for the chemical reaction. Therefore numerical integration is needed. The algorithm 
used for this purpose mainly consists of three steps. The first step is to generate an initial temperature 
profile resulting from the initially given hot spots. 
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In the second step the progress of the chemical reaction for a small time step Δt is calculated. 
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The third step is to calculate the heat diffusion for the same time step Δt by integrating the convolution 
of the temperature profile and the Green’s function. 
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Steps 2 and 3 are repeated for every time step. Step 1 can be included as often as new hot spots occur. 
From the above description the following features can be mentioned: the model is a transient one and 
it describes the heat generation by a chemical reaction and the heat transport by conduction. 
 
Fuel and oxidizer particles as sources of matter can also be described as hot spots. Including diffusion 
they can react, as soon as gaseous fuel and oxidizer come into contact. The model does not include any 
convection or radiation. 
 
To run the program three types of parameters are necessary: 
 
• Different spatial and temporal distributions of hot spots: energy, size and number of hot spots 
• Material parameters: density, heat capacity, heat conductivity, diffusion coefficient 
• Reaction parameters: maximum temperature, Arrhenius-parameters (frequency factor and 

activation energy) 
 
The calculations result in two-dimensional temperature and concentration profiles for every time step, 
and in heat output and position of reaction front over time. 
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5 EXPERIMENTS 
 
As example for a particle reaction according to the modelling condition with low gas production the 
metallothermic reaction of zirconium with iron-III-oxide was selected. 
 
Zr + 2/3Fe2O3 ⎯→ ZrO2 + 4/3 Fe -551 kJ/mol 
 
Samples were prepared with the mixture ratios presented in Table 1
 

sample 
No.  Zr 

Fe2O3 
(nano) NC 

burning 
velocity 

 
heat of 
combustion

electrostatic 
sensitivity 

friction 
sensitivity 

fall 
hammer 
sensitivity

  [%] [g] [g] [g] [m/s] [J/g] [µJ] [kg] [cm]

4601 20 1,00 3,95 0,05 -----  979 3.200 > 36.0 > 100

4602 30 1,50 3,45 0,05 0,229 1458 320 > 36.0 ¦

4603 40 2,00 2,95 0,05 1,385 2005 100  36,0 ¦

4604* 45 2,25 2,70 0,05 2,969 2208 18  16,0 ¦

4605 50 2,50 2,45 0,05 5,561 2574 3  12,0 ¦

4606 55 5,50 4,40 0,10 7,107 2776 5   8,0 ¦

4607 60 6,00 3,90 0,10 7,548 2702 1   9,6 ¦

4608 70 7,00 2,90 0,10 3,278 2379 2   6,0 ¦

4609 80 8,00 1,90 0,10 0,867 1716 2   4,0 > 100
*stoichiometric mixture 
Table 1: Investigated samples and results 
 
Zirconium particles were of micrometer size. Fe2O3 was nano-sized and provided from MACH I 
(product code 3-1-3055). In Table 1 also measured results of burning velocity (also Figure 5b) and 
sensitivity are presented [2]. The burning rate strongly depends on the mixture ratio. An interesting 
fact is that the maximum burning velocity was received at 60% Zr and not at the stoichiometric 
mixture with 45% Zr. But this correlates well with the heat of combustion. Shock sensitivity is low at 
all samples. Electrostatic and friction sensitivity increase with zirconium content. 
 
A second test series was performed with the same composition of zirconium and Fe2O3 but without 
nitrocellulose. In this case Fe2O3 was also of µm size. The samples were ignited as a heap of 1 g with a 
butane torch. The combustion temperature was measured with an NIR-spectrometer assuming a 
Planck radiation that was proved as a reliable assumption. Details of the measuring technique are 
given in [3]. Results are presented in Figure 1 and compared to EKVI-Code calculations [4]. The 
measurements feature a very good repeatability. Maximum burning temperature is at a similar mixture 
ratio like maximum burning rate. This correlates well with the thermodynamic calculations. 
Depending on the mixture fraction measured combustion temperatures vary from 1400 K to 2500 K. 
These temperatures are 500 to 800 K lower than the calculated ones. This can not only be explained by 
radiative heat loss. The reaction proceeds in two steps. A first very intensive step with bright light 
emission and ejection of glowing particles followed by a second also exothermic step when the heap 
keeps glowing yellow for some seconds before the heap cools down becoming red and dark (Figure 2). 
The measured temperature only refers to the first intensive step that not releases the total combustion 
enthalpy so that this temperature is less than predicted. 

 4
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4 RESULTS AND DISCUSSION 
 
The model described above is mainly developed for parameter studies. Therefore, the results of the 
calculations may or may not reproduce measurements from a real system, but dependencies on the 
different parameters should be identified. Doing calculations the first task is to find a hot spot 
distribution which can represent the system under consideration. The mixture of the experiment 
consists of zirconium and iron oxide particles. Zirconium particles are of micrometer size and iron 
oxide particles have a mean diameter of 3 nm. Because of the large difference between oxidizer and 
fuel particles we have decided to simulate the oxidizer by a continuous phase and the fuel particles by 
regularly distributed hot spots. Figure 3 shows a series of temperature and concentration profiles of 
fuel, oxidizer and product for different time steps. It can be seen that after ignition by a single hot spot 
a smooth reaction front is established. The position of the reaction front dependent on time is given in 
Figure 4 for four calculations with different fuel oxidizer ratios (F/O = 1 means stoichiometric 
mixture). The slope of the curves can be interpreted as burning rate. Three calculations result in 
straight lines and are easy to fit. The fourth one is also linear in the upper right part and can be fitted. 
This burning rate is plotted in Figure 5a vs. fuel oxidizer ratio. Calculations have been done for two 
different heats of reaction. Comparing Figure 5a with the measured burning rates in Figure 5b both 
show decreasing burning rates with increasing fuel oxidizer ratio for F/O > 2. But for the calculated 
burning rates the decrease is much weaker than for the measured ones. In addition the decrease for the 
measured burning rates with F/O < 2 is not reflected by these calculations. One reason may be that in a 
real system together with the F/O ratio also the heat of reaction changes which is shown by the 
temperature measurements and the thermodynamic calculations in Figure 1. Therefore, in Figure 6 the 
burning rate was calculated for different heats of reaction QR. Combining these two effects also for the 
calculations can result in a similar curve as for the measured burning rates. To prove this will be one 
of the next steps in the ongoing investigations. 
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Figure 2: Screenshots of both reaction steps of reaction with 45% zirconium (upper line) and 70% 
zirconium (lower line) 
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Figure 3: Temperature (left) and concentration profiles of fuel, oxidizer and reaction product for 
different time steps 
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Figure 5a: Calculated burning rates vs. fuel-oxidizer ratio for two different heats of reaction 
 

0 1 2 3 4 5
0

1

2

3

4

5

6

7

8

r i
n 

m
/s

F/O-Ratio

 
Figure 5b: Burning rates for the system Zr-Fe2O3 measured in a burning channel 
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1 ABSTRACT 
 
This study presents a methodology to determine the potentialities of the nanomaterials 
applied to pyrotechnics which are included in ammunitions components. 
At first, a thermodynamic study is proposed on ten formulations based on smoke 
illuminating and ignition compositions by the replacement of one or several compounds 
of the formulation with different particle sizes of materials from micro to nano scales. 
The comparison of the different compositions performances (with or without 
nanomaterials) allow to underline the interest of two formulations families for which, 
the addition of nanomaterials improve the pyrotechnic properties. 
In the second step, an experimental study is made in order to determine the chemical, 
mechanical and physical properties of the nanomaterials investigated and of the 
compositions.  
The aim of this study is to have the best knowledge of the micro and nano materials used 
to determine the effect of particle size change in the pyrotechnics behaviour. 
 
 
 
 
 
 
Contact : p.lamy@nexter-group.fr 
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2 INTRODUCTION 
 
Materials with grain sizes in the nanometer range have received much attention during the last decade 
[ 1 ][ 2 ].These materials often show promising functional and structural properties.  
In the first field, the high surface area and the large amount of atoms at the nanoparticles surface lead 
to improved catalytic or reaction properties.  
The thermal behaviour of nanoparticles is known to differ from that in the bulk state due to their 
increased surface area to volume ratio. For example, small particles have lower melting points that 
bulk material because of the increased proportion of loosely bound surface atoms [ 3 ]. 
The small grain size and the large number of grain boundaries also result in unusual mechanical 
properties, e.g. extreme hardness and superplasticity.  
The present paper will focus on particle size effects on the changes in physical, chemical and 
mechanical properties of different pyrotechnics. 
 
This work has been made on a DGA financed PEA. The result are confidentials. So all the figures are 
presented without scale and some compositions and products names have been replaced by identifiers. 
 
 
3 MATERIALS AND METHOD 
 
3.1 METHOD 
 
Eight compositions were studied : 

- three ignition compositions : Al/CuO, Al/KClO4 and MTV, 
- two smoke compositions : FUM 1 and FUM 2, 
- and three illuminating composition : IC1, IC2 and IC3. 
 

First of all, a theoretical thermochemical analysis was realised in order to estimate the impact of the 
addition of nanomaterials on the eight formulations. For the ignition compositions, we have compared 
the combustion temperature and the specific energy. For the smoke compositions, we have compared 
the combustion temperature and the amount of graphite produced. For the illuminating compositions, 
we have compared the combustion temperature and the amount of specific species produced during the 
reaction. 
At the end of this step, we have selected five compositions in order to follow our investigation by 
experimental tests. 
The second step of the study consisted on the raw materials characterization. Indeed, a large amount of 
nanomaterials was quite difficult to find and the informations the providers give us were not enough to 
well know the properties of the nanomaterials. The different analysis methods and materials properties 
investigate were the following : 
 

table 1 : characterization methods used 

Analysis method Studied characteristic 

Energy Dispersion Spectrometry Chemical nature and purity 

X ray diffraction Crystalline structure 

Photons correlation spectroscopy Particles size distribution 

High resolution scanning electronic microscopy Particles size and shape 

Physisorption Surface area and porosity 

Thermal analysis Thermal reactivity 
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Then, the mechanical behaviour of the different nanomaterials and compositions was investigated. The 
aim was to determine their ability to the implementation. Compression and resistance tests have been 
done. We will not detail this part of the study in this paper. 
 
At last, the most interesting compositions (with nanomaterials) were tested and their performances 
were compared to the compositions used as reference (without nanomaterials). 
 
 
3.2 MATERIALS 
 
Eight compounds were studied, both in nanometer-scale and micrometer-scale : zinc oxide, copper 
oxide, titanium oxide, iron oxide, aluminum, tungsten, brass and carbon (graphite and multi-wall 
carbon nanotubes). The compounds tested are listed in table 2. 
 

table 2 : compounds tested 

product provider identifier 

Spex  ZnO µ 
Zinc oxide 

Nanophase ZnO n 

Prolabo NP CuO µ 
Copper oxide 

Nanophase CuO n 

Spex Fe2O3 µ 
Iron oxide 

Nanophase Fe2O3 n 

UCB TiO2 µ 
Titanium oxide 

Nanophase TiO2 n 

Ecka Al µ 
Aluminium 

Argonide Al n 

Eurotungstene W µ 
Tungsten 

Argonide W n 

Ecka L µ 
Brass 

Argonide L n 

Carbon graphite SEA C µ 

Carbon nanotubes made for the experiment C n 
 

 
 
4 THEORETICAL THERMOCHEMICAL ANALYSIS 
 
4.1 CALCULATION 
 
The first step of the thermochemical investigation was the determination of the formation energy for 
the nanomaterials studied. The nanomaterials were considered as an intermediate between solids and 
gases. Some quantum physics calculations were made using the US Air Force software MOPAC. 
Then, the calculated energies of formation were used in the combustion modelisation. 
On the whole thermodynamic properties obtained, the compositions were compared following the 
different points given in table 3. 
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table 3 : optimisation theoretical criteria 

Type of compositions Optimisation theoretical criteria 

Ignition compositions Specific energy and temperature 

Smoke compositions Temperature and quantity of carbon produced 

Illuminating compositions Temperature and specific species produced 

 
We used experiment designs (Scheffé one) to study the evolution of the specific energy and of the 
temperature versus the quantity of nanomaterials added to the compositions. 
 
 
4.2 IGNITION COMPOSITIONS 
 

4.2.1 Al/CuO 

Figure 1, Figure 2 and Figure 3 show the calculated evolutions of the temperature and of the specific 
energy when nanomaterials were added to the compositions (Al n and/or CuO n). We can notice that 
for all the studied compositions, the use of nanoparticles increases both the temperature and the 
specific energy of the compositions. 
 

 
Figure 1 : Temperature of the ternary mixtures Al µ /CuO µ / CuO n (left) and) Al n / CuO µ / CuO n 

(right) 

 

 
Figure 2 : Temperature of the ternary mixtures Al µ /Al n / CuO n (left) and) Al n / Al µ / CuO µ (right) 

 



RESEARCH OF THE CONTRIBUTION OF NANO PARTICLES IN PYROTECHNICS 

 5

 
Figure 3 : Specific energy of the ternary mixtures a) Al n/Al µ/CuO µ and b) Al n/Al µ/CuO n 

 

4.2.2 Al/KClO4 

Figure 4 shows the calculated evolutions of the temperature and of the specific energy when 
nanoparticles of aluminum were added to the composition. We can notice that there is no effect on the 
specific energy evolution of the compositions and that the effect on the temperature evolution is not 
significant. The use of nanomaterials for this composition is not efficient. 
 

 
Figure 4 : ternary mixtures Al n /Al µ / KClO4 : evolution of the specific energy (left) and of temperature 

(right) 

 

4.2.3 MTV 

No magnesium was found on the nanomaterials market at the beginning of the study. So we introduce 
Al n with the micrometric Mg on the compositions. The effect is shown in Figure 5.  

We can notice that the introduction of Al n increases the temperature of the composition. 



RESEARCH OF THE CONTRIBUTION OF NANO PARTICLES IN PYROTECHNICS 

 6

 
Figure 5 : Evolution of the temperature (left) and of the quantity of fluoride species produced (right) with 

the amount of Al nano introduced 

 

 
Figure 6 : 3D response-surface of the temperature and quantity of carbon produced versus the amount of 

Al nano introduced 

 
 
4.3 SMOKE COMPOSITIONS 
 

4.3.1 FUM 1 

We were added Al n on the composition to evaluate the effect of nanomaterials on the temperature and 
on the carbon production. An experiment design was used in order to minimize the number of 
calculation and to obtain the better idea of the effect of nanomaterials as possible. 

Figure 7 shows the results of the treatment of the experiment design. The adding of Aln increases the 
temperature but decreases the quantity of carbon produced. So, it’s not interesting to follow this way 
for the optimisation of this composition. 
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Figure 7 : experiment design results 

 

4.3.2 FUM 2 

In this composition, we change a part of ZnO µ in ZnO n. The effect is not interesting for the quantity 
of carbon produced. So the adding of nanomaterials for this composition is not efficient. 

 

 
Figure 8 : evolution of the graphite molar fraction versus the ZnO n % 

 
 
4.4 ILLUMINATING COMPOSITIONS 
 

4.4.1 IC1 
 
In order to estimate the impact of nanomaterials on the illuminating compositions, we have considered 
the quantity of light generator species and of temperature.  
Figure 9 reveals that the effect of nanomaterials adding is quite positive for this composition. 
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Figure 9 : evolution of the light generator species quantity and of temperature versus Al n % 

 

4.4.2 IC2 
 
 
 
 
 
 
 
Figure 10 reveals that the effect of 
nanomaterials adding is quite positive 
for this composition. 
 
 
 
 

 
Figure 10 : evolution of the light generator species 

quantity and of temperature versus Al n % 

 
 

4.4.3 IC3 

Figure 11 reveals that the effect of nanomaterials adding is quite positive for this composition. 
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Figure 11 : example of oxide type behaviour 

 
 
4.5 CONCLUSION 
 
The theoretical thermodynamic analysis realised allow the identification of two types of compositions 
to investigate more specifically: the ignition compositions and the illuminating compositions. Further 
tests are done on the following compositions : Al/CuO, MTV, IC1 and IC2. 
 
 
5 PYROTECHNICS PERFORMANCES 
 
The experimental evaluation of the compositions was made with the following tests planning : 

- security test : impact sensitivity, friction sensitivity, electrostatic discharge sensitivity, 
thermal sensitivity, 

- energetic test : heat of reaction measurement, ignition speed, combustion speed. 
 
The experimental results of the study are confidentials so we will only give the variation tendencies 
obtained. 
 
5.1 SECURITY TESTS 
 
For all the compositions tested, the impact sensitivity is not changed by the size decrease but the 
friction sensitivity and the electrostatic discharge sensitivity are higher. The self-inflammation tests 
doesn’t reveal differences between the same compositions with micro and nano particles. But for the 
thermal induction tests, the results are quite different for the micro and nano compositions. The fact 
that a part of aluminum particles have a nanometer size gives sometimes a stronger reaction. 

table 4 : evolution of the sensitivity of the composition with the size decrease 

Sensitivity Tests Nanometer size effect 
Impact sensitivity index (ISI) = 

Friction sensitivity index (FSI)  
Electrostatic discharge value that ignite 

the composition  

Ignition temperature  
Thermal induction violence  
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An explanation for the decrease of the ignition temperature with the decrease in particle size can be 
proposed. The formation of localized hotspots is known to be an important step in the ignition of 
energetic materials. When the particles are smaller, less thermal energy is needed to produce a hotspot. 
This is because energy is localized at the stress points [ 4 ]. 
 
5.2 ENERGETIC TESTS 
 
The heat of reaction was obtained by an adiabatic calorimetric test. The following evolutions of the 
energetic properties were observed : 

table 5 : evolution of the energetic properties of the composition with the size decrease 

Sensitivity Tests Nanometer size effect 

Heat of reaction  

Ignition delay  

Combustion speed  
 
 
6 CONCLUSION 
 
On the one hand, the introduction of nanometer size aluminum in the illuminating and ignition 
compositions is a way to increase their ignition ability, the energy release and their speed of 
combustion.  
On the other hand, the sensitivity of compositions is increased so it’s necessary to consider the 
nanocompositions more carefully than the same compositions without nanomaterials. The reactions 
are more violent. 
 

       
Figure 12 : combustion of composition containing nanomaterials 
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This study is a first step on the knowledge of the nanomaterials effects on pyrotechnics. Some general 
evolutions have been observed on the studied compositions. The enlargement of the number and type 
of compositions investigated will allow to identify the reproducibility of some general rules. 
 
The work presented in this paper forms part of that expected by a PEA 01 14 05 “pyrotechnics and 
decoys”. This study of nanomaterials effects has been done in collaboration with DGA/ETBS. The 
methodology used can be reproduced to others compositions. 
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ABSTRACT 
 
    Purpose of the study is to propose simple and reliable equation of states to implement 
them to the numerical code for the simulation of detonation process of high energetic 
materials.   
    Based on the initial density dependence of the detonation velocity, we have already 
developed a simple approximation to represent various other C-J (Chapman-Jouguet) 
parameters as a function of initial density.  Grüneisen type equation of state for the 
detonation product gases of PETN can be formulated by using this approximate 
relationship and compared with data of cylinder expansion experiments.   
    Unreacted shock Hugoniot compression curve for PETN explosive with different 
initial densities was modelled also by the Grüneisen type equation of state.  By assuming 
linear relationship between shock velocity and particle velocity together with shock 
jump conditions for porous materials, two parameters, the Grüneisen parameter and 
Hugoniot slope was determined by the simple assumptions.  Based on these two models, 
von Neuman spike point and C-J point as a function of initiaal density are determined 
for PETN.   
 
 
 
1        INTRODUCTION 
 
    Experimental data and theoretical calculations have been reported for the understanding of the 
detonation phenomena of condensed phase high explosives.1-3  Equation of state (EOS) for the 
detonation product gases is one of the important research topics, which attracts many researchers.4-7  
Various kinds of calculations8-11 have also made to aim at the collection of information on the basic 
features of the phenomena, although the experimental data set may not be so precise to evaluate the 
theories.  Recently, our group has proposed another analytical model for the prediction of Chapman-
Jouguet (C-J) state parameters of condensed phase explosive based on the experimental data of the 
initial density dependence of detonation velocity. 12, 13

    Equation of state or shock Hugoniot for unreacted energetic materials is another major topics.  
Although shock Hugoniot measurement of several energetic materials have been published14, precision 
or reproducibility of the data is not very good compared with that of inert materials.  The reason is 
considered to be the possibility of the onset of partial reaction at the shock front that will increase 
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detonation velocity.  Above two sets of EOS information are quite fundamental for numerical 
simulation of detonation phenomena.   
    This paper presents a simple analytical theory for the equation of state (EOS) for reacted and 
unreacted energetic materials, which can be easily implemented into numerical codes to simulate 
detonation processes.  Concept of the formulation of the EOSes is the simplicity of modeling and good 
agreement with available experimental data for detonation velocity etc.  One of the most striking 
features of the formulation is to apply this EOSes to model detonation of energetic materials with 
different initial densities.  An EOS for reacted gas product is given by the Grüneisen type equation of 
state whose Grüneisen parameter is calculated to fit the initial density dependence of detonation 
velocity of the explosive and also to fit one of the available cylinder expansion data.  Another EOS for 
unreacted condensed phase explosive is also represented by the Grüneisen type equation of state 
whose Grüneisen parameter is assumed constant with compression.  Functional form of EOS is 
determined here so as to give linear shock velocity-particle velocity Hugoniot curve.  Shock velocity-
particle velocity Hugoniots with several different initial density of pentaerithritoltetranitrate (PETN) 
explosive are calculated, and von Neumann spike point as well as Chapman-Jouguet point for each 
initial density is plotted and compared. 
 
 
2 SIMPLE MODELS FOR THE EQUATION OF STATES OF HIGH 
ENERGETIC MATERIALS 
 
2.1      EQUATION OF STATE FOR DETONATION PRODUCT GASES 
 
        It is known that the detonation velocity of 
condensed explosive is a linear function of the 
initial density,   

 
 
Fig. 1 Collection of Rayleigh lines and envelope 
function. 

 
 D(ρ0 ,ε0 ) = j + kρ0    (1) 
 
where D, ρ, ε denote the detonation velocity, 
the density, and the specific internal energy, 
respectively.  Suffix 0 denotes the value at the 
initial state, and j and k are parameters inherent 
to the explosive and the initial density range.3, 15  
Eq.(1) is found to be valid for almost all of the 
explosives whose initial density dependence of 
the detonation velocity is measured.  For most 
explosives, the value of k is known to be 
around three.  Except for the special cases, 
most of these data are for the room temperature 
condition, indicating that the initial internal 
energy is kept constant.  This is because the 
surface energy of explosive powder grain has no appreciable contribution to the total specific internal 
energy.   
    Detonation velocity is a parameter which can be measured most easily among various other 
parameters involved in the detonation phenomena, and is found to be the most insensitive parameter of 
the phenomena.  If one knows the value of the initial density of the high explosive and the 
corresponding detonation velocity, one can plot the so-called Rayleigh line in the p-v plane.  The C-J 
state should be on this line.  Rayleigh line in p-v plane is described as 
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 pCJ − p0 = −ρ0
2D0

2 (ρ0 ,ε0 ) v − v0[ ]= −
D0

2 (v0 ,ε0 )
v0

2 v − v0[ ]

]

,    (2) 

 
where p, and v denote the pressure and the specific volume, respectively.   
    Figure 1 shows the collection of Rayleigh lines on p-v plane drawn by using the experimental 
values of detonation velocities for PETN.  C-J pressure data points given by Hornig et al16 are also 
shown in the same plot.  As is seen clearly, experimental pressure volume points are naturally on their 
Rayleigh line, and they seem to be on a curve of the envelope of the collection of Rayleigh lines.  This 
looks a very good approximation for this data.  We checked other explosive data17 and found that the 
envelope function of Rayleigh lines on p-v plane gives an excellent approximation to the C-J states on 
the plane.   
    Mathematical functional form of the envelope function of Rayleigh lines can be derived easily as 
 

 v = v0 −
v0

2 1+α[  ,   pCJ =
ρ0D2

2 1+α[ ] ,       (3) 

 
where the non-dimensional parameter α  is defined as 
 

 
 
Fig. 2 Release isentropes centering 4 different 
initial states of PETN detonation gas. 
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Other parameters on the C-J state can be obtained 
through the jump conditions for the detonation 
wave front, which then gives relationships between 
other variables on C-J state.  Comparison of these 
functions with the experimental data shows 
systematic deviation of several to ten percent of 
their values.  The agreement, however, is extremely 
good only on the p-v plane. 
    Based on the above discussion together with the 
Jones-Stanyukovich-Manson (J-S-M) relation18, 19, 
it is found that the above relationship is an 
approximation that thermodynamic Grüneisen 
parameter for the detonation product gas is equal to 
zero.   
    We have developed differential equations to 
solve volume-dependent Grüneisen parameter in an EOS for detonation product gases under the 
following conditions: (i) D-ρ0 linear relation is known, (ii) at least one accurate detonation pressure 
data is available, (iii) at least one cylinder expansion data for one initial density value is known, and 
(iv) full use of J-S-M relation.  Resultant release isentropes centering several different C-J states for 
PETN is shown in Fig. 2.  They are compatible with published cylinder expansion data for 
corresponding loading densities.  Precision between theory and data is within 3 % over wide pressure 
range up to less than 1 GPa.  Details of the derivation and discussions are published elsewhere.13        
 
2.2     EQUATION OF STATE FOR UNREACTED ENERGETIC MATERIALS 
 
    Shock Hugoniot compression curve for condensed energetic materials has been measured by several 
means.  Measured Hugoniot data, however, have relatively large scatter probably due to the partial 
reaction at the shock front.  Equation of state for these materials without chemical reaction (Unreacted 
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EOS), therefore, might be a hypothetical property, and part of the states of which can be attained only 
by extreme temporally transient process.  Even so, the form of EOS is important as an inevitable 
member of information of the numerical codes for the numerical simulation of the detonation process 
for the condensed phase high explosives. 
    In the present study, form of the unreacted EOS or the shock compression curve for PETN of the 
theoretical maximum density was determined by the simple assumptions.  Based on this Hugoniot, 
those for PETN with lower initial densities are calculated based on the porous model for the Hugoniot.       
Form of Hugoniot function at the limiting compression regime is determined by the behavior in the 
relatively high pressure region.  Value of the Grüneisen parameter γ0 obtained by the thermodynamic 
measurement does not correspond to excitation of frequency modes by the non-equilibrium dynamic 
process like shock compression, but by the equilibrium thermal states.  It is known that the Grünesien 
parameter for polymeric materials determined by the pressure dependence of sound velocity is very 
large due to the fact that limited excitation of possible frequency modes by the dynamic acoustic 
process.  Authors are considering similar situation in the case of weak shock compression of organic 
high explosive materials.    
    In the present model, the Hugoniot function for unreacted high energetic material is assumed to be 
given by 
 

   pH
0 (η) =

ρ0A2η
1 − Bη( )2 ,   εH

0 (η) − ε0 =
1
2

Aη
1− Bη

⎡

⎣
⎢

⎤

⎦
⎥

2

    (5) 

 
where A and B denotes material parameters in the linear shock velocity us vs particle velocity up 
relationship, 
 
   u .         (6)  s = A + Bup

 
Variable η denotes the degree of compression defined as  
 

 η ≡ 1 −
v
v0

          (7)  

 
and the suffix H and 0 denote the Hugoniot and theoretical maximum density, respectively.    
    Shock Hugoniot function for the unreacted high energetic material with low initial density can be 
described here by the following relation, 
 

   pH (η) = pH
0 (η)

1− 1+
γ 0

2
⎛
⎝⎜

⎞
⎠⎟

η

1−
γ 0

2
m − 1+

γ 0

2
⎛
⎝⎜

⎞
⎠⎟

η
,      (8)  

 
where porosity m is defined as  
 

  m =
v00

v0

− 1           (10)  

 
    Suffix 00 indicates the value of porous material at the initial state.    
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    In Eq.(8), it is assumed that the Grüneisen parameter is constant.  Grüneisen parameter will decrease 
with compression, although we have no reliable information on the dynamic initial value and/or its 
change with compression.  At least at high pressures and temperatures, possible frequency modes will 
be excited, and Grüneisen parameter approaches to the value of the equilibrium thermodynamic value.  
By these considerations, constant Grüneisen parameter assumption will be justified.     Eq.(8) indicates 
the limiting density of the shock Hugoniot compression depends on the porosity m.  At high porosity, 
resultant Hugoniot in pressure-volume plane will become a vertical line, η = 0.  This limiting case is 
given by the condition, 
 

 
 
Fig. 3 Calculated C-J and Spike points for PETN of 
several different initial density. 

 1−
γ 0

2
m = 0  ,  (10)  

 
    For PETN, γ0 is measured to be 1.15, so that 
porosity m is equal to 1.74, and the initial 
density ρ0 is 0.65 g/cm3. If the Hugoniot curve 
is given by η = 0, shock velocity particle 
velocity relationship is given by 
 

   us =
m + 1

m
up = 1+

γ 0

2
⎛
⎝⎜

⎞
⎠⎟

up  (11)  

 
    As shown in Eq.(11), shock velocity is 
represented by a linear function of particle 
velocity passing through the origin.  Only in the 
case of η = 0, no appreciable contribution of 
the functional form of the crystalline Hugoniot 
functions, Eq.(5).    
    In the present study, Hugoniot function for crystalline solid is determined by the following 
consideration.  Bulk sound velocity A is directly determined by the sound velocity measurement.  
Slope B is determined such that the Hugoniot function given by Eq.(5) and the corresponding 
Hugoniot function based on the Grüneisen type equation of state, 
 

   pH =

γ 0

v
ε0 + pc (v) −

γ 0

v
εc (v)⎡

⎣⎢
⎤
⎦⎥

1 −
γ 0

2v
v0 − v( )

       (12)  

 
will have the same limiting density value.  Suffix c denotes the cold part.  By the assumption of 
constant Grüneisen parameter along shock Hugoniot, the same limiting density condition leads to 
 

   B = 1+
γ 0

2
.          (13)  

 
From Eqs.(11) and (13),  shock particle velocity Hugoniot for crystalline solid and for porous solid 
with porosity given by Eq.(10) both has the same slope and therefore parallel.  In case of PETN, the 
value is 1.575.     We will note again that our concern here is not the global accuracy of the Hugoniot 
function, but appropriate description of the relatively higher pressure region up to around von Neuman 
spike point.  At this pressure region, attained pressure and temperature assures the well excited 
vibrational modes which will be depicted by the thermodynamic Grüneisen parameter.    
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    Figure 3 shows the calculated shock Hugoniot function for PETN in us-up plane with several 
different porosity values, m=0.0, 0.5, 1.0, 1.74, 3.0, 6.12.   Among choices of the porosity values, m=0 
corresponds to the crystalline PETN, m=1.74 to the vertical Hugoniot in p-v plane, and m=6.12 to the 
lowest possible loading density available Hugoniot, ρ0=0.25 g/cm3.  Figure 3 also contains C-J data, 
i.e., detonation velocity D and corresponding particle velocity upCJ calculated by the approximate 
theory explained in the previous section.  One may note that pair of points, C-J state and the 
corresponding point on the unreacted Hugoniot, i.e., spike point, can be compared in Fig. 3 for several 
porosities.  Advantage of the present treatment is that EOS of the detonation product gases as well as 
EOS of unreacted explosive can be obtained relatively in an easily handled manner and the obtained 
EOSes are basically compatible with the experimental data 
 
 
3       CONCLUSION 
 
    We have developed simple equation of state models for condensed phase high explosive which can 
be easily implemented into numerical codes for detonation process simulation.  Advantage of the 
present procedure is that this model can explain detonation properties of high explosive with wide 
range of initial densities.   
    Implementation and examination of the feasibility of the model is now under way. 
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ABSTRACT 
The simultaneous use of the Reaction Ensemble Monte Carlo (ReMC) method and the 
Adaptive Erpenbek Equation Of State (AE-EOS) method allows us to directly calculate the 
thermodynamical and chemical equilibrium of a mixture on the Hugoniot curve. The 
ReMC method allows to reach the chemical equilibrium of the detonation products 
mixture, and the AE-EOS method constraints the system to satisfy the Hugoniot relation. 
Once the Hugoniot curve of the detonation products mixture has been established 
performing several simulations, we are able to calculate the CJ state of the mixture. 
Performing a NPT simulation at PCJ, TCJ, we then calculate the direct thermodynamic 
properties and the following derivative properties of the system using a fluctuation 
method: calorific capacities, sound velocitiy, gruneisen coefficient and compressibility 
factor. This type of calculation has been applied to several usual systems of interest in 
the detonation field: nitromethane, tetranitromethane and hexanitroethane among 
others. In this presentation, we will present the different methods developed to perform 
the simulations, and the main results obtained for the three mentioned systems. 
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1 ABSTRACT 
 
This study presents the results of the laser induced decomposition under pressure of 
nitric acid and 2-nitropropane mixture containing 58% of HNO3. The static high 
pressure behaviour put in evidence the formation of an H-bonded complex but also the 
presence of a solid-solid phase transition around 18 GPa. The combustion propagation 
front velocity was measured between 6 and 31 GPa during laser initiation experiments. 
The analysis of the velocity vs. pressure curve with the optical properties and the 
recording of the Raman spectra of the reaction products showed two different 
combustion regimes. Below 18 GPa, total combustion takes place in the sample and a 
black residue only composed of soot remains in the cell. Above 18 GPa, the combustion 
leads to a clear residue with little carbon present. However, the Raman spectra of the 
remaining sample show new features indicating the presence of species which are not yet 
clearly identified. The pressure limit between these two behaviours corresponds to the 
phase transition pressure measured for the complex. 
 
 
 
2 INTRODUCTION 
 
The study of energetic materials at the macroscopic scale is essentially based on detonation 
experiments. But in order to establish chemical kinetics, relevant information is not easily obtained in 
these conditions and needs the use of non intrusive probes as time resolved spectroscopy or pyrometry. 
Few works can be found in detonation regime but a lot exist consisting in multiple steps shock 
experiments or static high pressure experiments in diamond anvil cell (DAC). The relationship 
between the static and dynamic properties is therefore still investigated. Combining the advantage of 
the DAC and the microsecond time scale is possible by using a laser [1][2][3][4][5][6][7]. The heating 
capacity of the laser enables the initiation of a combustion reaction in the DAC. The measurement of 
the combustion velocity propagation in high explosive puts in evidence different behaviours 
depending on the pressure, meaning different reaction mechanisms whose knowledge could be helpful 
in building a kinetic law. 
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The work presented here applies to energetic mixtures of nitric acid (NA) and 2-nitropropane (2-NP). 
Depending on the components ratio, the mixture can detonate [8][9]. Raman spectroscopy 
measurements at static high pressure also showed that the behaviour of the solid phase under pressure 
can vary with composition [10][11]. In particular, evidence for H-bonding complexation between two 
NA molecules and one 2-NP molecule was found in the domain 48%-80% of HNO3 in mass. In a 
previous work, we applied laser initiation experiment to condensed NA/2-NP mixtures with various 
concentrations [12]. Different combustion regimes seemed to be observed but this observation 
difficulty matched the others results. We decided to focus on the stoichiometry of the complex (58% 
of HNO3) which is both detonating and laser-initiated easily in order to study its combustion front 
propagation versus pressure.  
Laser initiation experiments were performed for pressures between 6 and 31 GPa. The combustion 
velocity was measured and the reaction products were analyzed by Raman spectroscopy. The results 
obtained are discussed and compared to those obtained in the high pressure study of the complex. 
 
3 EXPERIMENTAL CONFIGURATION 
 
The principle is more detailed in [12]. Experiments were performed in a membrane DAC. NA/2-NP 
mixtures were loaded into a 200 µm diameter hole drilled in a stainless steel gasket. Ruby chips were 
used for pressure determination. High pressure Raman spectra of the samples were taken using a 
frequency doubled YAG laser at 532 nm and a confocal micro-Raman spectrometer. The ignition of 
the reaction in the DAC was performed with a frequency-doubled Nd:YAG laser with a 5 ns pulse. 
The laser beam was focused in the sample by an objective with short focal length to a diameter spot 
size of less than 20 µm. The illumination laser beam comes from a dye laser (603 nm) by an optical 
fibre through the DAC. The image formation of the sample on the slit of the streak camera is obtained 
with photographic objectives of relatively short focal length. To help the beam positioning in the 
sample, a CCD camera was used. 
 
4 RESULTS 
 
4.1 Static high pressure results of the 58% HNO3 mixture 
 
The high pressure behaviour of the 58% HNO3 mixture was studied by Raman spectroscopy up to 
31 GPa. Crystallization of the mixture was observed at around 3 GPa. As previously reported, 
crystallization was not always observed on increasing pressure [13]. A liquid state could often be 
preserved up to few tenths of GPa and crystallization was only obtained on pressure release. As we 
previously mentioned, the formation of an H-bonded complex is observed at the crystallization [10]. In 
the solid phase, the presence of the intense ν1 (NO3

-) band at 1050 cm-1, indicates that ionization of the 
HNO3 molecules occurs, together with the formation of the complex. To a less extent, NO3

- can also 
originate from the transformation of N2O4 which is always present in small quantity in nitric acid, to 
the ionic isomer nitrosonium nitrate (NO+NO3

-) [14]. 
The evolution of the Raman spectra in the range 850-1150 cm-1 as a function of pressure has been 
analyzed. Figure 1 shows the Raman shift of the ν1(NO3

-) stretching mode. Up to 18 GPa, this 
evolution is linear with a slope of 2.5 cm-1/GPa. Above 18 GPa, a splitting of the mode occurs, leading 
to three bands located at 1073, 1085 and 1102 cm-1. These three bands remain visible on the spectra up 
to 31 GPa. The splitting observed at 18 GPa is attributed to a phase transition in the NA/2-NP 
complex. 
 
4.2 Laser initiation experiments results 
 
Several shots have been carried out on the 58% HNO3 mixture between 6 and 31 GPa. The energy 
deposit was about 24±1 µJ. We saw in the previous study that this level was enough to initiate 
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combustion and did not influence velocity value. A typical recording of the streak camera is shown on 
Figure 2. We measured the right and the left slope for each shot. We also examined the optical 
properties of the reaction products (dark or slightly bright zone). The results are plotted in Figure 3. 
The error associated to velocity is estimated at ±10%. It includes the uncertainty linked to the linear fit 
of the slope in spite of the disturbance of the front in the DAC as well as to the possible pressure 
gradient in the cell or the changes in the crystalline microstructure of the sample. The error on pressure 
is ±5%. 
During the experiment at 20 GPa, rupture of the gasket occurred before the end of the combustion 
propagation. The velocity of 48 m/s is obviously too high. The overall tendency is that no brutal 
change appears on the velocity when pressure increases.  
The observation of the camera record gives information on the optical characteristics of the reaction 
products. For shots between 6 and 18 GPa, reaction products are completely opaque. On the contrary, 
for shots at 20, 24 and 31 GPa, the light from the illumination laser is still crossing the sample. We can 
deduce that the reaction products are slightly transparent. 
The analysis of the “burnt” sample is consistent with these observations. Indeed, pictures of the cell 
taken after shot below 18 GPa show black residue whereas many clear residue areas are observed for 
shots above this pressure (Figure 4). Raman spectra of the sample after shot were measured below and 
above 18 GPa. Under 18 GPa, the spectrum indicates the presence of carbon, which is consistent with 
black residue. On the contrary, for all the shots above 18 GPa, carbon quantity is too weak to be 
recorded. But the spectrum reveals the presence of peaks that are not clearly assigned yet. The 
spectrum might show a possible amorphization of nitrosonium nitrate. Further experiments are needed 
to clarify this point. 
 
5 CONCLUSIONS 
 
The AN / 2-NP mixture behaves as most energetic materials studied with this technique. It seems to 
burn faster when pressure increases. But unlike nitromethane [1], the velocity does not increase a lot at 
high pressure but seems to reach a plateau around 18 GPa. The order of magnitude of the propagation 
rate in the AN/2-NP mixture is closer to results observed in HMX [3]. Other tests are needed to 
confirm this first trend. 
Like in other explosives [4], the combustion products for low pressures are preferentially composed 
with soot. Above 18 GPa, different species are produced but no gaseous species are detected. 
Most molecules studied by Foltz present a correlation between the shape of the velocity/pressure curve 
and the combustion chemistry [4]. With AN/2-NP mixture, such a correlation can also be seen. Before 
the phase transition at 18 GPa, the velocity is increasing rapidly. At the phase transition, which occurs 
around 18 GPa, the velocity seems to decrease and to increase again after the transition. Such a 
behaviour has already been observed for CL20 [4]. This change in velocity regime is also correlated to 
a change in the decomposition products formed after reaction. Around 18 GPa, the ionization of the 
AN/2-NP complex, which has started at lower pressure, becomes probably total at this pressure. This 
transition yields to different reaction rates and pathways where part of the ionic species formed does 
not burn. These species are not undoubtedly identified yet and further experiments will be needed to 
clarify this point. 
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Figure 1. Variation with pressure of the Raman shift of the ν1(NO3

-) stretching mode. 
 

 
 

Figure 2. Streak camera recording of the combustion propagation front in the AN/2-NP mixture at 14 GPa.. 
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Figure 3. Combustion propagation rate measurements vs. pressure in the DAC for a mixture composed of 58% of HNO3 and 
42% of 2-nitropropane. � represents right slope and x left slope on the camera record. 
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Figure 4. Pictures of the cell after shot. 
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ABSTRACT 
 
Shock states are often obtained from shock velocity (D) and material velocity (u) 
measurements. In this paper, we propose a new method for estimating the (D-u) relation 
of Nitromethane from easily measured properties of the initial state. The method is 
based upon the differentiation of the Rankine-Hugoniot jump relations with the initial 
temperature considered as a variable and under the constraint of a unique 
nondimensional shock-Hugoniot. We then obtain an ordinary differential equation for 
the shock velocity D in the variable u. For liquid Nitromethane, the shock-wave 
velocities calculated with this method are in good agreement with the available 
experimental shock data for initial temperatures ranging from 250 K to 360 K. 
Furthermore, our numerical results are weakly dependent of the uncertainty in the 
determination of the physical properties of the initial state. 
 
 
 
1 INTRODUCTION 
 
The thermodynamic state parameters of condensed substances at a shock-wave front are generally 
derived from the shock adiabat that is usually measured by determining the state behind a steady-
shock wave propagating at different velocities. The shock adiabat can be also calculated by using non 
equilibrium molecular dynamics [1], [2]. As these methods are time consuming, there is a real need for 
estimating Hugoniots from easily measured physical properties of the initial state. In the specific case 
of liquids, it is well known that the shock adiabat can be represented by a single normalized plot, 
called a universal Hugoniot. Perhaps, the most popular form for this plot was proposed by Woolfolk 
[3] : 
 
    D/c0 =1.37 -0.37 exp(-2u/c0) + 1.62u/c0    (1) 
 
where D is the shock-wave velocity, u is the particle velocity, c is the sound speed and subscript 0 
denotes the initial state. 
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With this universal Hugoniot, the (D-u) relation of liquids can be simply estimated from the 
measurement of the initial sound speed. But, such an empirical correlation gives no information about 
the physics underlying the propagation of a shock-wave in liquids. Our present main goal is to 
describe an alternate physically-based method to calculate the velocity of a shock-wave propagating in 
a liquid directly from the Rankine-Hugoniot (RH) relations and from easily measured properties of the 
initial state. 
 
2 MODEL 
 
2.1 DERIVATION OF AN ODE FOR THE SHOCK-WAVE VELOCITY 
 
Under perfect fluid assumption, the conservation of mass, momentum and energy through a shock-
wave propagating in an organic liquid is expressed by the RH relations : 
 
     ( )uDvDv −= 0       (2) 

          (3) uDpp 00 ρ+=

     ( )( )vvpp/ −++= 000 21ee     (4) 

 
where ρ, u, D, p, e are the density, the material velocity, the shock-wave velocity, the pressure and the 
specific internal energy. 
 
The principle of our calculations is to differentiate the RH relations by considering the initial 
temperature (T0) as an additive independent thermodynamic variable since organic liquids have a high 
isobaric thermal expansivity [4]. Our goal is to derive an equation relating the shock-wave velocity 
and its first derivatives to both some physical properties of the initial state and to a suitable shock-
compressed property. Given the variation of this latter property, the shock-wave velocity can be thus 
computed. The main assumption of this work is that the (D-u) relation of liquids is a weak function of 
the Grüneisen parameter (Γ) which has been chosen as the suitable property for our calculations. Let 
us start with the exact expression derived by Kondrikov [5] for this parameter : 
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where τ is a thermodynamic coefficient defined below. 
 
By differentiating now the mass and momentum conservation equations (3), (4), the parameter τ can 
be expressed as a function of the partial derivatives of the shock wave velocity :  
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where α0 is the thermal expansion coefficient. 
 
Because the shock adiabat of liquids is unique in a dimensionless plot (D/c0 = D(u/c0), [3]), we have 
the following relation between the first partial derivatives of the shock wave-velocity : 



Calculation of shock-adiabat of nitromethane with a hydrodynamic method 
 

    
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟
⎠

⎞
⎜
⎝

⎛
∂
∂

−α−=
⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛

∂

∂

0

100
0 Tu

u
D

D
uDr

T
D     (7) 

    
0

0

00
0

1
dT

dc

c
r

α
−=       (8) 

 
where r0 is the Rao number. 
 
By combining the three equations (5), (6), (7), an ordinary differential equation (ODE) is derived for 
the velocity of a shock-wave propagating in a liquid : 
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The classical assumption of a constant Γ/v ratio along the Hugoniot leads to the following expression 
for the parameter ω : 
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2.2 CALCULATION OF THE INITIAL SLOPE OF THE HUGONIOT 
 
The ODE for the shock-wave velocity (11) is closed by specifying the initial slope of the shock 
adiabat that is computed by using the classical thermodynamic identity [3]. It is however more 
convenient to rewrite it in terms of the Beyer parameter (B/A), known as the nonlinear acoustic 
coefficient : 
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where the subscript s denotes the isentrope. 
 
The B/A ratio is estimated from measurements of density, isobaric specific heat capacity and sound 
speed as proposed by Banchet [6] : 
 

    0
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0 2 r
T

A/B +
α

γ
≈       (14) 

 
where γ is the heat capacity ratio. 
 
The Beyer parameter varies from 9 to 11 for most organic liquids. The Rao number and the initial 
slope of the Hugoniot are consequently equal to 3. 
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3 RESULTS AND DISCUSSION 

 
The predictive ability of our model was evaluated by computing the (D-u) relation of nitromethane 
(NM) with the following initial data [4], [5]: 
         (13) 0

3
0 411539 T.)m/kg( −=ρ

         (14) 00 2842585 T.)s/m(c −=

         (15) 00 61701530 T.)K.kg/J(Cp +=

where Cp is the isobaric specific heat capacity. 
 
As shown in Fig 1, the calculated shock-wave velocities are plotted using lines while symbols are the 
experimental shock data measured by Lysne [4]. The agreement between our calculations and the 
measured data is good for initial temperatures ranging from 250 K to 363 K. For low values of particle 
velocities (u < 1000 m s-1), the calculated wave velocities are nevertheless a little bit smaller than the 
measured ones, but the relative error is always less than 5 %. Figure 2 displays the variation of the 
shock pressure against the specific volume for an initial temperature of 296 K. In this pressure-volume 
plane, the agreement is also good between our simulations and the experimental data measured by 
Lysne [4]. Similar results have been obtained for the other initial temperatures considered in this 
study. 
 
Let us now consider the sensitivity of our calculations upon the uncertainty in the determination of the 
initial properties. For pure liquid substances, density, sound speed and isobaric heat capacity can be 
measured with a high accuracy using vibrating tube densimetric techniques, ultrasonic pulse analysis 
and micro-calorimeters. Therefore, the effect of the variation of these parameters on the computed 
shock velocities is negligible. However, our model is more sensitive to the variation of the inferred 
parameters such as the isobaric thermal expansivity (α0) and the Rao number (r0). The uncertainty in 
the determination of α0 (r0 respectively) has been estimated to 5 % (10 % respectively). As shown in 
Fig 3, the effect of the variation of the thermal expansion coefficient is weak even for high shock-
wave velocities. In fact, the calculated shock-wave velocities are more sensitive to the variation of the 
Rao number (Fig. 4). Thus, for a Chapman-Jouguet detonation wave propagating in NM at a velocity 
of 6280 m s-1, the uncertainty in the computation of r0 leads to a relative error of 2 % on the particle 
velocity (u = 2841 ± 67 m s-1) which is quite reasonable. As a result, the calculated shock-wave 
velocities are weakly dependent on the variation of the thermodynamic properties of the initial state. 
 
 
4 CONCLUSION 

 
The main result of this study is the derivation of an ODE for the velocity of a shock-wave propagating 
in liquids. The method is based upon the differentiation of the RH relations with the initial temperature 
considered as an additive independent variable and under the constraint of a universal Hugoniot curve. 
With the assumption of a constant Γ/v ratio along the Hugoniot curve, this ODE can be integrated only 
from the measurement of density, isobaric heat capacity and sonic velocity over a wide range of initial 
temperatures. 
 
The method is able to predict the effect of the initial temperature varying from 250 K to 363 K on the 
Hugoniot curve of inert NM. The agreement between our numerical results and the experimental 
shock data for NM [4] is good even for shock pressures around 10 GPa. In addition, our numerical 
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calculations are weakly dependent on the uncertainty in the determination of the initial state. 
Therefore, this method should be useful to predict the shock adiabat of organic liquid substances. 
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FIGURE 1. Shock Hugoniot of Nitromethane in the (D-u) plane. 
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FIGURE 2. Shock Hugoniot of Nitromethane for an initial temperature of 296 K 
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FIGURE 3. Effect of the variation of the isobaric thermal expansivity (α0)  
on the shock Hugoniot of Nitromethane (T0= 296 K) 
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FIGURE 4. Effect of the variation of the Rao number (r0)  
on the shock Hugoniot of Nitromethane (T0= 296 K) 
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ABSTRACT 
 

An accelerated aging program and a surveillance program have been conducted in order to 
generate lifetime predictions under controlled and uncontrolled storage for the M864 
Baseburner assembly.  The baseburner assemblies and components have been subjected to a 
number of mechanical property, thermodynamic and other tests in order to characterize the 
degradation over time due to humidity and temperature exposures.  The results obtained using 
both data sets have been compared.   
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INTRODUCTION 
 

The baseburner assemblies have been subjected to accelerated aging conditions and periodically 
removed and tested.  In some cases after high stress moisture conditioning, the igniter assemblies 
ceased to function (became duds). 

 
The attribute data and variables data generated from this experiment have been correlated using 

reaction kinetics, reliability life modeling, and a cumulative degradation model in order to predict the 
lifetime of the item under controlled and uncontrolled storage conditions. 

 
The resultant models have been used to estimate the service life of the item in terms of the 

variable and attribute data collected during the study.   The assumptions and models used, correlations 
obtained, and life predictions of the base burner assembly and igniter assembly under controlled and 
uncontrolled storage conditions are presented in this paper. 
 
THEORETICAL 

 
 The basic models used to correlate the data are shown in Equations (1) through (4).  The first 

two are reaction kinetic models (Levenspiel and Fogler) 
 

tkCC AA ×−= 0        (1) 

{ })( tk
AA eCC ×−×= 0      (2) 

Equation (3) and (4) are the Arrhenius and Eyring equations which were used to correlate the rate 
constants with temperature for each of the models to provide estimates of controlled storage lifetimes.  
Equations (3) and (4) are applied sequentially to the data in order to provide an uncontrolled storage 
algorithm capable of estimating the cumulative degradation.  The algorithm is based upon a number of 
batch reactors in series.  The residence time and temperature are varied in each reactor in accordance 
with the uncontrolled storage scenario. 

 
{ })/( TREAekk ×−×= 0      (3) 

 
 

{ } { })%()/( RHBTRE eekk A ××− ××= 0    (4) 
 
 Equation (5) is a cumulative exposure (Nelson, 1982, 1990) model or cumulative damage model.  

In Equation (5) the symbol V represents a constant stress level.  In order to represent the temperature 
cycling profile, the stress level is varied in accordance with the hourly temperature change, and the 
cumulative damage of the product is assessed hourly.  This allows for a simulation procedure which is 
capable of the prediction of reliability degradation due to thermal cycling.  Equation (5) is applied 
sequentially to the data in order to provide an uncontrolled storage algorithm capable of estimating the 
reliability degradation. 

 
),():( VtRVtF −= 1       (5) 

 
The surveillance data was obtained for the same properties as the accelerated aging data..  The 

value of the property at the time of manufacture was subtracted from the value of the property which 
was evaluated as a part of this study.  That relation ship is expressed in the equation (6).  The change 
in property, ΔCA, is expressed as the difference in the level of the property due to real time aging. 
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AiAfA CCC −=Δ       (6) 

 
EXPERIMENTAL 

 
EXPERIMENTAL DESIGN FOR THE BASELINE SURVEILLANCE PLAN 
 

 The original manufacturing data was obtained for 7 batches.  Then, lots of baseburner 
assemblies which contained propellant from those batches were selected from the Army’s inventory 
stockpile and tested for properties listed in the specification.  The propellant batch data sheets were 
dated from Feb 1990 to June 1990 which makes them all about 14 years old at the time of testing (May 
2004).  Property evaluations were made in this study in order to evaluate the degradation rates.   

 
EXPERIMENTAL DESIGN FOR THE ACCELERATED AGING EXPERIMENTS. 

 
 All samples for the accelerated aging experiments came from a single lot.  The baseburner 

assemblies were exposed to a number of accelerated aging conditions for periods of time up to 25 days 
which are given in Table II.  Samples were withdrawn every 5 days at each condition.  In some of the 
experiments the weatherseals were removed from the baseburner assembly prior to conditioning. 

 
Table I.  Accelerated Aging Conditions for Base Burner Assemblies 

 
Temperature 

(°F) 
Humidity 
(% RH) 

Weatherseal 
Present 

   

225 °F 0 % RH Yes 
200 °F 90 % RH Yes 
200 °F 90 % RH No 
200 °F 55 % RH No 
175 °F 90 % RH No 

 
CONTROLLED AND UNCONTROLLED STORAGE:  GENERAL APPROACH TO SHELF 
LIFE PREDICTIONS  
 

 A combination of variables and attribute data obtained on components of the M864 
Baseburner Assembly have been used to make shelf life predictions under both controlled and 
uncontrolled storage conditions. The controlled storage temperature used was 21.1 °C (70 °F) which 
typically has a storage requirement of 20 years.  The uncontrolled storage life was based on the 
temperature profile given in AR 70-38 and is shown in Table II. 
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Table II Hot and Humid Cycle 

 
Local 

Time T in C %RH Local 
Time T in C %RH 

      
100 35 67 1300 66 16 
200 34 72 1400 69 15 
300 34 75 1500 71 14 
400 34 77 1600 69 16 
500 33 79 1700 66 18 
600 33 80 1800 63 21 
700 36 70 1900 58 29 
800 40 54 2000 50 41 
900 44 42 2100 41 53 

1000 51 31 2200 39 58 
1100 57 24 2300 37 62 
1200 62 17 2400 35 63 

 
MECHANICAL PROPERTY TESTING 
 
ULTIMATE STRESS 

 
The Accelerated Aging results obtained for ultimate stress data showed that for the two conditions 

without any humidity the level increased.  Since there is only a minimum requirement, this presents no 
problem.  For the three conditions where the weatherseals were compromised and moisture was 
present, the Ultimate Stress decreased.  Typical results are shown in Figure 1. 

 
The results indicate that thermal stress will not harm the propellant, whereas moisture intrusion 

will weaken it.  In two of the experimental cells, the ultimate stress decreased below the minimum 
requirement.  Weakening of the grain is detrimental and if the grain gets too weak it will not be able to 
withstand the pressure inside the baseburner.  This could influence the burn rate or range. 
 
MODULUS OF ELASTICITY 
 

The surveillance data obtained for the modulus of elasticity showed an increase in the modulus of 
elasticity.  This could be due to change in the test methods or the fact that it is the ratio of stress to 
strain within the elastic region of the stress-strain curve (prior to the yield point).  The accelerated 
aging results showed the opposite trend. 

 
The mechanical properties obtained from the Accelerated Aging data were all done in the same 

time frame and with a consistent test method, sample fabrication and data reduction methodology. 
They all indicated a decrease in the property.  This was true for the dry and the wet cases.  However, 
the degradation rates were faster in all the experiments where humidity was allowed to contact the 
baseburner assembly (weatherseal removed prior to conditioning).  The data obtained at 200 F and 90 
% RH are shown in Figure 3.  The results of the Eyring equation as applied to these data are shown in 
Figure 4. 
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STRAIN AT MAXIMUM STRESS 
 

The minimum required value for the strain at maximum stress is 30 %.  The degradation rates 
obtained from the surveillance data indicate that the lots will all be at the lower limit of this property 
in a few years.  In the baseline comparison, the remaining life (time until strain level reaches the 30% 
minimum value) was only about 2 years. 

 
 In the accelerated aging experiments, the strain at maximum stress was degraded by the 

presence of moisture in all cases.  When the weatherseal was left intact there was no degradation, but 
without the weatherseal, there was statistically significant degradation.  This is consistent with the 
degradation seen in other mechanical properties obtained in this experiment.  For low humidities, 
longer lifetimes were predicted using accelerated aging, than from the baseline results. 

 
The accelerated aging data where the weatherseals were removed were used to develop parameters 

for an Eyring model using first order kinetics.  Only the three cells where the weatherseals were 
removed were used to develop the parameters for that model.  The life predictions based on the 
accelerated aging data are presented in Table III.. Typical accelerated aging results for the strain at 
maximum stress without the weatherseal  are shown in Figure 6, which indicates that the strain at 
maximum stress is decreasing with time. The results predicted by the Eyring correlation derived from 
the reaction kinetic data is shown in Figure 7 

 
Note that 0% RH lifetime is 68 years and even at 25 % RH, the controlled storage life is still 12 y 

ears.  Also the uncontrolled storage simulations at 0 and 25 % RH appear to yield high resistance for 
this property for uncontrolled storage.  This coupled with the fact that the strain at maximum stress 
data actually increased when the weatherseals were in place (statistically significant) indicates a longer 
lifetime than the surveillance data.   The controlled and uncontrolled remaining storage lifetimes based 
on the property of strain at maximum stress are good.  This finding contradicts the short lifetimes 
derived from the surveillance data.  

 
Table III.  Lifetimes of the Propellant Grain based on the Strain at Maximum Stress – First Order 

Kinetic Model  
 
% RH Controlled  Storage Uncontrolled Storage 
0 67.6 17.9 
25 12 3.19 
55 1.52 .402 
90 .136 .0358 
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THERMAL PROPERTY TESTING 

 
 

HEAT OF REACTION 
 

 The required minimum value for the heat of reaction is 900 calories per gram.  The heat of 
reaction degraded with time.  This was seen both in the stockpile data and in the accelerated aging 
data.   The life predictions for the batches indicated remaining life in the range of 3 to 20 years based 
on the observed degradation in the surveillance samples and had an average life remaining of 9.76 
years.  Typical accelerated aging results for the heat of reaction are shown in Figure 6, which indicates 
that the heat of reaction is decreasing with time. The Eyring equation is used to correlate the data and 
is shown in Figure 7 

. 
 

IGNITER CUP BURN TIMES 
 
 For this property the results indicated that thermal stress will not harm the propellant, whereas 

moisture intrusion will weaken it.  The igniter cup is sensitive to moisture.  Failure of the igniter cup 
would cause the baseburner to fail to light and provide the additional range for the projectile. 

  
Typical variables data (burn times) for the igniter cup are shown in Figure XX.  Treatment of the 

data using the interval method (Nelson, 1983) yielded controlled storage lifetime estimates of 
thousands of years for controlled storage and over 40 years for uncontrolled storage. 

 
CONCLUSIONS 

 
 Variables and attribute data obtained on critical components of the M864 Baseburner 

assembly life were evaluated in order to generate life predictions under controlled and uncontrolled 
storage conditions.   

 
There were original data sheets for the properties at time of manufacture.  These were 

compared to the properties measured in the 2004 study.  They indicated real-time degradation rates 
which were calculated from the data.  Those estimates appear in Table I where the data type is listed as 
Stockpile – Real Time Aging. 

 
 The accelerated aging data was obtained using baseburners with and without compromised 

weatherseals.  In many cases the moisture was required to either degrade the mechanical property or 
else to fail the igniter assembly used in the baseburner. 

 
 The shortest lifetime predictions are those based on the heat of reaction and were confirmed 

using both real time data and accelerated aging data.  Those data indicate that the heat of reaction will 
be out of specification in less than 20 years and in some cases in less than 2 years.  The accelerated 
aging predictions are slightly lower (2 years instead of 10 years) than the stockpile data.  Both types of 
data indicate that the heat of reaction is degrading with time. 

 
 In general in all cases, the accelerated aging life estimates were shorter than those obtained 

from the depot data indicating that the lifetime predictions based on the accelerated aging models used 
in this analysis are conservative.  This was true for all the properties except the strain at maximum 
stress. 
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 Table IV: M864 Baseburner Assembly Lifetime Estimates in Years by Component and 

Property 
 

DATA Stress Required Property 
Uncontr
olled 

Storage 

Controlled 
Storage 

     
Stockpile – Depot Storage Ultimate Stress ---------- 40.8 
Accelerate

d Aging 55 % RH Ultimate Stress .877 10.8 

Accelerate
d Aging Depot Storage Modulus of 

Elasticity  
Unlimited 

Lifetime – No 
Degradation 

Accelerate
d Aging 55 % RH Modulus of 

Elasticity .936 10.6 

Accelerate
d Aging 25 % RH Modulus of 

Elasticity 1.883 21.22 

Stockpile – Depot Storage Heat of Reaction ----------
- 9.76 

Accelerate
d Aging 55 % RH Heat of Reaction .507 1.24 

Accelerate
d Aging 25 % RH Heat of Reaction .975 2.39 

Stockpile – Depot Storage Strain at Maximum 
Stress 

----------
- 2.10 

Accelerate
d Aging 55 % RH Strain at Maximum 

Stress .402 1.52 

Accelerate
d Aging 25 % RH Strain at Maximum 

Stress 3.19 12 

Accelerate
d Aging 0% RH Strain at Maximum 

Stress 17.9 67.6 

Accelerate
d Aging 75 % RH Igniter Cup 

Reliability* 
3.10 

years 12000 years 

 
*Failures due to weatherseal removal.  Uncontrolled storage was calculated at 75 % RH and the 

temperature profile from AR 70-38 
 

SUMMARY 
 
 In this study, many of the life predictions have been based on the time it takes for a variable 

(ultimate stress or HOE or any of the other properties investigated in this study) to degrade to some 
minimum value.  This represents the time until the item is out of specification, however, it does not 
mean the item will not work.  In many cases, the minimum specification requirements for a property 
value may be very conservative (i.e., the property could decrease below the minimum specification 
requirement and the item would still work). 

 
The heat of reaction is degrading at a rate that should be watched closely.  The propellant grain is 

losing energy.  The short life predictions in Table X indicate that the heats of reaction are degrading 
rapidly enough to be out of specification in just a few years.  How this will impact performance is 
unknown.  It seems likely that at some point the lower energy will affect the range.  This 900 cal/g 
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minimum specification requirement may have a safety factor, and additional data would be needed to 
evaluate the effect of low heat of reaction on range. 

 
 The weatherseal integrity is fundamental to the survivability of the Base Burner’s energetic 

materials.  The mechanical properties of the base burner assembly also are subject to high degradation 
rates if the weatherseal has been compromised.  This is primarily due to moisture exposure.  

 The Heat of Reaction is also adversely affected by moisture.  Additionally, some degree of 
degradation has been seen in the stockpile with a net effect of a 4.0 % decrease in energy.  This has the 
potential to decrease the output of the baseburner assembly and shorten the range.  No effect on the 
range has been detected during an extensive ballistic performance testing program that has been 
conducted. 

 
 The igniter cup composition cannot withstand moisture intrusion and rapidly gets to the point 

where it will not function.  As long as the weatherseal was present, the igniter lit in all the tests, which 
means the baseburner assembly would function normally. 

 
 The mechanical properties of the grain were degraded to some degree.  Much of the 

degradation was due to moisture intrusion and, therefore, if the weatherseal is in place the mechanical 
properties will not present a problem.  Based on these findings it was recommended that if the 
weatherseal is compromised in any way, the baseburner assembly should not be used..  The results 
obtained in the study indicate the baseburner assembly is suitable for reuse in rebuilding new M864 
rounds.  Although some of the properties have degraded slightly, there has been no effect on ballistic 
performance or reliability.  The accelerated aging predictions in general were shorter than the 
predictions based on the depot storage data except for the strain at maximum stress obtained from the 
mechanical property testing. 

 
FUTURE WORK 

 
 Determine the effect of a lowered heat of reaction on the range of the M864.  The study 

indicated a degradation of this property below the minimum requirement.  A study should be 
conducted to determine the effect of a lowered heat of reaction on range. The number of experimental 
cells used in this study is minimal.  Additional experimental cells should be run in order to provide 
higher levels of statistical confidence of the life predictions. 

  
NOMENCLATURE 

 
CA0  Initial value of the property 
CA  Property value as a function of time 
CAf  Final Value of a property 
df  Degrees of freedom 
-Ea/R Ratio of the activation energy to the gas constant 
F  Cumulative Distribution Function 
k0  Pre-exponential factor used in the Arrhenius and Eyring Equations 
k  Rate constant used in rate expressions 
RH  relative humidity 
T  Absolute temperature in Kelvin 
t  Time in days for kinetic models 
V  Level of stress (temperature or humidity) 
yobs Observed value for a data point 
ycalc Calculated value for a data point 
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Ultimate Stress for M864 Baseburner Assembly
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Figure 1 Ultimate Stress at 175 °F and 90 % RH no weatherseal 

 
Modulus of Elasticity for M864 Baseburner Assembly
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Figure 2 Modulus of Elasticity at 200 °F and 90 % RH Without Weatherseal 
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Arrhenius Plot of Modulus of Elasticity Results
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Figure 3   Modulus of Elasticity data correlated using the Eyring Equation 
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Figure 4.  Heat of Reaction data correlated using the Eyring Equation  
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Igniter Cup Burn Time for M864 Baseburner Assembly
200F and 55 % - Without Weatherseal
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Figure 5 Modulus of Elasticity at 200 °F and 90 % RH Without Weatherseal 

 



UCRL-CONF-232297 

 
 

The effects of gaps between bridgefoils and PETN as a function of 
PETN density and specific surface area. 

 
Dan Phillips 

 Frank Roeske 
 Alan Burnham 

 
Lawrence Livermore National Laboratory 

LIVERMORE, CALIFORNIA, USA 
 

 
ABSTRACT 

 

X-ray computer tomography scans of artificially aged PETN seem to indicate shrinkage of 
material and, by extension, an increased high explosive density, resulting in potential 
separation of the HE from the header/bridge foil.  We have investigated these phenomena 
by mimicking this shrinkage of material (load density).  Thus, we have evaluated various 
induced gaps between the exploding bridge foil and the PETN in our custom detonators by 
changing both specific surface area – recognizing crystal morphology changes – and load 
density. 
 
Analyses for these data include absolute function time relative to bridge burst and careful 
evaluation of the detonation wave breakout curvature, using an electronic streak camera 
for wave capture, in cases where the bridge foil (exploding bridge wire – EBW style) 
initiation successfully traverses the gap (a “go” condition).  In addition, a fireset with sub-
nanosecond trigger jitter was used for these tests allowing easy comparison of relative “go” 
function times.  Using the same test matrix and fine-tuning the induced gap, a second, 
smaller subset of these experiments were performed to provide additional insight as to 
what conditions we might expect detonator anomalies/failure. 
 
 
 
This work was performed under the auspices of the U. S. Department of Energy by the 
University of California Lawrence Livermore National Laboratory under contract contract No. 
W-7405-Eng-48. 
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1. INTRODUCTION 
 

We performed a series of tests using custom built detonators (fig. 1) loaded with two different 
surface area PETNs and two different densities. The densities chosen were approximately 6% apart – 
simulating what we believe might be representative of the aging/densification/sintering process that 
PETN is subject to over time.  We then carefully introduced gaps between the exploding bridge foil and 
the PETN immediately before each firing. 

 
Our custom detonators were loaded at Teledyne RISI Inc, a company in the business of producing 

commercially available detonators for industry.  All parts involved with detonator construction – 
including the PETN – were delivered to RISI and, under our direct supervision, were loaded with exact 
weights into known volumes.  The detonators were pressed to a stop using the same machine and 
operator.  Each detonator was then capped with a glass plug coated with 1500 angstroms of aluminum 
(the aluminum side of the plug placed in intimate contact with the PETN) to provide clear pictures of the 
detonation wave which was then optically relayed and captured on an electronic streak camera.  The use 
of aluminum under these circumstances provides an optical (light) “hold-off” of sorts – not allowing light 
generated from the detonation wave to transmit until the wave front burns away the aluminum (Roeske et. 
al [1]).  These detonators were designed to have a coupling nut that could be unscrewed and shims 
installed into a predefined space to set the gaps at 0 mil, 2 mil, 3 mil, 4 mil, and 6 mil.  “2 mil” or 0.002 
inches is equivalent to 50.8 μm.  The alignment collar, holding the ceramic substrate/bridge foil (right 
side fig. 1.), could then be accurately pulled back from the PETN.  Because we individually evaluated and 
adjusted each detonator body, we were able to rely on a friction fit between the alignment collar and the 
brass body - maintaining our introduced gap for the few minutes before each detonation.  Each bridge foil 
is 9 μm thick.  Care was taken while separating the foil header from the HE to ensure we not rotate the 
header with respect to the HE.  Given our minimum gap of 2 mils, we recognized the thickness of the 
bridge foil equates to 18% of the gap (at 2 mils). 

 
 

2.  EXPERIMENT CONFIGURATION 
 

 
The experiment test configuration consisted of positioning the detonator vertically and optically 

relaying light from the detonation wave over to the electronic streak camera (fig. 2 and fig. 3).  We also 
calculated and graphed timing loop closures for absolute detonator function time.  The loop closure 
process involves cross-timing one known event (bridge wire burst) on two or more event recording 
devices.  In our case, a bridge burst was recorded on both the electronic streak camera (light from the 
bursting bridge) and a digitizing oscilloscope via a voltage probe (indicating exact burst timing) 
connected directly to the fireset.  Once the loop closure is evaluated for a common event, it is then a 
simple process to incorporate actual shot (HE) timing information and determine detonator function time.  
Measurements were also made from collected oscilloscope data evaluating function times of the bridge 
foil burst.  This measurement seemed to indicate some variation of function time of the bridges– on the 
order of 10’s of nanoseconds.  However, because we individually evaluated each detonator timing loop 
closure, we accounted for any of this variation in function of each detonator’s exploding bridge foil.  The 
fireset was selected for its ability to deliver 650 amps across the bridge foil.  Foil dimensions are 0.63 mm 
long by 0.12 mm wide by 9µm thick. 
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2.  EXPERIMENT RESULTS 
 

Raw data captured by the electronic streak camera is shown in figure 4.  Each photo shows a 
timing mark (the single dot on the left side of each), the detonation wave itself, and an optical comb (the 
column of dots on the right) representing 25 nanoseconds between each dot. 

  
Imagine time beginning at the top of each photo and traveling toward the bottom of the page.  

The photo on the right – with the 0.004 inch gap (4 mil) - does, in fact, arrive later in relation to the single 
optical mark (the same point in time for both photos) on the left side of each picture.  The single, narrow, 
dark vertical line running through each detonation wave (near the peak) is an anomaly of the photo 
cathode tube in the streak camera.  It can be ignored. 

 
Nearly 80 shots were fired in the PETN gap series.  Data presented in figure 5 represents the two 

primary PETNs tested.  PETN with a specific surface area (SSA) of 4500 cm2/gm shown on the left and 
PETN with a specific surface area of 6500 cm2/gm on the right.  We made an effort to fire a minimum of 
3 shots at each configuration – accounting for density, surface area, and the gap conditions – to provide 
some statistical results.  It should be noted that the detonators were designed in such a way as to minimize 
any possible increase in stated and tested gap.  On the other hand, it was possible for any given detonator 
to have less than the stated tested gap.  In other words, it was mechanically possible to have attempted to 
set the detonator under test for a 6 mil gap and have only actually achieved a 4 or, perhaps 5 mil gap. 
Reviewing figure 5, it is apparent there are several data points for both surface area PETNs that appear to 
function near the “0 gap” function time.  It is certainly possible the tested detonator gap collapsed just 
prior to the test.  The PETN gap experiments were conducted in two primary data collection sets and 
several months apart.  It became evident, after preliminary tests, that we’d like some additional data at the 
“knee” area (3 mil) of where we were seeing some significant function time changes and/or a “NOGO” 
condition.  The 3 mil gaps were added specifically to provide additional insight into just how large a gap 
might be tolerated before failure.  Looking at the right side of figure 5, one will see that the function times 
for the higher SSA PETN seem to function approximately 200 nanoseconds sooner than those on the left.  
Density, of course, also contributes to function time and is roughly proportional between the two PETNs.  
Within a PETN type, at 0 mil gap, density appears to contribute a bit less than 100 nanoseconds (average) 
difference. 
 

Upon closer inspection of the data on the right of figure 5, four data points can be seen in the 
lower left.  These data points represent shots fired after loading with an increased density (1.05 g/cm3, an 
increase of approximately 6%) with no gap and were included to verify a continuing, reduced function 
time as a result of higher load density.  Their average function times, as shown on the graph, are 
proportionally shorter. 
 

In addition to analyzing detonator function time, we also spent considerable effort studying the 
curvature of the detonation wave as captured on the electronic streak camera.  Figure 6 shows what we 
believe to be a couple of extreme examples – namely, the comparison of detonation curve data between a 
0 mil gap with a captured 6 mil gap within a PETN type and density.  The left side shows SSA 4500 
PETN and the right shows SSA 6500.  It became evident that there wasn’t significant difference between 
the detonation profiles after performing several hand digitizations of the detonation curves, applying a 4th 
order polynomial curve fit and then comparing those curve fits with each other.  There is no apparent 
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trend in detonation wave characteristics within either SSA PETN nor are there any trends based on gap.  
One interesting thing to note, however, is the “hiccup” occasionally seen at the ends of the detonation 
curves of only the SSA 6500 data (right side fig. 5).  We have not identified exactly what might cause this 
anomaly.  However, we suspect a density gradient (Lee [2]) was produced while pressing the high 
explosives. 
 
3.  EXPERIMENT SUMMATION and CONCLUSIONS 
 

A summation of data is represented in table 1.  We can say that detonators without gap – or with a 
very small gap (2 mils) – appear to function as we might expect.  Detonators with any tested gap larger 
than 2mils appear to be at risk for late function time or a NOGO condition.  Both the SSA 4500 and SSA 
6500 seem to demonstrate late function times or NOGOs.  Higher explosive density produces faster 
detonation waves and apparent detonator function times (Hornig et al. [3]).  Viewing figure 5, a case 
might be made that higher load densities – especially for the lower surface area PETN – appear to indicate 
more dramatic GO/NOGO conditions (ie. little delayed function time….either a GO or a NOGO).  
Without question, however, more tests would be needed to confirm this possibility. 

 
 
 

6mil gap - 0.99 ** - GO/NOGO6mil gap - 0.99 ** - NOGO
6mil gap - 0.93 ** - GO/NOGO6mil gap - 0.93 * -GOWAYLATE
4mil gap - 0.99 ** - GO/NOGO4mil gap - 0.99 ** - GO
4mil gap - 0.93 ** - GO/NOGO4mil gap - 0.93 ** - GO/NOGO

2mil gap - 0.99 ** - GO2mil gap - 0.99 ** - GO
2mil gap - 0.93 ** - GO2mil gap - 0.93 ** - GO

NO gap - 0.99 ** - GONO gap - 0.99 ** - GONO gap - 0.93 * - GO
NO gap - 0.93 ** - GONO gap - 0.93 ** - GONO gap - 0.93 * - GO

Pantex- 4500
Low surface

6500
High surface

K1202-6600
High surface

NO gap - 1.05 ** - GO

3mil gap - 0.93 ** - GO/NOGO
3mil gap - 0.99 ** - GO

3mil gap - 0.93 ** -GO/GOLATE
3mil gap - 0.99 ** - GO

6mil gap - 0.99 ** - GO/NOGO6mil gap - 0.99 ** - NOGO
6mil gap - 0.93 ** - GO/NOGO6mil gap - 0.93 * -GOWAYLATE
4mil gap - 0.99 ** - GO/NOGO4mil gap - 0.99 ** - GO
4mil gap - 0.93 ** - GO/NOGO4mil gap - 0.93 ** - GO/NOGO

2mil gap - 0.99 ** - GO2mil gap - 0.99 ** - GO
2mil gap - 0.93 ** - GO2mil gap - 0.93 ** - GO

NO gap - 0.99 ** - GONO gap - 0.99 ** - GONO gap - 0.93 * - GO
NO gap - 0.93 ** - GONO gap - 0.93 ** - GONO gap - 0.93 * - GO

Pantex- 4500
Low surface

6500
High surface

K1202-6600
High surface

NO gap - 1.05 ** - GO

3mil gap - 0.93 ** - GO/NOGO
3mil gap - 0.99 ** - GO

3mil gap - 0.93 ** -GO/GOLATE
3mil gap - 0.99 ** - GO

 
 
 
Table 1.  Summary of the types of PETN crystal surface areas, densities, gaps, and GO/NOGO results.  
Note the late action/NOGO indicated at gaps of 3 mil and larger. 
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4.  FIGURES and PICTURES 
 
 
 
 

 
 

Figure 1.  PETNgap custom detonators.  Shown on the right is a detonator with the gap and shims 
introduced. 
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Figure 2. Diagram of experimental setup.  The detonator explodes and light, representing the detonation 
wave, hits the turning mirror and is optically relayed to the streak camera. 
 
 

 
 
Figure 3. Photo of experimental setup.  An electronic streak is used to capture the detonation wave – via 
image relay optics. 
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Figure 4.  Raw streak camera data.  A timing mark can be seen on the left side of each image.  Time 
begins at the top.  On the right of each photo, is the comb generator with each dot representing 25 
nanoseconds.  The right photo shows evidence of function time delay. 
  

 

PETN 
~ 4500 cm2/gram 
@ .002 inch gap* 

PETN 
~ 4500 cm2/gram 
@ .004 inch gap* 

*all other cables and system timing - static 

time
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Figure 5.  Function times for SSA4500 and SSA6500 PETN.  It should be noted that the apparent 
separation (x-axis) of data points at the various gaps is artificial.  In addition, near the top of each plot, at 
the “2.8” level, the “NOGO” (infinite function time) level was set.  This is done for visual clarity. 

 
 
Figure 6.  Comparison of hand-digitized detonation waves for the extremes of the gaps between the two 
surface areas and two densities.  Note the wave anomaly at the edges of the higher surface area (6500) 
PETN… perhaps caused by pressing density gradients? 
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ABSTRACT 
 
ADN (ammonium dinitramide) is a chlorine free oxidizer which has proven as sufficient 
stable for use in propellant applications. However to ensure the stability in ammunition 
the addition of stabilizing substances is advisable /1/. Therefore further substances have 
been investigated by means of heat generation rate, mass loss and analysis of dinitra-
mide content after ageing. Nine substances have been included in the screening. Five of 
them are newly investigated. Three of these five selected substances showed good to very 
good stabilizing effect. After investigation of these stabilizers with ADN alone, an ADN-
Alu-mixture with 77.5 mass-% ADN and 22.5 mass-% aluminum (Alu) has been used as 
base for the substance screening. A special demand was put on the investigation of liquid 
ADN–Alu mixtures at temperatures well above the melting point of ADN at about 92°C. 
The investigation temperatures ranged between 100°C and 120°C for liquid and be-
tween 70°C and 85°C for solid ADN-Alu samples. Arrhenius parameters for ADN de-
composition have been determined. The assessment of stabilizer quality is supported by 
analysis of residual ADN content after strong ageing conditions. 
 
 
 
1 INTRODUCTION 
 
ADN is an oxidizer with significant potential to replace AP (ammonium perchlorate). It is 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
Paper presented on the EuroPyro 2007 (9ième Congrès International de Pyrotechnie du GPTS) combined with the 34th Interna-
tional Pyrotechnics Seminar, October 8 to 11, 2007, Beaune, France. Proceedings by GTPS (Groupe de Travail de Pyrotechnie, 
France  and and the International Pyrotechnics Society, 2007.  
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chlorine free. Several applications have attracted attention: (i) as oxidizer in solid rocket pro-
pellants; (ii) as oxidizer in gelled rocket propellants /1, 2/; (iii) as oxidizer of aluminum in 
blast oriented high explosives. In all applications ADN should be stabilized with suitable sub-
stances. A range of stabilizers was found already /1, 2, 3/. For the high explosive application a 
casting technique was chosen to get a good mixing of the ingredients and a good contact be-
tween them. For casting the ADN must be melted and mixed with aluminum powder. An op-
erating temperature around 100°C is necessary. ADN decomposes faster in the melt than in 
solid condition. 
 
 
2 SUBSTANCES and METHODS 
 
The chemical structure formula of ADN (ammonium dinitramide) is given in Fig. 1.  
 

 
Fig. 1:  Chemical structure formula of ADN (ammonium dinitramide). In the 
solid phase ADN is present in ionic form as ammonium cation and dinitra-
mide anion. 
 
The ADN used in this work was purchased from company NEXPLO Bofors 

AB, Karlskoga, Sweden, now NEXPLO-EURENCO. The lot was manufactured in 2002. It was used 
as delivered. The ADN content is given as better than 98 mass-%, the water content was < 0.02 mass-
% and the melting point (DSC) 92.4°C. Different substances for testing their stabilizing ability were 
purchased from typical providers of fine chemicals and used as obtained. Aluminum powder was 
taken from ICT stockpile. 
 
The method of investigation for the liquid ADN and liquid ADN+Alu (77.5 + 22.5 by mass) alone and 
mixed with stabilizers was microcalorimetry performed in tightly closed steel ampoules (empty with 
4.5 ml total volume) equipped with small glass vial inserts to avoid direct contact between ADN and 
steel. The amount of weighed-in substances was between 0.3 and 1.1 g. The measurement quantity 
was heat generation rate (HGR, dQ/dt) and was determined as function of time and temperature with 
TAMTM (Thermal Activity Monitor) microcalorimeters made by Thermometric AB, Sweden, now be-
longing to company Waters / TA Instruments. Heat generation (HG, Q) has been obtained by integra-
tion of HGR. Measurement temperatures have been 100°C, 105°C, 110°C, 115°C and 120°C. For the 
measurement of liquid ADN+Alu samples always newly weight-in material was used. Mass loss was 
measured with storing the samples in glass vials and weighing them in decomposition rate adapted 
time intervals. The glass vials were closed with loosely inserted ground glass stoppers. The storage 
was in aluminum block oven with PID control. Sample amount varied between 1 and 2 g. Measure-
ment temperatures have been: 70°C, 75°C, 80°C, 85°C and in part 100°C. Samples after the mass loss 
storage at 100°C were analysed with regard to residual ADN content by ion chromatography. 
 
 
3 RESULTS 
 
3.1 NEAT ADN 
 
ADN alone and ADN+Alu (77.5 mass-% + 22.5 mass-%) were measured as base line for the 
mixtures with stabilizers. Figures 2 to 5 show results. In Fig. 2 HGR and HG of ADN alone 
between 95°C and 105°C can be seen. Very high HGR values ocur, at 105°C up to 24000 
µW/g. Fig. 3 shows the comparison of HGR and HG between ADN and ADN+Alu at 100°C. 

NH4
+ N

NO

NO2

2
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A two step mechanism can be recognized with ADN+Alu. Also mass loss reveales at least a 
two step mechanism, see Fig. 4. At longer times a third mechanism step appears.  
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Fig. 2:  Neat ADN measured at 95°C, 100°C and 105°C. Heat generation rate (HGR, 

dQ/dt) on the left ordinate, curves with maximum; heat generation (HG, Q) on 
the right ordinate, curves going up to the right. This arrangement holds for all 
analogue figures. 

 

ADN lot 2002
100°C, air, closed ampoules

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

time [d]

dQ/dt [µW/g]

0

100

200

300

400

500

600

700

800

900

1000
Q [J/g]

Q, ADN

dQ, ADN

Q, ADN+Alu

dQ, ADN+Alu

dQnormalized, ADN+Alu

Qnormalized, ADN+Alu

normalized means scaled 
to formally 100% ADN

 
 
Fig. 3:  Neat ADN and ADN+Alu measured at 100°C. ADN+Alu shows clearly a two 

step meachanism.  
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mass loss at 100°C
ADN+Alu = 77.5 mass-% ADN + 22.5 mass-% Alu
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Fig. 4:  Mass loss of neat ADN and ADN+Alu mixture 77.5 : 22.5 by mass, measured 

at 100°C. The ADN+Alu curve was scaled to formally 100% ADN. 
 
 
3.2 ADN + ALU MIXED WITH STABILIZING SUBSTANCES 
 
From a varity of nine substances five have been selected for closer inspection. Fig. 5 and 6 
show results obtained with heat generation rate measurements, here at 100°C and 120°C. At 
100°C the data for unstabilized ADN+Alu are included. A clear stabilization effect can be 
seen. The stabilizer substances hold the heat generation rate constant up to their consumption, 
which is to see well in Fig. 6. With S1 and S5 a stabilization is reached up to one day at 
100°C. Substance S6 stabilizes at higher rates but for longer times. At higher than 100°C S7 
and S6 looses stabilization ability compared to S1 and S5. 
 
Results obtained by mass loss measurements can be seen in Fig. 7 for 100°C. Again S1 and 
S5 appear as best stabilizers, but S7 and S6 are effective for longer time periods with regard 
to zero order decomposition range.  
 
Fig. 8, 9 and 10 show results for solid ADN+Alu. The data at 80°C, Fig. 8, reveal that S5 is 
somewhat better than S1, which was more effective at 100°C and above. At longer times, 
Fig.9, S1 is again better. At long time periods S6 is more effective than S5, S3 and S7. In Fig. 
10 comparison is made between unstabilized and with S5 stabilized ADN+Alu at 75°C and 
80°C. In both sets of curves the data coincide at the beginning. Then different rates lead to 
separation in their courses. But the stabilized ADN+Alu samples continue with the same 
slopes. This means in terms of stabilization that only the intrinsic ADN decomposition occurs 
during effective stabilization /1, 4/. From Fig. 8 one can see that not all substances have the 
full effect of eliminating all of the non-intrinsic decomposition. With S3 the rate appears to be 
slightly higher at the beginning than the rate of unstabilized ADN+Alu. At some longer times 
S3 appears effective. 
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77.5 m.-% ADN + 22.5 m.-% Alu + S
HGR and HG at 100°C, air
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Fig. 5:  Heat generation rate (HGR, dQ/dt) and heat generation (HG, Q) of unstabilized 

and stabilized ADN+Alu at 100°C. 
 

ADN lot 2002 + 22.5 m.-% Alu + S
120°C, air
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Fig. 6:  Heat generation rate (HGR, dQ/dt) and heat generation (HG, Q) of stabilized 

ADN+Alu at 120°C. 
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77.5 mass-% ADN + 22.5 mass-% Alu
mass loss at 100°C
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Fig. 7:   Mass loss of unstabilized and stabilized liquid ADN+Alu at 100°C. 
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Fig. 8:   Mass loss of unstabilized and stabilized solid ADN+Alu at 80°C. 
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ADN+Alu = 77.5 mass-% ADN +  22.5 mass-% Alu
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Fig. 9:   As Fig.8, but extended time scale. 
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Fig. 10: Comparison of mass loss of unstabilized and with S5 stabilized ADN+Alu at 

75°C and 80°C. 
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4 DISCUSSION 
 
The summarized quantitative assessment of stabilizer effectiveness is best reached with Ar-
rhenius parameters /2, 3/. Fig. 11 gives these data for S1, S3, S5 and S7 for liquid ADN+Alu 
in the temperature range 100°C to 120°C, based on heat generation rate measurements. The 
activation energies range between 161 and 167 kJ/mol, see Table 1. If the activation energies 
are similar then the pre-exponential factors have the decisive part in assessing the best quality. 
The order of effectiveness in this high temperature range is S1 > S5 > S3 > S7. S6 was not in-
cluded here. 
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Fig. 11: Comparison of Arrhenius plots of four selected stabilizer substances deter-

mined with heat generation rate. 
 
Table 1: Arrhenius parameters for the decomposition of ADN in stabilized ADN+Alu 

determined by heat generation rate measurements in the temperature range 
100°C to 120°C 

 
Substance EaQ [kJ/mol] lg(ZQ [µW/g]) R2 

ADN+Alu+S1 161.2 ± 0.9 25.006 ± 0.12 0.99991 

ADN+Alu+S3 161.2 ± 1.3 25.168 ± 0.17 0.99961 

ADN+Alu+S5 164.5 ± 1.0 25.533 ± 0.14 0.99989 

ADN+Alu+S7 166.7 ± 3.7 26.142 ± 0.51 0.9985 
 
In Fig. 12, 13 and 14 the results on solid ADN+Alu are given. Fig. 12 presents the Arrhenius 
plot for unstabilized ADN+Alu. The found Ea value is 223.5 kJ/mol. This is higher than the 
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values found for solid ADN of about 138 kJ/mol /see 1 and corresponding literature given 
there/. The Arrhenius parameters obtained from mass loss measurements with S5 stabilized 
ADN+Alu are shown in Fig. 13. The Ea value is with 257 kJ/mol higher than for unstabilized 
ADN+Alu but is in accordance with values found earlier for the stabilization of solid ADN 
alone /1/, which ranged between 220 and 260 kJ/mol. In the low temperature range the order 
of effectiveness is S5 > S1 > S6 > S3 ≈ S7, whereby the assessment criterion is the mass loss 
rate at the low temperature side and its extrapolation to in-service temperatures. Table 2 
summarizes the Arrhenius parameters. 
 
The residual ADN content after mass loss measurements at 100°C is compiled in Table 3. The 
data confirm that S5 is very effective, but also S6 shows good results in retarding ADN de-
composition especially at longer ageing, when S5 already reaches its end of stabilizing ability, 
see Fig. 7. 
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Fig. 12: Arrhenius plot of the mass loss rate constants of solid ADN+Alu. 
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Arrhenius plot
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Fig. 13: Arrhenius plot of the mass loss rate constants of solid ADN+Alu stabilized 

with S5. The decomposition in liquid ADN has other Arrhenius parameters. 
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Fig. 14: Arrhenius plots of the mass loss rate constants of solid ADN+Alu stabilized 

with the selected stabilizer substances S1, S3, S5, S6 and S7. 
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Table 2: Arrhenius parameters for the decomposition of ADN in unstabilized and stabi-

lized ADN+Alu determined by mass loss measurements in the temperature 
range 70°C to 85°C 

 
Substance EaML [kJ/mol] lg(ZML [%/d]) R2 

ADN+Alu 223.3 ± 35 31.411 ± 5.2 0.9526 

ADN+Alu+S1 218.5 ± 38 30.434 ± 5.6 0.9440 

ADN+Alu+S3 216.8 ± 19 30.474 ± 2.9 0.9844 

ADN+Alu+S5 257.1 ± 30 36.045 ± 4.4 0.9739 

ADN+Alu+S6 228.8 ± 30 32.120 ± 4.4 0.9675 

ADN+Alu+S7 209.5 ± 16 29.466 ± 2.4 0.9888 
 
 
Table 3: ADN content in ADN+Alu samples after storage at 100°C in mass loss vials, 

determined with ion chromatography quantification of dinitramide anion con-
tent. The total storage time at 100°C was 6.14 days. 

 
  Before storage After storage 

sample vial 
sample 
amount 

[mg] 

ML at 
end of 
storage 

[%] 

total 
residue 

[mg] 

residue 
without 
Al [mg] 

ADN 
[mg] 

ADN in to-
tal residue  
[mass-%] 

ADN in 
residue 

without Al 
[mass-%] 

ADN+Alu 1 614.9 19.76 493.4 355.0 192.9 39.1 54.33 
ADN+Alu 2 623.2 25.55 464.0 323.8 204.8 44.14 63.26 

         
ADN+Alu+S1 1 628.5 7.68 580.2 438.8 342.8 59.08 78.12 
ADN+Alu+S1 2 606.3 10.01 545.6 409.2 347.6 63.71 84.95 

         
ADN+Alu+S3 1 643.0 11.12 571.5 426.8 325.8 57.01 76.33 
ADN+Alu+S3 2 610.1 14.37 522.4 385.2 301.8 57.77 78.36 

         
ADN+Alu+S5 1 623.3 12.21 547.2 407.0 337.2 61.62 82.86 
ADN+Alu+S5 2 638.8 14.84 544.0 400.3 330.2 60.7 82.49 

         
ADN+Alu+S6 1 610.3 9.42 552.8 415.5 369.8 66.89 89 
ADN+Alu+S6 2 625.4 11.51 553.4 412.7 364 65.77 88.2 

         
ADN+Alu+S7 1 646.4 15.24 547.9 402.5 283 51.65 70.32 
ADN+Alu+S7 2 597.1 29.46 421.2 286.9    
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5 CONCLUSIONS 
 
ADN+Alu (77.5+22.5 by mass) was used to find stabilizing substances for the melted mixture 
in the temperature range between 95°C and 120°C. From a first selection of nine substances 
five have been investigated in more deep. From these five ones two have been found to be 
very effective. One of them, named S1, is more effective in the liquid ADN, the other one, 
named S5, in solid ADN. S5 is more effective than the best stabilizers found in an earlier 
study /1/. 
 
 
6 LIST OF ABBREVIATIONS 
 
ADN ammonium dinitramide, NH4·N(NO2)2 
AP  ammonium perchlorate, NH4·ClO4 
Alu  aluminum powder 
ADN+Alu mixture of ADN and aluminum, 77.5 mass-% ADN and 22.5 mass-% Alu 
 
QEX  heat of explosion (determined at constant volume) 
Qe  reference value in determining conversion with heat generation 
ΔQR  heat of reaction or reaction energy, ΔQR = ΔHR – ΔnR(gases)·RT 
ΔHR  reaction enthalpy 
 
ML  mass loss 
HGR  heat generation rate (dQ/dt) 
HG  heat generation (Q), obtained from HGR by integration 
EaQ  activation energy from heat generation or HGR data 
ZQ  pre-exponential factor from HG or HGR data; kQ = ZQ·exp(-EaQ/RT)  
EaML  activation energy from mass loss rate constants 
ZML  pre-exponential factor from mass loss rate constants; kML = ZML·exp(-EaML/RT)  
TAMTM Thermal Activity Monitor, microcalorimeter, determines heat generation rate 
ARCTM Accelerating Rate Calorimeter, determines pseudo-adiabatic self heating 
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ABSTRACT 
A periodic inspection gives information about the actual state of a munition system, but not about 
its future state. At armasuisse it is realised that a significant amount of money/effort can be saved 
if one knows more about this future state. This is why TNO Defence, Security and Safety was 
asked to assist armasuisse to obtain more experience with lifetime prediction in general and with 
a specific gas generating igniter in detail.  
Within the proposed program, the complete system has been considered. A model has been 
derived in which the relationship between accelerated ageing and ageing under the actual storage 
conditions of the most critical component is given.  
 
The lifetime-study is split up into two parts. The first composition of the gas generating igniter 
system (B / KNO3 and NC) is investigated by thermal analysis. The second composition (B / Zr / 
CaCrO4 / KClO4) is in principle stable, although the ageing properties of boron/calcium chromate 
are not described in detail in the literature. Apart from the investigated compounds, the binders in 
the composition also influence the stability and decomposition processes. In this case the binders 
are of the epoxy resins group, which are sensitive to NOx.  
 
Based on these results, it was concluded that the gas generating igniter system could still be used 
for another 15 years. 
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INTRODUCTION 
The investigation described in this paper is part of the lifetime study on a gas generating igniter of an anti-
tank guided missile. A schematic drawing of this gas generating system is described in figure 1. 
 

 
Fig. 1 – Schematic drawing of the Gas Generating Igniter. 1: hole for output initiation mixture; 2: 
ignition initiation assembly; 3: adhesive; 4: case; 5: sealant; 6: O-ring; 7: gasket; 8: cup; 9: nut; 10: 
adhesive; 11: washer; 12: braze material; 13: disk, mylar; 14: output charge; 15: gasket. 
 
In the present paper we focus on the material that forms the output charge, which is positioned on a kind 
of a saucer in the device (no. 14 in figure 1). The material is isolated from the device by carefully carving 
and scratching it from the saucer using a scalpel. The composition of this material was indicated as boron, 
potassium nitrate, nitrocellulose, Epikote 828 (an epoxy resin) and Versamid 125 (a polyamide)[i]. The 
focus in this paper is on the thermal ageing aspects of the output charge. It cannot be excluded that e.g. 
vibrations during transport and operational use may cause mechanical damage during which the output 
charge will be removed from the saucer, which obviously will affect the functioning of the item. This is, 
however, beyond the scope of the current investigation 

 
The materials were investigated using Differential Scanning Calorimetry (DSC) and Thermogravimetric 
Analysis (TGA). For both techniques a sample of the material under investigation is (in an appropriate 
sample container) subjected to a temperature program, usually heating and/or cooling at a constant rate. 
The quantity that is recorded as a function of time or temperature in a DSC measurement is the difference 
between the heat flow to the sample and that to an inert reference. In TGA the mass of the sample is 
recorded as a function of time or temperature. Both techniques will show whether the material under 
investigation undergoes any transitions (for DSC transitions associated with heat effects and for TGA 
transitions associated with mass changes) in the temperature range of investigation. By kinetic analysis of 
the experimental results it is also possible to obtain values for the kinetic parameters of the chemical 
reactions occurring in the materials. This is described in the next paragraph.  
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Kinetic analysis according to the method of “Model-Free Kinetics” method 
Kinetics is a subject within physical chemistry in which the evolution in time of chemical processes is 
studied. In homogeneous systems usually the (changes in) concentrations are measured. In heterogeneous 
systems usually the (change of) the so-called degree of conversion (indicated by the symbol α) is 
considered, which runs from zero at the moment the reaction just starts, to one at the moment the reaction 
is just completed.  
 

A problem is that the form of the function f(α) is usually unknown. Therefore in the method 
called "model-free kinetics" the function f(α) is eliminated[ii]. From at least three thermal analysis curves, 
obtained with different heating rates, values of ln{β (dα/dT)} at equal degree of conversion α  are plotted 
against (1/T). For the selected value of the degree of conversion α this results in a line in the graph, the 
slope of which equals (-Ea/R). Different values of the degree of conversion α can result in different values 
for the activation energy Ea, the activation energy is obtained as a function of the degree of conversion: 
Ea(α). 

Experimental 

From two different igniter systems the material of the output charge was collected. The systems, 
photographs of which are presented in figure 2, were indicated as follows:  

System 1: 06AES541 
Lot 16-119 
 

System 2: 06AES542 
Lot0067 
 

    
Fig. 2 – Photographs of the Gas Generating Igniters. 
 
The thermal behaviour of the materials from both systems was investigated using the thermal analysis 
techniques Differential Scanning Calorimetry (DSC) and Themogravimetric Analysis (TGA). The thermal 
analysis experiments were performed with samples of the materials placed in open aluminium crucibles in 
a nitrogen atmosphere. The material from both systems was also observed with a Scanning Electron 
Microscope (SEM). 
 
The DSC experiments were performed using an instrument from Mettler Toledo, model DSC 822e. The 
samples (2.724 mg of the material from system 1 and 2.817 mg of the material from system 2) were 
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heated, cooled and re-heated in the DSC instrument with a rate of 5 K/min between 25 °C and 600 °C. A 
cycling temperature program was used to determine whether any reversible changes can be observed.  
 
The used TGA-apparatus was a Mettler Toledo TGA-SDTA 851e. On both materials first a measurement 
was performed in which the samples (2.46 mg of the material from system 1 and 2.99 mg of the material 
from system 2, both in an open aluminum crucible) were heated from 25 °C to 600 °C at a rate of 5 K/min 
under a nitrogen atmosphere. Then, using samples from both materials, experiments were performed in the 
temperature range from 25 °C to 500 °C using heating rates of 10 K/min, 5 K/min, 2 K/min, 1 K/min and 
0.5 K/min. The results of these measurements at variable heating rates were used for a kinetic analysis of 
the decomposition reactions. 
 
For SEM measurements an amount of both materials was gently crushed/powdered in a mortar. The SEM 
instrument used was a Philips XL-30 FEG. SEM images were recorded using the back-scattering mode. 
Our SEM is equipped with a Vantage X-Ray Micro Analysis system with a Si-detector, which allows local 
elemental analysis. 

RESULTS 

The results of the DSC-experiments on samples of the material from both systems are presented in 
figures 3 and 4. The slight curvature into the endothermic direction at temperatures above about 300 °C is 
considered to be insignificant. For both samples the cooling curve and the second heating curve do not 
show any significant effects. The first heating curves show four heat effects for both materials, the 
characteristics of which are presented in table 1. 
 
The first heat effect is endothermic with an (extrapolated) onset temperature at 132 °C. This effect is 
probably caused by the solid-solid phase transition in potassium nitrate (reported at 130 °C[iii]). The third 
heat effect, a sharp endothermic peak with an (extrapolated) onset temperature of 330 °C – 332 °C, is 
assumed to be caused by melting of potassium nitrate. The melting point of potassium nitrate is reported 
as 337 °C[iv] and as 330 °C[iii]. The two exothermic effects are probably caused by decomposition. The 
exothermic effect around about 200 °C is probably caused by decomposition of nitrocellulose since the 
decomposition of nitrocellulose was reported to start at about 171 °C[iii]. 
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Fig. 3. Result of the DSC-measurement (exothermic effects plotted upwards) on a sample of the material 
from system 1. 
 

 
Fig. 4. Result of the DSC-measurement (exothermic effects plotted upwards) on a sample of the material 
from system 2. 
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Table 1. Properties of the observed heat effects with DSC (first heating). 
  System 1 System 2 
First heat effect Start temperature 

End temperature 
Onset temperature 
Peak temperature 
Endo- or exothermic 
Heat effect 

128 °C
150 °C
132 °C
134 °C
endothermic 
29 J/g 

129 °C 
145 °C 
132 °C 
138 °C 
endothermic 
27 J/g 

Second heat effect Start temperature 
End temperature 
Peak temperature 
Endo- or exothermic 
Heat effect 

167 °C
228 °C
198 °C
exothermic 
-42 J/g 

162 °C 
230 °C 
198 °C 
exothermic 
-116 J/g 

Third heat effect Start temperature 
End temperature 
Onset temperature 
Endo- or exothermic 
Heat effect 

324 °C
338 °C
330 °C
endothermic 
55 J/g 

327 °C 
338 °C 
332 °C 
endothermic 
52 J/g 

Fourth heat effect Start temperature 
End temperature 
Peak temperature 
Endo- or exothermic 
Heat effect 

273 °C
461 °C
409 °C
exothermic 
-2725 J/g 

308 °C 
510 °C 
413 °C 
exothermic 
-2741 J/g 

 
No significant differences were observed in the first, the third and the fourth heat effect in both materials. 
For the second heat effect, which is exothermic, observed around 200 °C, and probably caused by the 
decomposition of nitrocellulose, the heat effect appears to be much larger for the material from system 2 
than for the material from system 1 (about 2.7 times). 
 
The results of the first TGA-experiments on samples from both materials at a heating rate of 5 K/min are 
presented in figure 5. Besides a very small amount of mass loss at low temperatures, which is probably 
caused by evaporation of a very small amount of volatile impurities, both materials show two significant 
steps of mass loss that are not completely separated from each other. Quantitative information on these 
two steps of mass loss is given in table 2. 
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Fig. 5. Results of the TGA-measurements on samples of the material from systems 1 and 2. 
 
Table 2. Properties of the observed mass-loss steps with TGA. 
  System 1 System 2 
First mass loss step Start temperature

End temperature
Mass change 

150 °C 
250 °C 
-3 % 

150 °C 
250 °C 
-6 % 

Second mass loss step Start temperature
End temperature
Mass change 

250 °C 
450 °C 
-25 % 

250 °C 
450 °C 
-25 % 

 
The two mass loss steps observed during the TGA-experiments appear to coincide with the two 
exothermic heat effects that were recorded during the DSC experiments, i.e. the second and the fourth heat 
effect. In the second mass loss step for both materials the mass decreased with about 25% in the 
temperature range between 250 °C and 450 °C. The (exothermic) heat effects observed in about the same 
temperature range were equal for both materials, about -2.7 kJ/g. In the first mass loss step, between about 
150 °C and 250 °C and probably caused by decomposition of nitrocellulose, for the sample of material 
from system 1 the mass decreased by 3 % whereas the mass for the sample of material from system 2 
decreased by 6 %. This observation is in agreement with the DSC-results, which in the same temperature 
range showed an exothermic heat effect for material from system 2 that was more than twice as large as 
the exothermic heat effect for material from system 1.  
 
From the above mentioned observations it can be concluded that the materials from the two systems are 
not equal. When it is assumed that the exothermic heat effect and the mass-loss step around 200 °C is 
caused by decomposition of nitrocellulose, it may be stated that the concentration of nitrocellulose in the 
material from system 2 is more than two times as large as its concentration in the material from system 1. 



Lifetime study of a gas generating system 

 
The results of the TGA-measurements at variable heating rates are presented in figures 6 and 7 for 
samples of the material from system 1 and system 2, respectively. In both figures two graphs are 
displayed: in the top graph the TGA-curves are represented as measured absolute mass versus 
temperature, in the bottom graph as relative mass (100 % at the start) versus temperature. These results are 
in good agreement with the results of the first TGA-experiments that were presented in figure 6. As usual, 
for both mass loss steps the shift of the transitions to higher temperature as the heating rate is increased is 
clearly visible.  
 

 
Fig.6. Results of the TGA-measurements at variable heating rates on samples of the material from system 
1. Top: measured mass as a function of temperature; bottom: relative mass (start: 100 %) as a function of 
temperature. 
 
Also visible is that for samples from both materials the TGA-curves which were recorded at a heating rate 
of 10 K/min show a very sharp mass loss at a temperature just below 410 °C. This is in contrast with the 
results obtained at lower heating rates, where a much more gradual mass loss was observed. The observed 
very rapid mass loss during heating with a rate of 10 K/min indicates that the samples ignited, whereas at 
lower heating rates a more gradual decomposition occurred.  
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Fig.7. Results of the TGA-measurements at variable heating rates on samples of the material from system 
2. Top: measured mass as a function of temperature; bottom: relative mass (start: 100 %) as a function of 
temperature. 
 

 
Fig.8. Top: calculated conversion curves for the low-temperature decomposition reaction in material from 
system 1. Bottom: activation energy as a function of the degree of conversion. 
 



Lifetime study of a gas generating system 

For the high-temperature decomposition reaction the same procedure was followed: from the measured 
TGA-curves the degree of conversion as a function of temperature was calculated and using the "model-
free kinetics" method the activation energy was obtained as a function of the degree of conversion. The 
results are presented in figure 9 for material from system 1.  
 

 
Fig.9. Top: calculated conversion curves for the high-temperature decomposition reaction in material 
from system 1. Bottom: activation energy as a function of the degree of conversion. 
 
The integrated rate equation for a reaction in a heterogeneous system, obtained by integrating equation (1) 
is: 
 
g(α) = k0 exp(-Ea / RT) t (1) 
 
in which α is the degree of conversion, k0 the pre-exponential factor (also called frequency factor), Ea the 
activation energy, R the universal gas constant (= 8.314 J K-1 mol-1) and T the absolute temperature. If a 
system reaches the same degree of conversion after a time t2 at temperature T2 as an equal system after 
time t1 at temperature T1, then the relation between the quantities t1, t2, T1 and T2 is given by: 
 
t2 / t1 = exp[(Ea / R) {(1 / T2) – (1 / T1)}] (2) 
 
Using this equation it is possible to predict how long a product must be stored at an elevated temperature 
to reach the same level of ageing as a similar product will reach after 10 years at a certain storage 
temperature. 



Lifetime study of a gas generating system 

 
For the material under investigation in this study two decomposition reactions were observed. For both 
decomposition reactions the evaluated activation energies were about 150 kJ/mol. Using this result, the 
ageing of the material at elevated temperatures can be predicted. The results are presented in table 3. 
 
Table 3. Prediction of ageing at elevated temperatures of the output charge of the gas generating igniter 
of the DRAGON anti-tank guided missile, compared with the results from earlier ones, in the same test 
set-up 
 comp. to 15 years at 10°C comp. to 15 years at 15°C comp. to 15 years at 20°C 
T / °C t / hrs t / hrs t / hrs 

40 293 887 2579 
45 119 358 1043 
50 49 149 434 
55 21 64 185 
60 9 28 81 

 
The SEM measurements were performed to see whether differences between the materials from the two 
systems could also be observed with SEM. After gently crushing/powdering the materials, the powdered 
material from system 1 clearly contained some small particles with a metallic luster. The results of the 
SEM measurements on samples of the material from both systems are presented in figures 10 and 11. It 
can clearly be observed from the SEM-images that the material from system 1 contains a larger amount of 
small particles that show as light parts in the images than the material from system 2.  
 

 
Fig. 10. SEM image of a sample of the material from system 1. 
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Fig. 11. SEM image of a sample of the material from system 2. 
 
X-Ray Micro Analysis spectra obtained from a spot on the sample that resulted in a dark part of the SEM-
images are presented in figures 12 and 13 for material from the systems 1 and 2, respectively. The spectra 
show that these spots on both materials contain the elements carbon, oxygen and potassium, and some 
boron. The investigated spot on the sample from material of system 2 also contained some magnesium, 
which appeared to be absent in the sample from the material of system 1. 
 



Lifetime study of a gas generating system 

 
Fig. 12. X-Ray Micro Analysis spectrum from a spot on the sample of material from system 1 that 
resulted in a dark part of the SEM-image presented in figure 10. 
 

 
Fig. 13. X-Ray Micro Analysis spectrum from a spot on the sample of material from system 1 that 
resulted in a dark part of the SEM-image presented in figure 11. 



Lifetime study of a gas generating system 

 
Figures 14 and 15 show the X-Ray Micro Analysis spectra obtained from a spot on the sample that 
resulted in a light part of the SEM-images that are presented in figures 12 and 13 for material from the 
systems 1 and 2, respectively. The spectra show that these spots on both materials contain the elements 
potassium, oxygen and nitrogen, and some carbon and boron. These spots therefore probably mainly 
consist of potassium nitrate. 
 

 
Fig. 14. X-Ray Micro Analysis spectrum from a spot on the sample of material from system 1 that 
resulted in a light part of the SEM-image presented in figure 10. 
 



Lifetime study of a gas generating system 

 
Fig. 15. X-Ray Micro Analysis spectrum from a spot on the sample of material from system 1 that 
resulted in a light part of the SEM-image presented in figure 11. 
 
A particle with a metallic luster from the material of system 1 was investigated separately using X-Ray 
Micro Analysis. The obtained spectrum is shown in figure 16. Clearly this particle mainly consists of 
metals (elements silicon, magnesium, iron, aluminium, potassium and titanium). Particles of this kind 
were not expected given the indicated composition of the material. Possibly these particles introduced into 
the material during removal of the material from the metallic saucer disk (no. 12 in figure 1). 
 

 
Fig. 16. X-Ray Micro Analysis spectrum of a particle with a metallic luster in the material from system 1. 



Lifetime study of a gas generating system 

 
CONCLUSIONS 
 
Based on the results the following conclusions can be drawn: 

 Based on the SEM and thermal investigations a difference between sample 1 and 
sample 2 has been found both in chemical and thermal properties 

 The first exothermic effect is observed by DSC around 200 °C 
 System 2 has a larger mass loss in the first step than system 1 
 System 1 has a slightly lower activation energy than system 2 
 Based on the thermal analyses a prediction has been made of the lifetime of the igniter 

composition. The gas generating igniter system can still be used for another 15 years. 
 

 
                                                 
i  Information from manufacturer 
ii  S. Vyazovkin, Int. J. Chem. Kin., 28 (1996) 95. 
iii  T. Hatakeyama and Zhenhai Liu (Eds.), Handbook of Thermal Analysis, John Wiley and Sons, 

Chichester (1998). 
iv  David R. Lide (Ed.), Handbook of Chemistry and Physics, 83th ed., CRC Press, Boca Raton (2002). 
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1 ABSTRACT 
 

The prediction of the thermal explosion hazard or determination of the shelf life of 

energetic materials requires (i) the precise determination of the kinetics of their 

decomposition and (ii) the knowledge of the heat balance in the system and external 

parameters as e.g. exact storage temperature profiles. Due to the fact that for the 

energetic materials the decomposition processes result in the evolution of heat, the 

thermoanalytical methods such as Differential Scanning Calorimetry (DSC) and Heat 

Flow Calorimetry (HFC) are often used for the evaluation of the kinetic parameters of 

these reactions. DSC technique compared to HFC is less sensitive but it is very useful for 

the investigation of the total course of the decomposition i.e. for the reaction progress 

range α from 0 to 1. The experiments are generally carried out with heating rates 

varying from ca. 0.25-8 K/min with the scanning time being in the range from few 

minutes to few hours in both, iso- and non-isothermal modes. The conversion of the DSC 

signals into the data used for the kinetic calculations requires the knowledge of the exact 

course of the baseline which shape can significantly influence the proper evaluation of 

the relationships: reaction rate and progress vs. time (or temperature) what, in turn 

may influence the determination of kinetics. HFC technique is much more sensitive and 

very small thermal heat generation (in the µW range) can be monitored in low 

temperatures being nearer to the real conditions of the storage. However, the drawback 

of this technique consists in very long measuring time (up to month’s scale) allowing 

therefore, in reasonable time frame, only the investigations of few percents of the total 

reaction progress. Simultaneous applications of both techniques is illustrated by results 

of the investigation of energetic materials (propellants) used for defence application.  
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2 INTRODUCTION 

 
Independent of the mass of the sample investigated in any thermoanalytical experiment the correct 

description of the reactions requires the knowledge of two important parameters (i) the kinetics of the 

investigated reaction and (ii) the heat balance of the system. Depending on the mass of the sample 

both these parameters differently contribute to the reaction progress:  

(i) The kinetics of the process, being its intrinsic property, is not depending on the mass of the 

substance. The correct determination of the kinetic parameters allows simulation of the reaction 

progress under any temperature mode independent on the mass of investigated sample. 

 (ii) On the other hand, the heat balance in the system strongly depends on the sample mass and 

therefore has to be considered in adiabatic and semi-adiabatic conditions. One can distinguish 

following boundary cases: 

 

- in mg scale, i.e. in typical thermoanalytical experiments (DSC, HFC) one assumes the ideal 

exchange of the reaction heat with the environment, what, in turn, allows to carry on the 

experiments under isothermal conditions or with constant heating rates. The reaction heat does 

not influence the course of the reaction. 

 

- in ton scale one assumes that the reactions proceeds in adiabatic conditions, without any heat 

exchange with surroundings, therefore all heat evolved during exothermic reactions stays in 

the sample increasing its temperature. Under certain conditions this self-heating can lead to 

the runaway reaction therefore the prediction of the reaction course has to take into account 

not only the kinetics of the reaction but also the temperature increase resulting from the self-

heating.  

 

- in kg scale the problem of the heat exchange is more complicated because, depending on the 

thermal properties of the sample, its mass and type of the reactor (or container), the different 

amount of heat will be exchanged with the surroundings and some part of it will accumulate in 

the system. The heat balance in this situation is more complicated and generally can be 

correctly done only using numerical methods such as e.g. finite element analysis or finite 

differences.  

 

Above considerations clearly indicate that the correct prediction of the reaction progress or reaction 

rate is possible only when the correct kinetic description of the process and exact heat balance in the 

system are done. The data collected during conventional thermoanalytical experiments, as e.g. DSC or 

HFC signals, can be used for determination of the kinetics of the reaction and therefore enable the 

prediction of e.g. the life-time at any temperature mode. However, it seems to be obvious that the 

simplified kinetic assumptions such as e.g. that reaction is of the first or zero-th order cannot describe 

correctly the kinetics of the complicated multistage reactions. Therefore the advanced kinetics 

methods, not assuming any reaction mechanism and allowing changes of the kinetic parameters during 

the course of the reactions, are required.  

 

3 GENERAL 

 
3.1 APPLICATION OF DSC 

 

The use of DSC allows the monitoring full range of the process from α = 0 to α = 1 (where α depicts 

the reaction progress). To apply the heat flow signals monitored by DSC for the kinetic analysis it is 

necessary to convert them into α-time or α-temperature dependences. The integration of heat flow 

signal is unfortunately influenced by the course of the baseline.  
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Often applied the straight-line form of the baseline is incorrect. For DSC signal types, a sigmoid 

baseline [1] is usually chosen because the recorded DSC signals depends not only on the heat of the 

reaction but are additionally affected by the change of the specific heat of the mixture reactant-

products during the progress of the reaction. The proper construction of the baseline is especially 

important at the beginning of the reaction, when the heat flow is very low what results in weak DSC 

signal. Any small deviation in the construction of the tangent at the beginning of the signal leads to the 

uncertainty in the determination of the reaction progress. Unfortunately, this range between 0-5% of 

the total decomposition is very important for the prediction of the thermal stability of the material e.g. 

its service life time. 

 

Summarizing, the relatively fast DSC experiments carried out in the following experimental domain:  

0 % < α < 100 %  

0.25 < β (heating rate) < 8 K/min 

0 < t (measuring time) < 10 hours 

can be used as a screening approach to predict the reaction progress for any temperature profile. 

However, for the very precise prediction of the changes of the properties of the investigated materials 

which occur at the very low reaction progress the second technique, heat flow calorimetry (HFC) is 

certainly better suited.  

  

3.2 APPLICATION OF HFC 

 
In order to gain better knowledge on the reaction course during the early stage of the decomposition 

one can determine the kinetic parameters from the results of calorimetric measurements carried out in 

the following experimental domain: 

0 % < α < 5 %  

20°C < T (isothermal temperature) < 100°C 

0 < t (measuring time) < 3 months 

 

Due to the fact that the determination of the reaction progress, being necessary for the kinetic analysis, 

does not required the construction of the baseline, the results obtained by this technique are more 

precise, especially for low and very low α values. This fact, in turn, allows the precise prediction of 

the reaction progress from the data measured at very low conversion degrees. However, for the 

determination of safety parameters such as: 

- the Time to Maximum Rate under adiabatic conditions (TMRad) 

- or the Self-Accelerating Decomposition Temperature (SADT) 

the DSC technique is superior as is it fast and enables monitoring full range of the process from α = 0 

to α = 1.    
 

4 EXPERIMENTAL 

 
The high temperature DSC experiments were carried out in sealed crucibles [2] with heating rates of 

0.25-4 °C/min in the range RT-260°C. The low-temperature isothermal microcalorimetric 

investigations were done with Thermal Activity Monitor (TAM), Thermometric AB, in the range of 

60-100°C. The kinetic parameters were calculated using AKTS Thermokinetics software [3-4]. The 

presented study contains the results of the evaluation of the kinetics of the decomposition of six 

propellants: two small calibre types ‘SB-SC1’ (5.56 mm, EI
®
), ‘SB-SC2’ (5.56 mm, single base); and 

four medium calibre types ‘SB-MC1’ (25 mm, EI
®
); ‘SB-MC2’ (23 mm, single base); ‘EI-MC1’ (30 

mm, EI++) and ‘EI-MC2’ (30 mm, EI++). 
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5 DETERMINATION OF THE KINETIC PARAMETERS:  

 
5.1 ISOCONVERSIONAL METHODS 

 

These methods of the determination of the kinetic parameters are based on so called isoconversional 

principle saying that the reaction rate at constant reaction progress α is only a function of temperature. 

They allow determination of the activation energy (or dependence E on α) without assuming the 

explicit form of f(α). The kinetic parameters are not assumed to be constant during the course of the 

reaction. All isoconversional methods are based on the determination of temperatures corresponding to 

a certain, arbitrarily chosen values of the reaction progress α recorded in the experiments carried out at 

e.g. different heating rates β or at different temperatures. 

There are three main modifications of the isoconversional method: 

- differential (Friedman) [5] 

- integral (Flynn-Ozawa- Wall) [6-7] 

- advanced integral based on non-linear procedure (Vyazovkin) [8] 

One has to mention also the method based on the isoconversional principle namely ASTM E698 

analysis [9]. 

 

5.1.1 Differential method of Friedman 
  

Based on the Arrhenius equation, Friedman proposed to apply to the commonly used expression in 

solid state kinetics, the logarithm of the conversion rate dα/dt as a function of the reciprocal 

temperature at any conversion α: 
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where T, t, A, E and R are temperature, time, pre-exponential factor, activation energy and gas 

constant, respectively. 

As f(α) is a constant in the last term of at any fixed α, the logarithm of the conversion rate dα/dt over 

1/Tα shows a straight line with the slope m = Eα/R and the intercept on Y-axis equal to  ln ( ){ }αα fA .   

 

So, having determined Eα and ( ){ }αα fA   we can predict the reaction rate or reaction progress using 

the following expression: 
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5.1.2 Integral Ozawa-Flynn-Wall method 

 

This method is also based on the use of several dependences α-T measured at different heating rates. 

Starting from the commonly applied equation: 
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for the constant heating rate β  

dT/dt = β = constant and T(t)=To+β t 
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If To lies below the temperature at which the reaction rate is noticeable, then one can set the lower 

limit of integration to To = 0, so that the following equation in the logarithm form is obtained after 

integration: 
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By using the approximation given by Doyle [10] 

ln p(z) = -5.3305 + 1.052·z  

one obtains: 
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With data collected in series of measurements performed with the different heating rates β at a fixed 

degree of conversion α, it ensues from the above equation that the dependence ln(β) versus 1/T will be 

linear with a slope m = - 1.052·E/R.  

 

5.1.3 Advanced integral method of Vyazovkin 
 

According to this method, for a set of n experiments carried out at different arbitrary heating programs 

Ti(t) , the Eα is determined as the value that minimizes the function  

 

[ ]
[ ]∑∑

≠=

=
n

1j ja

ia
n

1i

a
tTEJ

tTEJ
E

)(,

)(,
)(

α

αφ  

 

where 

 

[ ] dt
tTR

E
tTEJ

t

t i

a

ia ∫
∆−








 −
=

α

αα

α
)(

exp)(,  

 

The systematic error is eliminated by carrying out the integral in this last equation over small time 

intervals. Generally, α varies from ∆α to 1- ∆α with a step ∆α which is usually taken to be 0.02. 
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5.1.4 ASTM method E698 
 

The analysis according to ASTM E698 is based on the assumption that the maximum (e.g. on the DSC 

or DTG curves) of a single step reaction is reached at the same conversion degree independent on the 

heating rate. Although this assumption is only partly right, the resulting errors are sometimes low [9]. 

In this method, the logarithm of the heating rate is plotted over the reciprocal temperature of the 

maximum. The slope of the yielded straight line is proportional to the activation energy, as in the 

Ozawa-Flynn-Wall method. 

 

 

5.2 COMPARISON OF THE ISOCONVERSIONAL METHODS 
A detailed analysis of the differential and integral isoconversional methods for the determination of 

the activation energy has been reported by Budrugeac [10]. The convergence of the activation energy 

values obtained by means of a differential method like Friedman [5] with those obtained by integral 

methods with integration over small ranges of reaction progress α comes from the fundamentals of the 

differential and integral calculus. In other words, it can be mathematically demonstrated that the use of 

isoconversional integral methods can yield systematic errors when determining the activation energies. 

These errors depend directly on the size of the small ranges of reaction progress ∆α over which the 

integration is performed. These errors can be avoided by using infinitesimal ranges of reaction 

progress ∆α. As a result, isoconversional integral methods turn back to the differential isoconversional 

methods formerly proposed by Friedman. 

In the current study the kinetic parameters have been calculated by the differential isoconversional 

method of Friedman using the isothermal data obtained by means of HFC and for the non-isothermal 

data obtained by DSC.  
 

6 RESULTS AND DISCUSSION 

 
6.1 KINETIC ANALYSIS OF DSC DATA 

 
The DSC signals after correction of the baseline were used for the estimation of the reaction progress. 

The obtained α-T values were applied for the calculation of the E and A kinetic parameters by 

isoconversional method of Friedman. The DSC signals of investigated samples are presented in Fig. 1 

in the form of the dependence of the normalized heat flow on the temperature for four heating rates. 

Kinetic parameters calculated from the DSC traces allowed the simulation of the reaction progress at 

any heating rate. The comparison of the experimental data (symbols) with the simulated course of the 

reactions (lines) indicates the very good fit when the advanced kinetic analysis was applied.  
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Fig.1 Normalized DSC-signals of propellants as a function of the temperature and heating rate (marked in °C/min on the 

curves). Experimental data are depicted as symbols, solid lines represent the signals calculated on the basis of kinetic 

parameters derived from the Friedman analysis. The meaning of the sample labels is given in the section “Experimental”. 
 

 
6.2 KINETIC ANALYSIS OF HFC DATA 

 

The heat flow signals recorded by HFC in isothermal runs at 60, 70, 80, 90, 100°C for SB-SC1 and 

SB-MC2 and at 80, 90 and 100°C for SB-MC1, SB-MC1, EI-MC1 and EI-MC2 are shown in Figure 2 

as a heat flow – time dependences. The reaction progress was calculated from HFC signals by relating 

cumulative heat after certain time of the decomposition (Q) to the total heat of the reaction ∆Hr 

measured by DSC as presented in Table 1. 
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Fig. 2 HFC-signals vs  time at different temperatures (SB-SC1, SB-SC2: 60, 70, 80, 90, 100°C and SB-MC1, SB-MC2, EI-

MC1 and EI-MC2: 80, 90 and 100°C). Experimental data are depicted as symbols, solid lines represent the signals 

calculated on the basis of kinetic parameters derived by Friedman method. The reaction progresses for each sample are the 

same at all temperatures, the values of α are depicted in Tab.1. 
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Table 1. The reaction progress calculated from HFC signals by relating the cumulative heat Q measured by HFC to the heat 

of the reaction ∆Hr  measured by DSC. 

 

sample ∆Hr [J/g] DSC Q [J/g] HFC Reaction progress in % 

SB-SC1 4010 51.58 51.58 / 4010 = 1.286 

SB-SC2 4137 11.00 11.00 / 4137 = 0.266 

SB-MC1 3450 59.71 59.71 / 3450 = 1.731 

SB-MC2 3947 56.49 56.49 / 3947 = 1.431 

EI-MC1 3870 62.07 62.07 / 3870 = 1.604 

EI-MC2 3937 59.70 59.70 / 3937 = 1.516 

 

 The dependence of the activation energy on the reaction progress calculated from the 

HFC data is presented in Figure 3. It is clearly visible that the activation energy changes 

significantly even in the very narrow range of the reaction progress (between 0 and 1.6%).  
 

 

Fig. 3 Activation energy of the decomposition of the propellants as a function of the reaction progress calculated from the 

HFC data by the Friedman analysis. 

 
The results presented in Fig.3 clearly show that the decomposition of all investigated energetic 

materials does not follow a single mechanism because the determined activation energies and pre-

exponential factors (not shown) are not constant during the course of the reactions. Clearly visible is 

the dependence of the kinetic parameters on the reaction extent. This observation indicates that the 

decomposition of the examined energetic materials is a complex reaction which cannot be described in 

terms of a single pair of Arrhenius parameters and commonly used set of reaction models. 
 

7  APPLICATION OF HFC DATA FOR THE PREDICTION OF THE 

REACTION PROGRESS UNDER TEMPERATURE MODE CORRESPONDING TO 

REAL ATMOSPHERIC TEMPERATURE CHANGES 
 

The important goal for investigating kinetics of thermal decompositions of propellants is the 

determination of their thermal stability, i.e. the temperature range over which the substance 

does not decompose at an appreciable rate. During their production, storage or final usage the 

propellants often undergo the temperature fluctuations. Due to the fact that the reaction rate 

varies exponentially with the temperature it is  important that predictive tools could enable the 

simulation of the reaction progress in the real conditions, as a small temperature jump can 

induce a significant increasing reaction rate. Since the HFC data allow very precise 

monitoring early stage of the decomposition process, the reaction rate can therefore be 

predicted very precisely for any temperature profile, such as stepwise variations, oscillatory 
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conditions, temperature shock, or even real atmospheric temperature profiles. To illustrate the 

importance of the influence of the temperature fluctuations on the reaction rate, the 

simulations of the reaction progress were carried out for the high temperature climatic 

category A1 according to the  STANAG 2895 [12]. This document describes the principal 

climatic factors which constitute the distinctive climatic environments found throughout the 

world and provides guidance on the drafting of the climatic environmental clauses of 

requirement documents. 
 

 

 
 

Fig.4 Minimal and maximal diurnal meteorological (A) and storage /transit (B) temperatures recorded during one year in 

the climatic category A1. 

 

 

Table 2.  Summarized temperature cycles world wide  for climatic category A1 

 

Cycle Temperature (°C) (Meteorological) Temperature (°C) (Storage and Transit) 
Zone A1 32 to 49 33 to 71°C 

 

The prediction of the influence of the temperatures on the slow decomposition of the propellants 

requires the knowledge of the diurnal and annual variations of the meteorological and storage /transit 

temperatures. The meteorological temperature is the ambient air temperature measured under standard 

conditions, whereas storage and transit temperature represents the air temperature measured inside 

temporary unventilated field shelter e.g. in railway boxcar which is exposed to direct solar radiation. 

Table 2 contains the values of these temperatures for the climatic category A1. The time dependences 

of the diurnal minimal and maximal meteorological and storage /transit temperatures are presented in 

Figure 4. Applying the advanced kinetic software it is possible to calculate the reaction progress for all 

propellants using the kinetic parameters determined from HFC data and taking into account the 

dependence of the real temperature changes depicted in Figs. 4A and B. The results of the simulations 

for the diurnal storage/transit and meteorological temperature profiles are shown in Figures 5 A and B, 

respectively.  
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Fig.5 Predictions of the reaction progress for the propellants due to the temperature variations represented by the 

meteorological temperature (A) and  diurnal storage/transit profiles (B) 

 
Presented results indicate the very significant dependence of the thermal stability of the investigated 

propellants on the storage conditions even in the same climatic category. Note, that for the same 

propellant e.g. EI-MC1, the 1.6 percent decomposition progress, occurring after 12 years when the 

sample is submitted to the diurnal meteorological temperature changes, significantly decreases to ca. 

500 days when the propellant is stored under storage/transit temperature conditions. This important 

issue could be traced only due to the high precision of the HFC data and the application of the 

software which enables to consider the very complicated temperature profiles. By implementing the 

climatic variations into advanced kinetic description gathered from the HFC data it was possible to 

uncover the differences of the reaction progress for the same propellants in the same climatic category.  

 

8 COMPARISON OF THE SIMULATION OF THE REACTION PROGRESS 

BASED ON DTA AND DSC DATA 

 
As previously mentioned, the very important issue for the correct prediction of the shelf-life is the 

correct determination of the reaction progress, especially at very beginning of the reaction. This is not 

an easy task in DSC measurements due to the possibility of introducing significant errors by the 

improper construction of the baseline. This problem is well illustrated by the results presented in Fig. 6 

showing the difference of the values of the activation energy E calculated by the isoconversional 

method from the DSC and HFC data.  
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Fig.6 Comparison of the activation energy for the decomposition of SB-MC2 gathered by the isoconversional method from 

HFC and DSC data. The horizontal lines represent the values of E calculated from DSC data assuming certain reaction 

models valid in the full range of the decomposition. In the n-th order model n has value of 0.91. 

 
The comparison of the predictions based on the kinetic parameters obtained from DSC (filled circles) 

with HFC experimental data (open circles) for the propellant SB-MC2 at very low reaction progress (α 

between 0.002 and 0.016) indicates similar, but not exactly the same, dependence of the activation 

energy on the reaction progress. The improvement of this fit requires the elaboration of the 

computational technique enabling the link between the experimental data obtained by means of both 

techniques for the low decomposition progress α between 0 and 0.05. Such studies are currently under 

progress.  

 

9 CALCULATION OF TMRad ,  SADT AND TIME TO IGNITION DURING  

SLOW COOK-OFF  
 
Additionally to the prediction of the reaction progress at any temperature profile in mg-scale also the 

simulations of the thermal properties in kg-scale (slow cook-off experiment) and in ton-scale:  Self 

Accelareting Decomposition Temperature (SADT) and Time to Maximum Rate under adiabatic 

conditions (TMRad) have been carried out for all six propellants. Such simulations of reactions 

triggering require the kinetic parameters describing the broader range of the reaction progress. For the 

simulation of slow-cook-off the following parameters were used: Tinitial = 40°C during 6 hours 

followed by a heating rate of 3.3°C/h; the thickness of the recipient layer = 4 mm , material of the 

container: steel with the density ρ= 8.03 g/cm
3
, specific heat cp = 0.503 J/g/°C, thermal conductivity 

0.163 W/cm/K, radius of the energetic layer = 23 mm, propellant: density ρ= 1.63 g/cm
3
, specific heat 

cp = 1.5 J/g/°C, thermal conductivity 0.002 W/cm/K. Figure 7 shows the simulation results in the form 

of the dependence thermal conductivity versus explosion temperature. The experimental parameters 

and results of the simulation and the experimental results of the slow cook-off investigation are 

presented table 3. 

The results presented in Fig.7 indicate that the change of the thermal conductivity in the range 1e-3 till 

1e-2 W/cm/K, which reflects the values characteristic for the propellants, varies the cook-off 

temperatures of ca. 1-2°C only. For the assumed simulation value of the thermal conductivity of 0.002 

W/cm/K the difference between simulated and experimental values are in the range of 2°C (see the 

data presented in Tab.3 and depicted in Fig.8).   

The differences between the predicted and measured cook-off temperatures are mostly due to the 

arbitrarily chosen values of the thermal conductivity and too simplified geometry of the container 

applied for the simulation (infinite cylinder instead of a drum shape). 
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Fig. 7 Simulation results of the temperature of slow cookoff ignition (thermal diffusivity versus explosion 

temperature) for the six examined propellants. Experimentally found values for the propellants SB-MC1, SB-

MC2, EI-MC1 amounted to 126°C, 130°C and 134°C. 

 

Table 3. The properties of the six analyzed propellants with their values of temperature of slow-cook ignition, 

SADT and TMRad 24h. 

 SB-SC1 SB-SC2 SB-MC1 SB-MC2 EI-MC1 EI-MC2 

Thermal conductivity (W/cm/K) 0.002 0.002 0.002 0.002 0.002 0.002 

Density (g/cm3) 1.63 1.63 1.63 1.63 1.63 1.63 

Specific heat cp (J/g/°C) 1.5 1.5 1.5 1.5 1.5 1.5 

Heat of reaction (J/g) 4010 4137 3450 3947 3870 3937 

T-Slow cook ignition experimental (°C) N.A. N.A. 126 130 N.A. 134 

T-Slow cook ignition calculated (°C) 126.7 127.5 128.2 131.8 136.7 135.3 

SADT (°C) 102 102 91 102 106 109 

T-TMRad 24 h (°C) 97.5 99.5 98.5 102 109 112 

 
The kinetic parameters obtained by means of the DSC data enabled determination of the Self 

Accelerating Decomposition Temperature SADT for the six energetic materials. The Self Accelerating 

Decomposition Temperature (SADT) is an important parameter that characterizes thermal hazard 

under transport conditions of self-reactive substances. The SADT has been introduced into the 

international practice by the regulations of the United Nations presented in “Recommendations on the 

Transport of Dangerous Goods, Manual of Tests and Criteria” (TDG) [13]. The Globally Harmonized 

System (GHS) [14] has inherited the SADT as a classification criterion for self-reactive substances. 

According to the Recommendations on TDG on definition of the SADT is ‘the lowest environment 

temperature at which overheat in the middle of the specific commercial packaging exceeds 6 °C (∆T6) 

after a lapse of the period of seven days (168 hours) or less. This period is measured from the time 

when the packaging center temperature reaches 2°C below the surrounding temperature.’  

The method for evaluating SADT by using advanced kinetics-based simulation approach has been 

reported elsewhere [15]. 

  

Figure 8 presents the results for the propellant SB-MC2. At surrounding temperature of 102°C (SADT 

temperature) the overheat in the center of the sample (upper curve) reaches 6°C after 6.6 days i.e. 
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according the SADT definition at time shorter than 7 days. In the simulation, the following parameters 

were used: thickness of the recipient layer = 4 mm, a radius of the energetic layer = 64.5 mm. The 

SADT values for all propellants are reported in table 3. The found values are in accordance with other 

studies based on a 155 mm artillery charge applied in Swiss army reporting an SADT of 100°C [15]. 

 

The DSC data can also be used for the simulation of the properties of the substance under adiabatic 

conditions i.e. for the processes occurring without heat exchange with surroundings. During 

simulations of the thermal behavior not only the kinetic parameters of the process but also the heat 

balance in the system have to be considered because the heat accumulated in the sample can 

significantly influence the rate of the process.  The heat accumulation is the result of the difference 

between the production of heat and the dissipation of heat depending on the system parameters in the 

reaction’s environment. When the dissipation ability of the system does not exactly compensate the 

produced heat, it results in a variation of temperature that can lead to explosion.  

  

 
Fig.8 Simulation of the SADT for the propellant SB-MC2. Based on the first definition of the SADT [15], we obtain a value of 

102°C. This temperature is the lowest environment temperature at which the overheat in the middle of the specific packaging exceeds 6 

°C (∆T6) after a lapse of the period of seven days (168 hours) or less. This period is measured from the time when the packaging centre 

temperature reaches 2°C below the surrounding temperature. This overheat of 6°C occurs after about 6.6 days. The upper curve 

represents the temperature of the packaging center, the bottom curve- the temperature of the packaging wall. 

 

 
Fig.9 Adiabatic runaway curves: (A) Simulation of the temperature change vs time under adiabatic conditions calculated for 

the following parameters: TMRad = 24h, Tbegin=102°C, ∆Hr = 3947± 273.9 J/g, cp = 1.5 J/g/°C, ∆Tad = 2631±182.6°C. (B) 

Self heat rate curve for the same simulation parameters. 
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The results of the calculation of time of maximum rate under adiabatic conditions (TMRad) based on 

the kinetic parameters obtained from non-isothermal DSC measurements are shown in Fig.9. 

 
Commonly accepted as the safety limit on the industrial scale, the critical temperatures corresponding 

to a Time To Maximum Rate under adiabatic conditions of 24 hours (TMRad = 24 hours) for the six 

propellants have been reported in table 3. The detailed description of the method of the determination 

of the TMRad based on the advanced kinetics-based simulation approach has been reported elsewhere 

[16]. In addition to the values of the SADT and temperature of ignition of slow cook-off experiments, 

the value of TMRad is also a good indicator of the thermal reactivity of energetic materials. 
 

10 CONCLUSIONS 

 
The DSC and HFC data collected with few heating rates and at constant temperatures were applied for 

the determination of the kinetic parameters of the reaction using differential isoconversional method of 

Friedman. The evaluation of the kinetics of the propellants decomposition by both methods clearly 

indicated the significant change of the kinetic parameters E and A during the decomposition course. 

The thermal behaviour was investigated for significantly different masses of the propellants: 

 

- (i) In mg-scale the prediction of the thermal stability of the propellants requires the exact 

determination of the reaction progress at the early beginning of the decomposition process in the range 

of the reaction progress α between 0 and ca. 0.05 of the total decomposition. This can be achieved by 

the application of the HFC signals which do not require the subtraction of the baseline being the main 

source of the errors in the correct evaluation of the α-T relationship. The very good fit of the 

experimental results with the simulated data indicated the accurate kinetic description of the process 

and allowed the prediction of the reaction progress (or reaction rates) of propellants under any 

temperature profile and even under climatic categories according to some specific climatic zones of 

the STANAG 2895 [12]. 

 

- (ii) In kg- or ton-scale the prediction of the thermal behaviour of the propellants was performed for 

semi-adiabatic (simulation of slow cook-off and determination of SADT) and adiabatic conditions 

(determination of the TMRad). Under these conditions the kinetic based approach was combined with 

the heat balance in the system. The comparison of the experimental and simulated data indicates the 

applied software can be successfully used for the up-scaling of the results obtained by means of DSC 

and HFC.   
 

11 REFERENCES 
 

1. W.F. Hemminger and S.M. Sarge, J. Therm. Anal., 37 (1991), 1455. 

2. Swiss Institute of Safety and Security: http://www.swissi.ch/index.cfm?rub=1010  

3. Advanced Kinetics and Technology Solutions: http://www.akts.com (AKTS-Thermokinetics 

software and AKTS-Thermal Safety software) 

4. B. Roduit, C. Borgeat, B. Berger, P. Folly, H. Andres, U. Schädeli and B. Vogelsanger, J. 

Therm. Anal. Cal., Vol. 85 (2006) 195. 

5. H.L. Friedman, J. Polym. Sci, Part C, Polymer Symposium (6PC), 183 (1964). 

6.  T. Ozawa: Bull. Chem. Soc. Japan, 38 (1965) 1881. 

7. J.H. Flynn, L.A. Wall, J. Res. Nat. Bur. Standards, 70A (1966), 487. 

8. S. Vyazovkin, J. Comput. Chem., 22 (2001) 178 

9. http://www.astm.org 

10. C. D. Doyle: J. Appl. Anal., 27 (1962) 639. 

11. P. Brudugeac, J. Therm. Anal., Vol. 68 (2002) 131. 



ADVANTAGES OF SIMULTANEOUS APPLICATION OF DSC AND HFC FOR 

PREDICTION OF THERMAL STABILITY OF ENERGETIC MATERIALS 

 

12. STANAG 2895 (1990), Extreme climatic conditions and derived conditions for use in defining 

design/test criteria for NATO forces materiel, http://www.nato.int/docu/stanag/2895/2895.htm  

13.  2003, Recommendations on the Transport of Dangerous Goods, Manual of Tests and Criteria, 4 

revised edition, United Nations, ST/SG/AC.10/11/Rev.4 (United Nations, New York and 

Geneva). 

14.  2003, Globally Harmonized System of Classification and Labelling of Chemicals (GHS), 

Uvnited Nations, New York and Geneva 

15. NATAS 2007 Proceedings, 35th Annual Conference, Evaluating SADT by using advanced 

kinetics-based simulation approach, East Lansing, Michigan, August 2007. 

16.  NATAS 2007 Proceedings, 35th Annual Conference, Advanced Kinetics-based simulation 

method for determination of the Time To Maximum Rate under Adiabatic conditions (TMRad), 

East Lansing, Michigan, August 2007. 

 

 



 1/42 

34th International Pyrotechnics Seminar 

Estimation of the service life of an illuminating device 

Dominique MEDUS 1. . Muriel REGIS 2 . Michel ROGER3 . Séverine 
LAPORTE 3 and Florence FEDOU3 

1 Etienne LACROIX . route de Gaudiès 09270 MAZERES France 

2 NEXTER Munitions. 7 route de Guerry 18 023 Bourges Cedex 

3 Délégation Générale pour l’Armement (DGA). Établissement Technique de 
Bourges Rocade Est – Echangeur de Guerry. 18 021 Bourges Cedex 

Contact : 
dominique.medus @ etienne-lacroix.com 

m.regis @nexter-group.fr 
helene.fedou@dga.defense.gouv.fr 

Keywords: Pyrotechnics. ageing. Numerical Modelling 

This study proposes a methodology to estimate the service life of illuminating device from the 
ageing of compositions including Mg by two methods. 
A program of accelerated ageing based on a plan of experiences (temperature. compression 
rate. relative humidity. MgO's rate) has been elaborated with a Mg composition. The results 
are compared with those of an accelerated ageing according to the MOSE’s theory and 
Arrhenius theory The treatment of the results and the establishment of the correlation between 
natural ageing and accelerated ageing permit to propose a protocol able to feign 20 years of 
natural ageing. 
This experiment allows to correlate the results of the ageing of the composition in bulk with 
the compressed composition. 
A protocol of service life based on the different theories of ageing has been specified on two 
illuminated devices to extend this experiment to other families of compositions. 
The prediction of the life expectancy of the compositions appealing to the Arrhenius 
approach. by extrapolating the results obtained in the high temperatures. models a physical 
deterioration resulting from an activated chemical process. 
 



 3/42 

 

1  Study objective 

1.1  Presentation 

The purpose of the study is to develop a methodology to estimate the service life of 
pyrotechnic components in collaboration with DGA/DET/ETBS. The work of this study 
forms part of that expected by a PEA 01 14 05 « pyrotechnics and decoys » and has been 
distributed between the following companies: LACROIX, NEXTER and the Etablissement 
Technique de Bourges. 

In this study, the industrial companies have presented two different methodologies. The 
correlations and the complementarities between the 2 approaches were brought out. ETBS 
Laboratory has realised the tests. 

It is important to recall the general approach of this study described on the following drawing.  
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As an introduction. it is necessary to define the term « pyrotechnic composition ». In fact. the 

pyrotechnic compositions can be  classified according to their effects 

o Illuminating composition.  
o Smoke generator composition. 
o Delay composition. 
o Noise generating composition. 
o Propulsive composition. 
o Firing composition.  
o Gas composition. 
 

All these families of compositions result from a generic mixture of the materials. although 
different according to their effects expected. but belonging to the very same family. i.e.:   

o Oxidisers. 
o Reducers. 
o Binders. 
o Additives (catalysers. coolants.…). 

Starting from this observation it can be assumed that the study of a service life estimation 
methodology can be reduced to 1 or 2 families of compositions. In the rest of this article, it 
was decided to present the results obtained for only one composition: the illuminating 
composition.  
The 1st approach followed (LACROIX) to perform this study. can be described in the 
following way. The fact that the study should allow bringing out a general methodology of 
service life estimation. from the examples of specific compositions. it was decided to 
decompose according to the two major concomitant approaches: 

1st  approach: 

� Research from a theoretical point of view of the possible causes of ageing of the 
pyrotechnic compositions studied. The composition are formulated with strontium 
nitrate, potassium perchlorate, magnesium and a binder of  urea type, for the 
illuminating composition. 

� Determination of the various techniques which would allow rapidly displaying if a 
sample has undergone sufficient ageing so that it alters the normal operation of the 
products. Therefore we will try to see if the pyrotechnic device at our disposal has been 
subjected to the influence of time. 

2nd approach: 

Proposal of the setting up of an accelerated ageing process which would best simulate natural 
ageing. The comparisons between the two processes could be performed using the techniques 
drawn up and tested before.  
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1.2  Selection of the illuminating pyrotechnic device 

The aim of this study, being the determination of a general methodology. the selection of the 
pyrotechnic is based on the flare of the distress signal flare manufactured since the 80’s by 
LACROIX. This flare manufactured several hundreds of thousands benefits from a high 
experience feedback.  

In fact, by the choice of the pyrotechnic, the study must allow:  

� extrapolate the results obtained over a large number of pyrotechnic products using 
the same families of compositions ;  

� an experience feed back on the selected ammunition (survey and examinations 
carried out) ;  

� determining the service life profile of this ammunition ;  

� search for the studies and results of ageing of similar compositions.  

 
We have illuminating compositions dating from years 2002. 2000 and 1994. The cartridges of 
1996 have aged naturally. i.e. in the normal conditions of temperature. in a store. Thus we 
could simulate (by accelerated ageing) a natural ageing of eight years. If the results of 
accelerated ageing are identical to the results obtained during natural ageing. then we can say 
that the setting up of a programme for accelerated ageing allowed simulation of a natural 
ageing in a correct manner.   

 
shema n°1 :  

 

Characteristics of an illuminating cartridges used  

The illuminating compositions that are studied are based on strontium nitrate (Sr(NO3)2) 
which radiate in the red range. potassium perchlorate KClO4) magnesium and dimethylol urea 
(binder) etc. 

The basic reaction of a pyrotechnic composition is an oxydo-reduction reaction. In the case of 
the selected illuminating composition. the reducer is magnesium and the strongest oxidiser is 
potassium perchlorate. Thus in theory, the privileged reaction would be the reaction between 
magnesium and the potassium perchlorate. Nevertheless, the reactions can be produced also 
with the nitrate ion of the strontium nitrate. 
The pyrotechnic reactions are of solid-solid reactions. and it is difficult to determine the 
products liable to be formed (except for the metal oxide and hydroxide).   
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The causes of ageing of chemical origin 

From the theoretical viewpoint, we have tried to search for the possible causes of ageing of 
the pyrotechnical compositions studied. consisting of strontium nitrate, potassium perchlorate, 
magnesium and a binder of  urea type for the illuminating composition. 
 
To start with. the possible causes of ageing. depending on the chemicals used. are listed :  

Raw materials 

Only the details of the raw materials of the major illuminating composition shall be studied. 

Magnesium 

The magnesium is a reducing agent widely used in pyrotechnics. Its character as a reducing 
agent allows quick reaction when it is mixed with an oxidising agent. It thus reacts quickly in 
combustion to form an oxide : MgO releasing a large quantity of heat (H  = 6000 kcal/mol). 
 
The surface of magnesium is covered by a uniform layer of oxide. which adheres to the metal 
and gives it a relative protection. The later oxidation is thus governed by diffusion. The action 
of the water is accentuated with the temperature; when the water is cold (temperature lower 
than 25°C) magnesium hydroxide is formed on the surface and protects the metal from 
corrosion. When the temperature increases. the hydroxide is dissolved by the following 
reaction.  

Mg + 2 H2O → Mg (OH)2 + 2H2 

Magnesium is attacked by acids even by weak acids. This attack favours hydrolysis of the 
metal by the water. 

From perchlorate family, only potassium perchlorate can be used with untreated magnesium. 
In fact, in the presence of ammonium perchlorate, the magnesium can react violently. This 
deterioration is further accelerated in the presence of water or humidity. Although, there are 
protection techniques, the formulas used do not require particular preparations of the 
magnesium used in this study. 

Potassium perchlorate and strontium nitrate 

Potassium perchlorate is a stable product and not very hygroscopic. For safety reasons it must 
be baked before being incorporated in our compositions, thus avoiding all risks of interactions 
between water absorbed and the reducer.  
The reaction of the decomposition of potassium perchlorate:  
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KClO4 → KCl + 2O2 ( 0 . 6 8  K c a l / mo l e )  

In the ageing study covered by this document. it is assumed. as indicated in the bibliography. 
that the oxidizer is not a liming factor and it will not be taken into account in the following 
reflection.  
 
2  Ageing follow up by Moses’ test 

It is important. at this stage to recall the physical parameters to be taken into account :  

H e a t  e q u a t i o n  

The pyrotechnic composition that is studied consists of strontium nitrate. potassium 
perchlorate. magnesium and binder. The combustion of this composition can therefore be 
considered as gaseous. An approach of heat equation can be drawn up from that of non 
gaseous composition. The heat equation of non gaseous composition can be written 
according to a simple mono dimensional model which describes the thermal evaluation 
through a section of pyrotechnic material perpendicular to the combustion propagation 
direction (1L – 8 L).  

This model is based on the following assumptions:  

(1) Mono dimensional flow ⇒ the variables depend only on x along the axis and on t.  
 

(2) Chemical kinetics such that. below a temperature threshold no reaction takes place. 
whereas above it. the reaction adopts Arrhenius kinetics.   
 

(3) The transfer of radiating heat is not considered. . 
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Where: 

A = Pre-exponential factor (s-1). 

Cp = Specific heat of the mix (J.K-1kg-1). 

D = Thermal diffusivity of the mix (m2s-1). 

E = Activation energy (J.mol-1). 

h = Lateral heat loss coefficient (Wm-3K -1).  

Q = Exothermic potential of the mix (J.kg-1).  

T = Thermodynamic Temperature.  

Ta = ambient temperature.  

t = Time (s). 

k = Average conductivity of the mix (Wm-1K -1).  

λ= Progress of the reaction. 

V = Propagation speed (ms-1). 

σ = Density (kgm-3). 

List of parameters influencing the combustion speed 

From equation (3). it is possible to list the parameters with an influence on the 
combustion speed of the composition. i.e.:  

• thermal conductivity K. 

•  specific heat Cp. 

•  density σ. 

•  activation energy Ea. 

•  pre-exponential factor A. 
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•  heat potential Q. 

•  ambient temperature. 

To these parameters. the known factors can also be added:  

•  Diameter of the particles. 

•  Compression rate ⇒ density of the compressed composition. 
 
•  The microstructure of the compositions. the specific area. 

•  The environmental conditions (T°. HR %). 
 
 
Weights of various parameters 

The question is to know if the factors that influence the combustion speed of the pyrotechnic 
compositions can change in the course of time. undergo a deterioration which could have an 
influence on the performances.  

For this. we must calculate. for each parameter. an elasticity defined as follows :  

speed combustion  V,
parameter studied ,         

i

i

i
P

P

P
V

V

E
∆

∆

=  

 

We could draw up the following table: 

Abbreviation Parameters 

K Thermal conductivity 

 Initial density of the solid 

T0 Initial temperature of the medium 

A Pre-exponential factor 

Ea Activation energy 

Q Exothermic potential 

Cp Heat capacity of the solid  
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All the other parameters being fixed. an increase of χ % on p results in a variation of χ x E % 
on the speed. 

We then determined the most significant parameters from the value of the median M of the 
elasticities calculated over all the parameters and adapting the following classification: 

 

→>   M  E   )a  significant parameter 

→<   M  E   )b  not very significant parameter 

a) 1 – Density of the solid. 
2 – Heat capacity of the solid. 
3 – Activation energy. 
4 – Exothermic potential. 
 

b) 5 – Thermal conductivity. 
6 – Pre-exponential factor. 
7 – Initial temperature of the solid. 

 
Activation energy Ea 

The activation energy is an important parameter but it is not always easy to attain. The 
knowledge of its value is however indispensable to evaluate the ageing of a compound. 
by Arrhenius’ law: 

 
RT/Eae.Ak −=   

k = speed constant 
A = Pre-exponential factor  
R = constant of perfect gas 
T = T in K 
 

The value of the activation energy frequently encountered in pyrotechnics are 
between 40 and 200 kJmol-1 (5L). A valid approximation for most of the reactions 
(10L. 12L) indicates that the reaction speed constant is doubled or tripled for each 
increase of temperature by 10°C. 

 
Environmental conditions – Recommendations 

This aspect has been mentioned through analysis of the ageing of the reducer. 

The various articles concerned indicate the influence of the humidity rate. The raw 
materials. then the composition. can at various moments of their service life be 
exposed: manufacture assembly and even storage because even for the sealed 
envelopes. the variations of temperature and humidity are not without effect. 
These 2 factors have been included within the framework of the NEXTER programme 
plans.  
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Check of the compositions 

The analysis methods recommended in the bibliography to evaluate the ageing of the 
pyrotechnic compositions are relatively few. 

We note: 

• the conventional method ATD (Analysis Thermal Differential). DSC (Differential 
Scanning Calorimetry) ; 

• the microcalorimetry (4L): this method is based on the fact that practically all the physical 
and chemical processes are accompanied by heat exchanges. The data obtained is the flow 
of heat in µW/g characterising the decomposition speed of the compound being 
studied ; 

• another type of method. since it enables a non destructive check of the 
composition. is thermal diffusivity (14L. 15L). 

The thermal diffusivity D is thus defined: 

 

 

= thermal conductivity  

= material density 

 Cp specific heat  

This quantity depends on the parameters listed as influent from the model and it is 
thus, very representative of the composition and its evolution. The samples are given 
in the form of 20 mm diameter and 3 mm thick pellets, in the given example (14 L). 

The principle of the measurement is to produce a thermal shock on one of the sides 
of the pellet and to follow the temperature variations on the opposed side. The value 
of the thermal diffusivity is then calculated using the Parker formula: 

2 
0.138.L D =

__________ 
t1/ 2 

L = sample thickness. 

t1/2 = time required to obtain half of the maximum variation necessary.  



 13/42 

 
2.1  Methodology: Theory of Moses 

Assumptions of work 

It is a method widely used (12L) in the estimation of the service life of the pyrotechnic 
composition in the determined storage conditions (more than 10 years) for 20°C < T°C 
storage < 30°C. 

This method is based on the following hypothesis:  

•  the deterioration follows an Arrhénius type law, 
•  to bring the compositions to a high temperature during a relatively short period is equal to 

a rather long storage at a lower temperature ,   
•  if no deterioration appears during high temperature test/short period. it shall be the same 

for low temperature /long period,  
•  the constant of the speed is doubled or tripled for each increment of 10°C.   
 

Description of the test 

It comprises 3 tests: 

A : A 24 h test at constant temperature bringing out the incompatiblities to. 

B : A 28 day test comprising of thermal cycles of high humidity to check the airtightness. 

C : A 28 day test at constant temperature to increase the test period and to evaluate the 
service life with precision. 

Test A : This test must be performed at the highest temperature without resulting in a 
deterioration of the components. 

Moses proposes considering that the reaction time is multiplied by a factor between 2.7 and 
2.9 when the temperature decreases by 10°C (closer to the reality than factor 2). From this. 
is determined 








 −








 −

=

=

10

TT

TU
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TT

TL

21

21

9,2xHH

7,2xHH
 

 

HL = low service life limit estimation in storage.  
 
HU = high limit. 
 
HT = duration of test = 24 h. 
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T1 = test temperature. 
 
T2 = storage temperature. 
 
We obtain in the following table: 

 TEST TEMPERATURE 

 71°C 121°C 

COEFFICIENTS 2 AND 3 
768 h < < 5 832 h 

(32 d) (243 d) 

24 576 h < < 1 417 176 h 

(2.8 years)       (164 years) 

COEFFICIENTS 2.7 AND 
2.9 

3 444 h < < 4 923 h 

(143 d) (205 d) 

494 139 h < < 1 009 697 h 

(56 years) (115 
years) 

 

Test B : 

We impose drop/rise in temperature every 20 minutes between 10 and 32°C with a relative 
humidity of 90% or more. This simulates the increase and decrease of temperature 
corresponding to day/night cycles during a period of 10 years. During this test. the airtight 
welding is subjected to a cyclic series of pressures related to change of temperature. 

 
Test C : 

A series of components are subjected to an isotherm during 28 days at a high temperature.  

This method has the advantage of adding up various types of tests over a short period (2 
months maximum). These stresses can bring out the various deteriorations processes.  
 
2.2  Tests 

The tests were carried out on complete illuminators assembled on the pyrotechnics with 
inert propulsors and non compressed composition samples and kept in sealed jars. It is 
distributed in the following manner:  

2.2.1  Short tests (tests of MOSES) 

Phase Quantity Conditions Actions in output 
1 :24h 3 pyrotechnic devices 24h/25°C 3 fire. 
2 :50°C/80%HR/28 d. 6 pyrotechnic + 25 g. 50°C/80%HR/28j 3 firing/1 in alaysis/1 

indicator. 
3 :70°C/28 d. 6 pyrotechnic + 25 g. 70°C/28 d. 3 firing/1 in analysis/1 

indicator.  
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2.2.2  Accelerated ageing (Arhénius law) 

The methodology proposed has been based on the application of a test at constant 
temperature starting from the test to determine the composition activation energy. In our 
case. the selected test temperature is 50°C. The choice of this temperature is a compromise 
between the fact of having a temperature sufficiently high to accelerate the deterioration 
reactions due to accelerated ageing and the fact of not forcing the reactions of 
decomposition due to other effects of physics (fusion. Tg. etc.) initiated by a too high 
temperature. 50°C. is also the temperature usually used in accelerated ageing. 
This test shall consist of an oven drying of pyrotechnics with a sampling at least every month 
during 15 months. 

Phase Quantity in output  Conditions Actions in output 
T0 3 / Firing (reference) 
T0 + 1 month 5 50°C 3 firing/1 in analysis / 

1 indicator. 
T0 + 2 months 5 50°C 3 firing/1 in analysis / 

1 indicator. 
T0 + 3 months 5 50°C 3 firing/1 in analysis / 

1 indicator. 
T0 + 4 months 5 50°C 3 firing/1 in analysis / 

1 indicator. 
T0 + 5 months 5 50°C 3 firing /1 in analysis / 

1 indicator. 
T0 + 6 months 5 50°C 3 firing/1 in analysis / 

1 indicator. 
T0 + 7 months 5 50°C 3 firing/1 in analysis/ 

1 indicator. 
T0 + 9 months 5 50°C 3 firing/1 in analysis/ 

1 indicator. 
T0 + 11 months 5 50°C 3 firing/1 in analysis/ 

1 indicator. 
T0 + 13 months 5 50°C 3 firing/1 in analysis/ 

1 indicator. 
 

2.2.3  Tracers 

The tracers. being characteristics of an ageing. can be classified and are of different type and 
complementary: 

� Dynamic tracers: 
� Luminous intensity Max. 
� Integral. 
� Period. 
� Medium intensity. 
 



 16/42 

 
� Laboratory tracers: 

- Followed by the followed peak characteristics by spectrometry I. R. 
characteristics followed by spe I.R. 
� Calorimetry ( potential). 
� Rate of total volatile matter (M.V.T.). 
� Security tests (Friction and impact). 

2.2.4  Additional tests 

In addition to series composition, the substitution composition made of MgO are 
manufactured and appended to the proposed programme. 

The evolution of these compositions and the nominal composition would enable foreseeing in 
function of the ageing of the latter, sturdiness of the illuminating composition.  

For the illuminating formulation. it has been proposed to manufacture the basic formulations 
by substituting oxidised magnesium at various rate:  

� 1%. 
� 2%. 
� 4%. 
� 6.5%. 
� 9%. 

2.3  Followed up by physico-chemical analysis and safety tests 

The results given in this document concerns:  
− the analysis performed on the « bulk » compositions after T0+ 28 and 36 weeks at 50°C. 
− the analysis performed on the compositions in pyrotechnics 428 after T0+ 4. 8. 12. 16. 20. 

24. 28. 36. 44 and 52 weeks at 50°C. 
− the analysis performed on the fumigant compositions STOPY after T0+ 4. 8. 12. 16. 20. 

24. 28. 36. 44 and 52 weeks at 50°C. 
−  the Moses tests performed on the « bulk » compositions: 

 T0 + 28 days at 50°C/80%HR. 
T0 + 28 days at 70°C. 
T0 + 28 days at 50°C/80%HR and T0 + 28 days at  

By the Laboratory of energetic matter characterisation (CME) of the ETBS. 
 
Review of the tests  

The ageing is followed up by:  
� MVT (105°C. 4h). 
� DSC (T° auto-ignition). 
� IR. 
� Sensitivity to the impact. Sensitivity to friction.  
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Results 

Illuminating composition 

The following table groups the Total volatile Matter noted on the « bulk » compositions and 
on the compressed compositions in pyrotechnics as well as the sensitive value to friction 
and of sensitivity to the impact on dates foreseen for noting.  
 

Test T0 T0+4s 
at 

T0+8s 
at 

T0+12s 
at 50°C 

T0+16s 
at 50°C 

T0+20s 
at 50°C 

T0+24s 
at 50°C 

T0+28s 
at 50°C 

T0+36s 
at 50°C 

T0+44s 
at 50°C 

T0+52s 
at 50°C 

  50°C 50°C         
MVT (%  
average) 
« bulk » 

0.49 0.07 0.22 0.07 0.09 0.06 0.09 0.09 0.21 0.08 0.09 

MVT (%  
average) 
product 

/ 0.69 
 

0.74 0.65 / / 0.95 0.57 0.57 0.45 

Sensitivity to 
impact 
(N) 

15 15 15 19 16 16 16 16 16 8 7 

Sensitivity 
to friction 
(J) 

196 207 185 191 172 172 172 172 172 256 230 

 

M.V.T. : 
The following figure shows the evolution of the MVT rate on the « bulk » composition and 
on the compressed composition in product in function of the time in the oven. 
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Evolution of the MVT rate  

M.V.T. vs date of sampling 

 
« vrac produit » = « bulk » product 
Date de prélevement = date of sampling 
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                   TO                    TO+4s TO+8s     TO+12s TO+16s TO+20s TO+24s TO+28s TO+36s TO+44s TO+52s date of sampling 

 
The MVT rate drops fast (in fact, from TO + 4w) to a medium value less than 0.1% whereas 
the starting value is located at 0.49%. This heavy drop of the MVT rate shows that the test 
(stoving at the constant temperature of 50°C) to a drying action with respect to the 
composition. On the other hand, it also shows that the binder is complementary drying agent 
since the gaseous part of addition of drier is not visible. 
 
We can note the following statements : 
 
� The MVT rate is higher than that noted on the « bulk » composition with a medium 
deviation of 0.3 to 0.4%. This deviation can be explained by the fact the compressed 
composition is enclosed in a sealed envelope in which an equilibrium takes place between 
the various Relative humidity rates of different compositions. So, there is notably one 
ignition load (BNPc) which controls the load, presents a, MVT rate of 0.5 to 0.8 % usually 
noted from 0.5 to 0.8%.  
 
� The MVT rate remains homogeneous from the beginning to the end of the test. There 
was no deterioration reaction of the polycondensation type (elimination of a water 
molecule). The other assumption, which consists in showing that the water produced by the 
deterioration reaction is consumed by the oxidation of magnesium, can be eliminated by the 
correlation of firing results and the IR spectra. In fact, a magnesium oxidation can result in 
a decrease of the illumination performances, notably with a decrease at high intensity. Now, 
this was not noted. In the same way, there is no change in this sense, in the IR spectra. 
D.S.C.  :  
All the spectra noted in the compositions are similar and quasi superposable. There was no 
major deterioration of the composition in course of the accelerated ageing test. 
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A final analysis of all the lines is necessary to display and measure the composition changes, 
if necessary. An enlargement of the 1300 – 850 cm-1 and 900-650 cm-1 allow checking the 
possible transformations of the binder. In fact, the oxidation of the binder and the oxygen – 
carbon links, visible in the IR areas, must be monitored. The binder used, allows a 
polymerisation of the radical type. This particular type of polymerisation can deliver a free 
radical of the ethylenic monomer family, under the action of the temperature.  
 

We can note a slight oxidation of dimethylol urea since a C-OR link has appeared. This peak 
which appeared from the moment of sampling at 8 weeks, did not change later. This indicates 
that this oxidation of the product is on the surface and not at the core of the product.   
The IR analysis is important to monitor at least the formation of these radicals.  
 
I mpa c t :  
The following figure shows the sensitivity at the impact of the illuminating composition in 
function of the period in the stove.   
No significant difference is noted in the measured values. They remain stable whatever the 
length of the test period. 
 

Frict ion :  
The sensitivity to friction of the composition changes depending on the duration in the oven. 
In fact, the sensitivity increases with time. 
 

This sensitivity must be linked to the percentage of MVT rate remaining in the composition. 
In fact, the composition becoming more and more dry with time, its sensitivity to friction 
increases.  
 

Combust ion per iod: 
SIGNIFICANT CURVES OF THE OPERATION OF THE ILLUMINATION FIRE  
Influence of the firing week on the total duration of combustion  

 
T o ta l  d ur a t i o n  i n  f u n c t i o n  o f  t h e  f i r i n g  we e k   

( s )  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Durée totale en sec. = Total duration in sec. 

Semaine de tir = Firing week 

3 0 . 0 0  

2 5 . 0 0  

2 0 . 0 0  

1 5 . 0 0  

1 0 . 0 0  

5 . 0 0  

0 . 0 0  
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1) Influence of the MgO content 
 
Influence of the MgO content on the combustion time: 

 0 week 20 weeks 28 weeks 36 weeks 52 weeks 
1.0% 17.22 17.29 16.70 16.79 16.68 
2.0% 17.57 17.47 16.98 17.07 17.71 
4.0% 18.98 19.11 18.84 18.51 19.02 
6.5% 18.08 18.04 19.35 18.75 18.85 
9.0% 18.71 18.79 18.75 17.75 18.85 

 

 
Durée de comb. en f (taux de MgO) = combustion time in f (MgO content) 
Date de combustion = date of combustion 
Taux de MgO = MgO content 
0 sem, 20 sem, etc. = 0 week, 20 weeks, etc. 

 
Influence of MgO content on total impulsion: 

 0 week 20 weeks 28 weeks 36 weeks 52 weeks 
1.0% 48960 47241 48941 50695 47792 
2.0% 42 536 39 705 42 534 42 284 39 730 
4.0% 40 699 40 120 42 596 41 248 40 688 
6.5% 34 367 33 775 35 229 34 244 33 322 
9.0% 35 650 34 437 33 975 31 270 33 257 
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Impulsion totale en f (taux de MgO) = total pulse in f (MgO content) 
Impulsion totale (Cd.s) = Total pulse (Cd.s) 
Influence of the MgO rate on the impulsion at  9 s: 

 0 week 20 weeks 28 weeks 36 weeks 52 weeks 
1.0% 30592 28911 30748 31769 29530 
2.0% 26 647 25 200 26799 25481 24890 
4.0% 23 813 23 193 23669 25083 22642 
6.5% 21 351 20 196 19903 20919 19870 
9.0% 21 475 19 834 20250 19233 19930 
 
The results obtained with the compositions with the MgO on the various parameters (total 
duration, pulse, duration at high intensity) show that the composition does not change much 
through ageing. 
This is confirmed by the change of the nominal composition. 
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Performance change in function of the accelerated ageing period  

 
Durée = time,  
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

0S                  1 2S 1 6S 28S 36S 44S 52S 

Weeks 

 

These parameters have decreased, respectively, by 22% and 9% at the end of 52 weeks of 
ageing. This is confirmed by the results obtained on the compositions with MgO. In fact, the 
combustion time is subjected to constant extension, proportional to the percentage of MgO 
included. 

The maximum intensity, has changed little (3.5 %) on the aged compositions. The initial 
variation of I max in function of the % of MgO and the absence of change after ageing show 
tht the ignition composition is not sensitive to ageing. In fact, the peak of Imax changes 
according to the initial MgO content but there is no change after the ageing test since there 
was no formation of natural MgO. This is confirmed by the IR analyses. 

2.4  Summary on MOSES’ tests 

The methodology proposed was based on the application of a test at a constant temperature 
determined from the composition activation energy determination test. In our case, the 
temperature selected is 50°C. The choice of this temperature is a compromise between the 
fact of having a sufficiently high temperature to accelerate the deterioration reactions due to 
accelerated ageing and the fact of not forcing other decomposition reactions due to other 
physical phenomena (fusion, Tg.) initiated by a too high temperature, 50°C, is also the 
temperature usually used in accelerated ageing. 
Parallely with the application of this test at constant temperature, physical and chemical 
analyses were applied on the composition samples. To this end, a test programme has been 
proposed to the ETBS laboratory. 
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The programme specified  

The list, the chronology and the type of indispensable tests for a reliable estimate of the 
service life (accelerated and/or simulated ageing, Moses’ test). 
� The sampling frequency. 
� The definition of the tests to be performed at each sampling (performance firing and 

ammunition survey). 
� The tracers to be followed to set the ageing parameter.   
� The physical and chemical analysis technique(s) most appropriate for the follow up of 

the tracers. 
� The indispensable type tests for a reliable estimate of the service life (accelerated 

and/or simulated ageing, Moses’ test). 
 

Ageing programme 

The ageing programme, consists of the following general tests:  

� A 24 h test at constant temperature to show any possible incompatibility.   

� A 28 day test including high humidity thermal cycles to check sealing.  

� A 28 day test at constant temperature to increase the time of the test and evaluate 
the service life with a high degree of reliability. 

� Accelerated ageing (50°C /15 MONTHS) 

The follow up of the factors have been carried out by the following analysis methods:  

� infrared spectroscopy. 

� safety tests (impact. friction). 

� DSC (Differential Scanning Calorimetry) analysis. 

The ammunition which has not been subjected to any test is also checked at determined time 
intervals.  

The validity of the protocol has been performed by: 

� Illumination performance measurements (Imax, Combustion time, time at 
2500cds). 

� The measurement of the combustion time (smoke release time). 
� The check of ammunition tracers naturally aged and ammunition having undergone 

the test simulating the same age. 

The work programme has been completed by addition illuminating ammunition with the 
formulations containing metal oxide rate in order to better readjust the results of the physical 
and chemical analyses performed on the artificially aged ammunition. 
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The main elements to be selected for the ageing programme are the following : For this type of 
composition, the following elements are to be selected:   
 

o The test at 50°C during a period of 52 weeks is representative of an ageing of 
about 10 years since the performances (Imax. Integral) of the 1996 ammunition are 
comparable to those measured after an ageing of 52 weeks.  

o The parameters, which were found to be most significant are the combustion 
time as well as the integral. These parameters have decreased, respectively by 22% 
and 9 % at the end of 52 weeks of ageing. This is confirmed by the results obtained 
on the compositions with MgO. In fact, the combustion time is subjected to a 
constant extension proportional to the percentage of MgO included. 

o The maximum intensity has varied (3.5%) on the aged compositions. The 
initial variation of I max according to the % of MgO and the absence of change after 
ageing show that the ignition composition is not sensitive to ageing. In fact, the 
Imax peak changes according to the initial MgO content, but there is no change after 
the ageing test since there was no formation of natural MgO. This is confirmed by 
the IR analysis. 

o The superficial layer of MgO is fine since the time at 2500cds changes faster 
than the total operation time. In fact, the thickness of the layer of magnesium being 
the same, the fine magnesium is more affected than the magnesium with higher 
grain size. 

o The tunnel firing of the pyrotechnic devices with the compositions at 
artificial MgO content, have allowed readjusting the results obtained on the 
pyrotechnic device with nominal composition. 

o The safety tests have not shown sensitive change during the execution of the 
programme.  

o The « bulk » compositions have changed faster than the compressed 
compositions. This forecast change mainly concerns the magnesium oxide rate.   

o The type of the binder has not changed in the « bulk » compositions.  

On the basis of  these elements,  the fo l lowing has been shown: 
The magnesium based compositions, illustrated by the pyrotechnic device composition, 
change, in performance by the surface oxidation of the reducer grain (Mg). The finer the 
grain size, the higher the sensitivity to oxidation.  
� The protection by the binder is a reduction parameter of this oxidation.   
� The compositions containing potassium perchlorate do not change in the presence of 
magnesium. 
� The analyses performed on the « bulk » composition have shown a relatively higher 

oxidation than that of the compressed composition. The binder has not changed. 
� The physical and chemical analyses allow follow up of the possible formation of 

magnesium oxide and monitoring of the chemical quality of the binder and its behaviour 
on the “bulk” and pyrotechnic device compositions.  
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2.5  CONCLUSION MOSES’ TEST 

� Multiple physical and chemical analyses were necessary to be able to interpret the 
results. The cross checking of various analyses (IR. DSC. MVT) enabled a correct 
interpretation of the ageing effects. The first analysis seems to be the measurement of the 
MVT content, since it immediately indicates whether there was formation of a new body. 
IR and DSC analyses allow checking the reaction(s) which took place. An identification 
is possible or at least formation assumptions can be eliminated.  

� The safety tests (Impact, Friction) are necessary to foresee a possible deterioration of 
the performances or even handling safety.  

� The compositions stored in « bulk » can be considered as hardened tests since the 
effects are noted earlier. In this sense, the test s on the “bulk” compositions can be 
considered as predicted tests of what is to come later, on the compositions integrated 
to the product. 

� The MOSES’ tests show the same trends in the behaviour of the integrated 
compositions as the constant temperature tests spread out over a longer period. 
However, it does not allow a fine analysis of the effects since it operates in all or none. 
It must be considered as quick test of the ageing behaviour. It can also be a 
complement to the chemical compatibility analyses.   

� A proximity analysis performed between the naturally aged ammunition and the 
ammunition having undergone the ageing programme showed similarities of behaviour 
and a high concordance in the results. 

� The methodology by accelerated ageing based on a constant positive temperature test is 
representative of a natural ageing. 

 
3  Ageing following up by an experience plan 

The results of the tests performed by ETBS on the illuminating composition have been 
processed by experience plan in order to determine the parameters influencing ageing and a 
protocol of accelerated ageing corresponding to 8 and 20 years of natural ageing of the 
illuminating pyrotechnic devices has been proposed.  

3.1.  Selection of influencing parameters  

The parameters studied have been drawn up for the “bulk” composition and for the 
compressed composition. 
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For the compressed composition, 6 parameters have been selected. For the “bulk” 
composition, they are five in number (no No. 4 parameter: compression rate.). They concern 
the initial physical and chemical properties of the compositions as well as the storage 
conditions. They are:  

� Parameter 1 : storage temperature T. 
� Parameter 2 : relative humidity RH. 
� Parameter 3 : initial concentration in MgO of the [MgO]o composition  
� Parameter 4 : compression rate of the tc composition (for the compressed 

composition only. 
� Parameter 5 : the magnesium grain size used for the manufacture of the 

composition, represented by the average diameter d50. 
� Parameter 6 : storage period t. 

3.2  Programme 

For each of the first 5 parameters, two limit values were selected. They define the maximum 
level which can be attained by these parameters. Only the 6th parameter has four levels.   

 
 Levels 

Parameters 
-1 +1 

1 – T 40°C 60°C 
2 – HR 42% 82% 

3 – [MgO]0 0% 8% 
4 – tc 75% of the minimum rate 150% of the nominal rate 

5 – d50 237 µm 325 µm 
-2 -1 1 2 

6 - t 
3 months 6 months 9 months 12 months 

Tableau 1: parameters taken into account and levels 

By response is meant all the measurements performed to quantify the influences of the parameters 
studied. 

The responses can be divided into two families. 

The first concerns the measurements which qualify the physical and chemical characteristics of 
the compositions studied. For the compressed composition, this concerns :  
 

� total volatile matter rate at 105°C : m v  
� Content of MgO after storage : [MgO]t 
� Rate of magnesium produced: [Mg]t 
� Decomposition temperature : Td 
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Regarding the second family, it corresponds to the response which qualifies the 
performances of the compositions studied: Q.  

It concerns: 
�  the transmitted illuminating intensity I 
�  the illuminating duration starting from 2500Cd 

For the bulk composition, the physical and chemical characteristics of the composition 
studied are:   

� total volatile matter rate at 105°C : m v  
� the free Mg rate: free Mg 
� content of MgO after storage : [MgO]t 
� rate of derived strontium produced: [SrX]t  
� decomposition temperature : Td 

The performances are quantified by:  
� - sensitivity to shock : ISC 
� - sensitivity to friction : ISF 

During the processing of the DSC curves, certain peaks vary in their shape and intensities. 
The determination of the decomposition temperatures thus differs somewhat. Hence we 
have not retained this factor in our analysis.  

Given the high number of parameters studied, and knowing that the interactions are probable 
between the various parameters we have chosen an experience plan using a fractional factorial 
matrix at 2 levels on the first 5 factors. The 6th factor is introduced in the plan in the form of a 
complete factorial matrix.  
 
3.3  Change of responses   

3.3.1  Compressed composition 

The observation of the luminous intensity change shows that the initial MgO content is a 
determinant factor. The maximum intensity is higher when the initial MgO content is low. In 
the course of time the values are more or less stable. The same holds good for the change of 
illuminance time.  

The observation of the change of MgO content in function of time shows that the initial 
MgO content is a determining factor. The temperature comes afterwards. The average 
diameter has little influence. Besides we note that the tests performed at a temperature of 
60°C shows high increase in the content of MgO in time. The higher the temperature the 
more the MgO content increases in a significant manner. 

The observation of the changes of volatile matters and the Mg rate does not give any point 
for reflection. 
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3.3.2  Bulk composition 

The graphic analysis shows that:  

� For the sensitivity to shock, the sensitivity to friction and the MgO content, the 
humidity rate is preponderant, followed by the temperature. The higher the 
humidity and the temperature, the lower the sensitivity. On the other hand, the 
higher the humidity and the temperature the more the content of MgO.  

� For the volatile matter rate, the higher the humidity the greater the latter.  
� The observation of the change of Mg rate and the change of Sr02 rate brings no 

fruitful element.  
 

3.4  Digital analysis 

The models to be detected are 1st degree polynomial models.  

Y = a0+a1.T+a2.HR+a3.tc+a4.[MgO] 0+a5.d50+a6.t 

where Y successively represents I. DI > 2 5 0 0 c d .  tm v .  [Mg] t . [MgO]t  and Td  

The analysis is performed by matrix calculation. 

The values of ai obtained are given in the following table for the compressed 
composition and for the bulk composition 
 
3.4.1  For the compressed composition 

 I DI>2500cd tmv [Mg] t [MgO]t Td 

T 0.0079 0.0006 -0.0060 0.1821 0.0750 2.3765 

HR 0.0144 0.0128 -0.0004 0.065 1 0.0054 0.6947 

tc 0.0096 0.0181 0.0009 0.0325 -0.0058 0.4122 

[MgO]0 -0.4130 -1.2270 0.0263 -0.5686 0.9596 1.2779 

d50 0.0136 0.0283 0.0014 0.0888 -0.0097 0.8327 

t 0.0894 0.0465 0.01 12 0.0797 0.1445 2.8714 
Correlation 
coefficient 

0.87 0.97 0.71 0.32 0.99 -0.49 
 

Table 2 : influences of the parameters studied for the compressed composition 

It is thus possible to represent the change of the various performance characteristics of the pots 
F248 by the following equation: 

I = 0.0079.T + 0.0144.HR + 0.0096.t. - 0.4130.[MgO]o + 0.0136.d50 + 0.0894.t  

DI>2500cd = 0.0006.T + 0.0128.HR + 0.0181.tc- 1.2270. [MgO]0 + 0.02836.d50 + 0.0465.t 

[MgO]t = 0.0750.T + 0.0054.HR - 0.0058.tc + 0.9596.[MgO]o - 0.0097.d50 + 0.1445.t 
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3.4.2  For the bulk composition 

 ISC ISF tmv [Mg] [MgO] t 
[SrX] t Td 

T 0.0524 0.0203 -0.3175 0.2147 0.2277 0.0177 -0.4318 

HR 0.6788 -0.2701 0.7796 -0.0206 0.2565 0.0524 3.1277 

[MgO] -0.3359 0.4658 -0.4776 -0.5340 0.9326 0.0312 9.8643 

d50 -0.0536 0.0614 -0.0450 0.0793 -0.0709 -0.0026 0.9170 

t 0.6191 0.5311 -0.0576 0.2988 0.4532 -0.0368 -5.6596 

Correlation 
coefficient  

0.87 0.74 0.98 0.27 0.83 0.90 0.20 
 

Table 3 : influences of the parameters studied for the bulk composition  

It is thus possible to represent the changes of the various characteristics and performances 
of the bulk composition by the following equation: 

ISC = 0.0524.T + 0.6788.HR - 0.3359.[MgO]o - 0.0536.d50 + 0.6191.t 
ISF = 0.0203.T - 0.2701 .HR + 0.4658.[MgO]o + 0.0614.d50 + 0.5311.t 

tmv = -0.3175.T + 0.7796.HR - 0.4776.[MgO]o - 0.0450.d50 -0.05761.t   

[MgO]t = 0.2277.T + 0.2565.HR + 0.9326.[MgO]o - 0.0709.d5o + 0.4532.t 

[SrX]t = 0.0177.T + 0.0524.HR + 0.0312.[MgO]o - 0.00266.d5o - 0.03681.t 

 
3.4.3  Follow up of trends 

The numerical analysis of the results of the experience plan does not take into account the DSC 
tests performed. The results provided vary too much to allow their integration in the plan. 

The analysis of the behaviour of the F248 pots and the bulk composition shows a preponderant 
influence of the rate of magnesium oxide initially contained in the composition and by the 
storage period. Nevertheless, this preponderant influence is marked much more in the case of 
the pots. The influences of the temperature and the humidity are less marked. The grain size of 
the magnesium and the compression rate have practically no influence on the behaviour of the 
composition. 

for the composition in pots : [MgO]o >t > T > HR >d50>t. 

for the bulk composition : [MgO]o = HR > t > T > d50 

The initial MgO content is the most important parameter. The humidity and temperature 
play a relatively similar role of influence. 
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 Pots F248 Bulk Composition vrac 

 I 
DI>2500c

d 
tmv [Mg] t 

[MgO
] t 

ISC ISF tmv [Mg] 
[MgO

] t 
[SrX]

t 
T � � � � � � � � � � � 

HR � � � � � � � � � � � 

tc � � � � � Not applicable 

[MgO]0 � � � � � � � � � � � 

d50 � � � � � � � � � � � 

t � � � � � � � � � � � 
 
 

Table 4 : comparative changes of the pot characteristics and the bulk composition 

The initial MgO content of the composition increases the MgO content after storage in the 
case of the pot composition and bulk composition. This is quite logical, the higher the MgO 
content the greater the content after storage. The storage seems to improve the properties of 
the F248 pots for they increase the luminous intensity transmitted and thus the illuminance 
time. On the other hand, the bulk composition becomes more sensitive to shock by ageing. 

This first analysis by an experience plan with numerous factors (here 6 factors) allows us to 
determine the influencing factors. For this the analysis of the bulk composition seems to be 
more revealing of the preponderant factors in the ageing since it is more exposed to the 
exterior conditions such as humidity. Thus we can determine the markers to be followed for 
the pot composition. 

 

In order to obtain an accelerated ageing protocole we take into account only the following 
factors: 

� - Temperature 
� - Humidity rate 
� - Time 

The MgO content in time as response to the experience plan will contribute to the ageing 
study. In fact we have shown that this highly influencing factor reveals the deterioration 
of the ammunition as to performance and safety.  

Since the diameter of the Mg particles and the compression rate have no notable influence, they 
will not be taken into account for the rest of the study.  
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3.5  Correlations 

3.5.1  Between the artificially and naturally aged ammunition  

By a recalculation of equations of the experience plan, the equations of three unknowns which 
give the change of  Imax. de D I>2500cd and of [MgO]t. over time, according to the temperature and 
relative humidity. We thus obtain: 

Δ Imax = aT + bHR + ct = -0,0053T + 0,0028HR – 0,4010t  

Δ D I>2500cd = a'T + b'HR + c't = 0,009T + 0,0136HR – 0,9946t  

Δ [MgO]t = a"T + b"HR + c"t = 0,0525T – 0,0493HR + 6,2304t 

In order to solve this system three responses were taken: 
� Maximum intensity 
� Illuminance time > 2500cd 
� Final MgO content 

After resolution of this system using the deterioration values obtained for the illuminance 
LACROIX and NEXTER pots naturally aged, we obtain two accelerated ageing protocols: 

For 8 years of natural ageing For 20 years of natural ageing 

T = 64°C T = 64°C 
HR = 57% HR = 57% 

t = 3.7 months t = 8.7 months  

The artificial ageing period is well proportionate to the natural ageing.  
 
3.5.2  Between bulk and compressed compositions  

The study of the bulk composition allows to determine the factors to be followed to evaluate 
the ageing of the composition in ammunition. In the case of a magnesium based 
illuminating composition, we have shown that the preponderant factor was magnesium 
oxide. 

We can therefore assume that with an equivalent final MgO content, the performances and 
the sensitivity of the two compositions are equal.  

In order to correlate the ageing of the bulk and compressed composition we have thus made 
a research of time at the end of which the content of MgO, [MgO]t of the composition of 
bulk and compressed are identical. 
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Thus we obtain for the common values of temperature and humidity:  

[MgO] t for the bulk = avTv + bvHRv + cvtv 
[MgO] t for the compressed = acTc + bcHRc + cctc 

I.e.:  
tv = A.tc + B.T + C.HR 

Where A. B and C are constants, depending on the characteristics of change of MgO 
contents of the bulk and compressed compositions.  

This equation of correlation between the bulk and compressed compositions is only in the 
limits of the plan, i.e. between 40°C < T < 60°C. 42% < HR < 88% and t < 12 months. 

3.6  Extrapolation of a service life 

Considering the constant ageing over time, we can extrapolate this protocol over more 12 
months. We thus obtain a method to determine a service life. 

It is necessary to determine the performance of threshold values and the MgO content. This 
MgO content can then reveal the sensitivity. 

Then we shall fix the temperature and humidity conditions corresponding to standard 
storage. 

Finally, for each equation of the previous system, we calculate the time, 

Imax = aT + bHR + ct = -0.0053T + 0.0028HR – 0.40 10t 

D I>2500cd = a'T + b'HR + c't = 0.009T + 0.0136HR – 0.9946t 

[MgO] t = a"T + b"HR + c"t = 0.0525T – 0.0493HR + 6.2304t 

 
3.7  Conclusion of the experimentation plan 

With the help of the experience plan, we have obtained two ageing protocols 
corresponding to 8 and 20 years of natural ageing. The protocol for 20 years is validated 
by the tests performed during Lacroix programme.  

For this we have first of all carried out a study allowing detection of the main influencing 
factors, notably with the help of the bulk composition study, much more revealing since it 
is more exposed to the external conditions. 
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We have thus observed a high influence of the magnesium oxide MgO content on the 
performances and sensitivity of the composition. Then we also have noted the influence of 
temperature, humidity and ageing time then taken into account to draw up ageing 
protocol. 

The factors regarding the rate of compression and diameter of the magnesium particles were 
as far as they are concerned are not significant within the limits of this experimentation 
plan. 

We then determined a theoretical equation to correlate the performances of the bulk 
composition and of the compressed illuminating pot. 

Finally, we have drawn up an equation system in order to obtain the accelerated ageing 
protocol to be applied on the illuminating pot to attain an ageing similar to a natural 
ageing. An artificial ageing at 64°C, 57% of relative humidity and 3.7 months is 
equivalent to a natural ageing of 8 years. If the period is increased to 8.7 months, the 
corresponding natural ageing is of 20 years. The protocol obtained over 20 years is close 
to that determined by Lacroix.  

With the help of this system, it is now feasible to determine a service life by fixing the 
threshold values for performances and safety and by calculating the period at the end of 
which they will be attained under standard storage conditions. 
 
3.8  Perspectives on experience plan 

The follow up of the characteristics and especially the chemical formed during the 
accelerated ageing of a bulk composition allow us to determine the parameters which 
govern the ageing of the compressed composition and thus of the ammunition. We can thus 
determine the most critical factor to obtain during a natural ageing. 

The methodology of the experience plan applied to an illuminating composition enabled us 
to determine a protocol of accelerated ageing corresponding to a natural ageing of 8 to 20 
years. It is determined from an equation which describes the performance changes of the 
composition as a function of time and relative humidity. Other parameters can be taken into 
account such as those governing the safety of the product. A correlation has been 
determined between the bare composition and that of the ammunition. This methodology 
applicable to other products allows determining quickly an accelerated ageing protocol for a 
given deterioration. 

This methodology can be applied to a propulsive powder or an explosive and thus facilitates 
the inspection of the ammunition. Besides, the follow up of the degradation factor on the 
bulk products allows determining the critical ageing factor. Depending on its nature the 
ageing sensors can be set up. It would allow following up the ammunition ageing without 
working on the latter (disassembly, analysis, etc.) which helps improve the safety. 
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4 General conclusion 

 
In this summary, it is proposed, to first draw up a summary of main results obtained for the 
selected compositions for example; by the processing and application of a methodology based 
on Arrhenius’ law, then in a second phase, to come to a general conclusion on the ageing 
methodology. 
In this last point, the possible correlations between the two proposed methods and the 
complementarity of various methods during the service life of an ammunition, will be given. 
Finally, a general ageing protocol for the pyrotechnic compositions will be described. 

The aim of this study topic was to evaluate, together with the ETBS laboratories, a 
methodology for estimating the service life of pyrotechnic components. Two different 
methodologies were presented, based on the application of Arrhenius’ law plus the Theory of 
Moses for LACROIX and based on the application of an experience plan to the main factors 
influencing ageing parameters for NEXTER. 

Evaluation and complementarity of the LACROIX and GIAT programmes 

A simple comparative evaluation between the two programmes can be drawn up since a 
certain number of essential points are common:  
 

� Uniqueness of the components and compositions: The 2 programmes were 
applied to the same pyrotechnic devices manufactured in a single production run. 

� Uniqueness of the status of its compositions: compressed and « bulk ». 
� Type of identical analysis: identical physical and chemical analyses performed 

by a single laboratory (ETBS laboratory). 
� Identical type of oxide: magnesium oxide. The rates applied in the compositions 

are nevertheless different : 
o 1%. 2%. 4%. 6.5%. 9% forLACROIX. 
o 0%. 8% for GIAT 
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The 2 approaches can be resumed according to the following table :  

 L A C R O I X  G I A T  

Approach Arrhenius’ law: The method is based 
on the stability measurement, 
the change or drift of performances of the 
compositions in the course of time after 
application of the tests for accelerated ageing in 
comparison with the naturally aged 
ammunition. The temperature and duration of 
the test are determined according to an 
activation energy estimate. 

Experience plan on the main 
potential factors for deterioration 
of the compositions  

Results Flare composition: 

••••    The stability of the composition is 
essentially dependent on the resistance 
of the Mg in the course of time. 

••••    The sensitivity of the components to 
oxidation changes according to the 
grain size of the Mg and the stability 
of the binder in the course of time. 

••••    The sturdiness of the method is 
accentuated by the firing of naturally 
aged pyrotechnic devices. 

••••    The analysis on the “bulk” 
composition represents a predictive 
tool of the ageing of the composition 
since the composition is more 
sensitive. 

••••    The sensitive parameters are the 
duration at high luminous intensity 
and integral.. 

 

 

 

Flare composition 

••••    On this type of 
composition, the 
experience plan 
has shown their 
sensitivity to the 
temperature at the 
relative humidity 
according to the 
magnesium grain 
size 

••••    The sensitive 
parameters are the 
duration at high 
luminous intensity 
and integral 
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The 2 approaches are complementary since they by their specific points allow better 
understanding of the predictive operation of objects studied. In fact, the approach proposed 
by LACROIX is a general method which can be completed, for better direction, in the 
monitoring of the factors sensitive to ageing, by setting up an experimentation plan as the one 
proposed by the GIAT approach. 
The important points to be noted for this study can be listed:  
� The methodology by the estimation of the activation energy is a good indicator of the 
service life of the ammunition on condition that there is a measured or approximate value of 
the initial energy. 
� The resetting by regular sampling in the course of accelerated ageing, the physical and 
chemical analyses (notably IR analyses), the firing of naturally aged ammunition allow 
indicating the changes in the studied compositions.  
� The analyses on the “bulk” compositions submitted to the same artificial ageing 
parameters provide elements on the changes of the composition under hardened conditions. 
This test is an anticipation and predictive test for the accelerated ageing result.  
� The setting up of a prior experimentation plan allows understanding the action of the 
important parameters on the ageing of the compositions. It can give information on two 
levels :   
� Recommendations on the design of ammunition : the specific sensitivity of the 
compositions to certain parameters, as humidity, for example, requires perfect sealing of the 
compartment of the pyrotechnic charge.  
� Recommendations on the monitoring of the parameter changes in the course of the 
ammunition control during their service life. A MVT measurement for example, will allow 
prevention of oxidation of the reducers in the pyrotechnic compositions. 
    

The prediction of the service life for compositions requiring Arrhenius’ approach (approach 
proposed by LACROIX) by extrapolating the results obtained at high temperatures, gives 
good results. 
. This approach is modelled on a physical deterioration resulting from an activated chemical 
process. This involves several implicit assumptions of which the most important is that the 
chemical mechanisms leading to ageing do not vary with the temperature and thus that Ea 
does not change in the extrapolation area. For this reason, the method in the wide sense, to 
foresee the service life of a pyrotechnic composition must be the combination of several 
additional tests. These tests are spaced out over the service life of the ammunition.  

(See. below).  
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SERVICE LIFE PHASES OF THE AMMUNITION  

PRELIMINARY DESIGN DETAILED DESIGN DEVELOPMENT MANUFACTURE AND STORAGE 

Chemical compatibility 
MOSES’ test on « BULK » 
IR . DSC analyses 
Experimentation plan on influencing factor in pyrotechnic devices 
Chemical analysis on pyrotechnic compositions  
Arrhenius’ law test(constant temperature) 
Confirmation on MOSES’ test on pyrotechnic device 
Chemical Analyses and safety tests 
Inspection firing 
 

 

   



 38/42 
 

 

Recommendations for an « Ageing protocol » 

Depending on the results of this study, the first recommendations, for an estimation of the 
service life or an extension of the service life during inspections of the ammunition in stock, 
which can be summed up by setting up of: 

1. An accelerated ageing based on Arrhenius’ law since this is a general method 
which can be applied to all types of pyrotechnic compositions.   

2. Selection of physical and chemical markers such as the MVT rate or the IR 
analysis and the physical markers such as the combustion duration and / or 
specific parameters such as the Max Intensity and the duration at high Imax. 

3. Firing with naturally aged ammunition since it allows measuring the remaining 
service life as a function of the results, and comparing these results with those 
of the accelerated programme. 

4. Physical and chemical analyses on the « bulk » composition since the « bulk » 
composition changes faster than the ammunition composition, this constitutes a 
good ageing prediction indicator. This allows obtaining a quick response on 
the change of composition and provides elements on the change of a load in 
the course of time. 

5. An experimentation plan on the oxidation parameters of the major reactants of 
the composition since the experimentation plan is a fast means to confirm the 
sensitivity to certain parameters. It allows confirming the influence of 
humidity on the composition studied.  

 
This ageing protocol can be summarised through the following block diagram. 
 
 
Stage 1: Determination of the activation energy by measurements or assimilation 
Stage 2: Choice of physical-chemical and physical markers 
Stage 3: Experimentation plan on influence of factors such as humidity and T°C 
Stage 3: Ageing programme on « bulk » composition in hardened tests 
Stage 4: Reset of results by operating fire 
Stage 5: Evaluation of the service life by calculation or evaluation of the remaining service 
life for stock visit 
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Stage 1 : Determination 
of the activation energy 
by measurements or 
assimilation 

Stage 2 : 
Choice of physical-chemical and 

physical markers 

Stage 3 : 
Ageing programme on « bulk » 
composition in hardened tests 

 

Stage 4 : 
Reset of results by 

operating fire 
 

Stage 5 :  
Evaluation of the service life by 

calculation or evaluation of the remaining 
service life for stock visit 

Stage 3 : 
Experimentation plan on 

influence of factors such as 
humidity and T°C 
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5  Perspectives 

This study has shown that the use of Arrhenius’ method enables dealing with the ageing of the 
pyrotechnics compositions by evaluating the activation energy of the mixture. In the same 
way. setting up an experimentation plan targeted on the major parameters allows foreseeing a 
remaining service life for the ammunition in store in the armed forces. The knowledge as 
precise as possible, of the activation energy of the mixture is an important item of input data 
for determination of the test temperature and duration. Nevertheless, the knowledge of the 
formulated conventional compositions. allows making estimations of this energy or 
comparisons with the similar compositions. 
 
The development perspectives are thus the following : 

o To check that this method is valid for longer service life. In fact, the service life of 
25 years for the pyromechanism is often in demand. In this case, the ageing of the 
product shall depend also on the ageing of components. The confrontation of 
methods applied in the ageing of seals or plastic industry and their complementary 
nature with the latter can constitute a double approach of ageing of the product in 
general.  

o The method used in this study, is based on the activation energy of the mixture, I.e. 
that the deterioration is assimilated to a unique elementary mechanism, since the 
law of Arrhenius’ can only be applied on elementary speed constant. In fact, the 
ageing is in reality a complex mechanism resulting from the combination of several 
elementary processes that can have different activation energies. In a physical 
approach, in ageing, it is “the least solid” reagent which is first damaged; it is thus 
this which should be particularly monitored if a predictive judgement of the service 
of the product must be made. Its activation energy changes according to its 
transformations, if any, an analysis is focussed on the “least solid” product by DSC 
can give its final change. On condition, that an analysis by DSC can be performed 
on the latter, a measurement of the activation energy changes can thus allow 
estimation of the service life of the mixture. This new technique could be 
generalised to pyrotechnics. 
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ABSTRACT 
 
The thermal decomposition of ammonium perchlorate has been studied more frequently than 
that of any other oxygen rich salt. It has been found that the thermal decomposition of 
ammonium perchlorate (AP) is rather complex and exhibits several unusual characteristics. 
The “worst characteristic” in term of behaviour in slow cookoff conditions is its ability to 
form lots of porosity. This study proposes to investigate two parameters which have effects 
both on the kinetic of formation of porosity and on the extent of the decomposition. Those 
parameters are the particle size of ammonium perchlorate grains and the environment of AP. 
To reach this objective, a new device has been built allowing pressure measurements during 
the decomposition. Results are presented and corroborate mechanism of decomposition of AP 
involving adsorption / desorption step. The effect of partial pressure of decomposition 
products on the decomposition has been demonstrated for nitrogen. It suggests to continue the 
study firstly with other decomposition products and then in taking into account HTPB 
properties in order to find the best way to mitigate the thermal decomposition of AP in our 
military systems. 
 
 
 
1 INTRODUCTION 
 
Munitions, charged with HTPB/AP based composite propellants, may induce a violent response to the 
slow cookoff test (STANAG 4382). Ammonium perchlorate thermal behaviour is greatly responsible 
of this response since decomposition of AP grains involves creation of porosity inside the grain (figure 
1). This porosity can be seen as an increase of specific surface offered to the combustion when the 
propellant is ignited. Depending on the level of damage of the propellant and the nature of the casing, 
the combustion can forward into a deflagration and sometimes a detonation. 
The knowledge of the state of the propellant in the pre ignition step is very important to predict the 
thermal behaviour of the propellant at the cookoff test. A better understanding of key parameters 
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running the decomposition may also lead to solutions in order to mitigate the response of composite 
propellants to thermal stimuli. The main objective of the present study is to clarify the influence of the 
confinement on the thermal decomposition of ammonium perchlorate. At this effect, a new device 
with confinement has been built. Experiments have been completed involving different conditions 
(particle size, environment). Results have been interpreted considering a three step thermal 
decomposition mechanism of AP. 
 

 

 Figure 1 : porosity in a particle of PA 160-200 µm heated at 226 °C 
during 2 hours  

 
 
2 ABOUT THERMAL DECOMPOSITION OF AMMONIUM PERCHLORATE 
 
The thermal decomposition of ammonium perchlorate has been studied more frequently than that of 
any other oxygen rich salt. It has been established that the thermal decomposition of ammonium 
perchlorate is rather complex and exhibits several unusual characteristics such as a partial 
decomposition at the range of low temperature [150-300 °C] with formation and growth of nuclei [1-
8].  
Improvements in the understanding of the effect of temperature, as well as the nature of additives and 
the size of particles, on the thermal decomposition of ammonium perchlorate have been completed 
recently [9-12].  
The specific literature illustrates sometimes significant differences [1,2,6] concerning results on 
ammonium perchlorate decomposition : nature of decomposition products or intermediate, kinetics, 
influence of the size of particle, mechanisms of decomposition. 
Experimental conditions, history and shape of the crystal, presence of defects, particle size, additives 
and preliminary treatment appear to be extremely sensitive parameters of the decomposition which 
could slightly explain differences of decomposition products and kinetics. 
Very few results are available today on the confinement effect on decomposition. But a first 
experiments with semi confined cells, presented during ICT conferences in 2006, allow us to consider 
the confinement effect as a key parameter of the decomposition process [13]. Figure 2 presents the 
comparison of results of decomposition of AP during thermogravimetric experiments in different cells. 
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Figure 2: Influence of confinement on the mass loss profile 
(m(t)/m0) 
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The decomposition rate decreases when a confinement is imposed. As a consequence of the principle 
of a thermogravimetric measurement, it was not possible to complete experiments with full 
confinement and for a reason of size of this lab device, it was not possible to complete pressure 
measurements. 
To study in detail the influence of confinement and to reach quantitative information, a new device has 
been built with the following constraints : 
- closed cell 
- pressure measurements despite of mass loss measurements 
- upper amount of heated products 
- possibility to impose initial partial pressure of various gas (N2, Ar, O2) 
The following of the paper is dedicated to the results obtained using this device. 
 
 
 
3 EXPERIMENTAL SECTION 

3.1 PRESENTATION OF THE DEVICE 

A scheme of principle of the device assimilated to a closed vessel is presented in figure 3. 

 
The device (figure 4) is composed of : 
- an oven (1) 
- a regulation system THERMO (2) 
- thermocouples type K (3) 
- a pressure gauge ROSEMOUNT SMART 2088 (4) 
- an acquisition system Keithley 2701 (5) 
- a cell equipped of a cap and TEFLON gasket (6) 
- a draining system (7) 



EUROPYRO 2007 – 34th IPS 

 

 

 

P Pressure 
Gauge 

Valve allowing either a purge of 
decomposition gases or a filling of the 
cell with N2 or Ar  gases  

T

Regulation 
Thermocouple  

Temperature measurement 

Cell 

Oven 

Figure 3 : scheme of principle of the device 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

5 

3 
1 

2 

6 

4 

7 

 Figure 4 : view of different parts of the device 
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3.2 EXPERIMENTAL PROGRAM 

Considering previous works on ammonium perchlorate decomposition [12,13], the study of the effect 
of confinement through 2 parameters : particle size and environment was investigated. The following 
experimental program has been built. Table 1 present the experimental program. 
The heating conditions are the same for all experiments : 3 minutes at 25 °C, a heating ramp of 
10°C/min until 220 °C and an isotherm step during 8 hours. 
 
 

N° Particle size Mass of sample Environment  

1 80-100 µm  0,1 g Air Patm 

2 100 –160 µm 0,1 g Air Patm 

3 160 –200 µm 0,1 g Air Patm 

4 200 –250 µm 0,1 g Air Patm 

5 80 –100 µm 0,1 g Patm + 2 bars Ar  

6 80 –100 µm 0,1 g Patm + 2 bars mixture (20% N2, 80 % Ar) 

7 80 –100 µm 0,1 g Patm + 2 bars mixture (50 % N2, 50 % Ar) 

8 80 –100 µm 0,1 g Patm + 2 bars air (80 % N2, 20 % O2) 

9 80 –100 µm 0,1 g Patm + 2 bars N2

Table 1 : experimental program of heating 
 
In order to estimate the fraction of unreacted product in the manometric vessel, residues of AP have 
been collected and submitted to thermogravimetric experiment in open cell during 2 hours at 220 °C 
for each experiment. The fraction of reacted product in manometric vessel is deduced from the value 
obtained in open cell experiments on pure AP. This assessment of the decomposition extent will be 
compared to pressure measurements. 
 
 
 
4 RESULTS 

4.1 PREAMBLE 
 
An example of pressure signal resulting from experiments in closed cell is presented in figure 5a 
(corresponding to Experiment n°1). The curve can be divided into 2 different parts. The first increase 
of pressure is directly linked with the thermal dilatation of the gas initially present inside the cell 
during the heating at 10°C/min from 25°C to 220°C. Then the pressure signal reaches a constant step 
until the reaction of ammonium perchlorate occurs. This step depends on the initial pressure inside the 
cell and as a consequence in order to compare experiments, the parameter P*=P-Pstep has been 
introduced. Figure 5b presents the curve resulting from this treatment. 
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Some experiments did not produce a perfect step before decomposition. A deviation of the pressure 
gauge due to the thermal insulation of the gauge is suspected. Investigations will be completed to 
decide this point. For the moment, only experiments which present this step are presented. 
 
4.2 EFFECT OF PARTICLE SIZE ON DECOMPOSITION 

 
Figure 6 presents the results for experiments 1 to 4. 
 
 P* (bars) 

 1  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Different results can be extracted from those curves. A first lecture points out that the thermal 
decomposition of AP occurs more rapidly when particle size decreases. Smaller particles have 
important specific surface allowing better heat exchange. Smaller grains meet conditions of the 
decomposition earlier. This result about particle size effect confirms past results in open cell 
configuration. One major difference with open cell configuration concerns the chronology of the 
decomposition. Indeed, in open cell the reaction occurs more rapidly than in experiment with closed 
cell. The figure 7 presents the time of beginning of reaction for experiments 1 to 4 of the present study 
compared to the one in open cell configuration of a past study [12, 14]. The time corresponding to the 
beginning of decomposition has been determined on the signal as the point where the tangent of the 
curve become positive. 
 

Figure 6 : effect of particle size on decomposition 
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Figure 7 : reaction delay in open and closed 
cells for different particle size 
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As a first result, it was observed that confinement delays the beginning of the decomposition.  
The curve presents also a sigmoidal shape characteristic of AP decomposition. At the end of  all 
experiments, to date, the reaction seems to have reached completion (except maybe for particle size 
160-200µm). 
The fact that bigger particle size seems to decompose more than the others is still not explained. 
 
Figure 8 presents results of thermogravimetric experiment on residue of experience 1 to 4. 
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Figure 8 : thermogravimetric experiment on residue of 
experience 1 to 4 and reference 
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The second result of this work is that confinement has not only the effect of delaying the reaction of 
decomposition of ammonium perchlorate but also of reducing it. Indeed, the shape of the curve on 
figure 6 shows that the reaction of decomposition of AP is finished and the figure 8 shows that in open 
cell configuration, the residue decompose again but less than a clean AP. The difference of 
decomposition between pristine particle and residue can be interpreted as the extent of decomposition 
in closed vessel. It can be then concluded that the decomposition is stopped prematurely in closed cell. 
This result is very interesting and suggests a way to mitigate the decomposition of AP by controlling 
its environment. In the next paragraph of this paper, a study of the effect of initial pressure on the 
decomposition of AP will be presented. 
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4.3 EFFECT OF CONFINEMENT ON THE DECOMPOSITION 
 
It is interesting to wonder which mechanism controls the decomposition of AP and which physical 
reason allows AP to decompose more rapidly, and to a wider extent, in open cell than in closed cell. 
The only changing parameter during those two decompositions is the pressure. However, this 
parameter can be seen either as a mechanical or a chemical constraint. 
 
4.3.1 Effect of initial pressure of argon on the decomposition 
 
Figure 9 presents results of a decomposition in closed cell with an initial pressure of air at Patm and 
with a mixture (air at Patm and 2bars Argon). 
 
 

Figure 9 : effect of initial pressure of argon at the beginning of the 
experiment 
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The delay of beginning of the decomposition and the final level of pressure reached at the end of 
experiment are nearly equal for the two configurations. It is concluded that Initial pressure of Argon 
has no effect on decomposition of AP. It confirms past observations of Kraeutle [5] where initial 
pressure of 35 bars of argon had no effect on decomposition of AP. 
 
4.3.2 Effect of initial pressure of nitrogen on the decomposition 
 
Figure 10 presents the result of AP decomposition in different experiments with different initial 
pressure of N2. 
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Figure 10 : effect of different partial pressure of nitrogen on 
AP decomposition 
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The final pressure level reached at the end of those experiments seems to depend on the partial 
pressure of nitrogen at the beginning of experiments in the cell. A first lecture allows us to note that 
the more the initial pressure of nitrogen, the less the final level of pressure. This level is linked with 
the extent of decomposition of AP. An exception is the experiment with air which presents an upper 
pressure step whereas partial pressure of nitrogen is quite important comparing to the three first 
experiments. This pressure signal presents a particularity at 15 000 s. The reaction was decreasing as 
the shape of the curve before 15 000 s illustrates and afterwards a second reaction seems to happen. 
An interpretation could be an oxidation reaction of the decomposition products of AP by oxygen of the 
air. In order to determine which part of the pressure curve is due to the decomposition of AP and 
which part is due to recombination of decomposition products with oxygen, figure 11 presents results 
of thermogravimetric experiment on residue of experience 5 to 9. 
 
 

Figure 11 : thermogravimetric experiment on residue of 
experience 5 to 9 
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Table 2 sums up thermogravimetric results for experiment 5 to 9.  
 
Conditions of decomposition 
in closed vessel 

PN2 m∞/m0 measured by TGA 
under Ar on residues (open 

cell - TG) 

α=mf/m0 calculated closed 
vessel [=m∞/m0)clean AP-

m∞/m0)residu] 
3 bars (2 bars argon + air 
Patm initial) 

0,8 16,4 18,4 

3 bars (2 bars mixture 20% 
N2 - 80 % Ar + air Patm 
initial) 

1,2 17,5 17,5 

3 bars (2 bars mixture 50% 
N2 - 50 % Ar+ air Patm 
initial) 

1,8 19 16 

3 bars (2 bars mixture 80 
% N2 20 % O2+ air Patm 
initial) 

2,4 24 11 

3 bars (2 bars N2 + air 
Patm initial) 

2,8 26 9 

Table 2 : extent of decomposition evaluated in closed cell after TGA experiment on residuals of AP for experiment 5 to 9 
 
 

 α (%)  
 

 25 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Results presented in figure 12 illustrate the effect of partial pressure of nitrogen on decomposition of 
AP. The presence of nitrogen near the surface of the grain has the effect of inhibiting and stopping the 
reaction of decomposition of AP. The higher the concentration of nitrogen at the beginning, the earlier 
the reaction will stop. α corresponds to the extent of decomposition at the end of the experiment in 
closed cell. 
 
The difference of behaviour between argon and nitrogen usually considered as “inert gas” can be 
understood if attention is paid on the nature of decomposition products of AP. The following three 
steps mechanism initially proposed by Jacobs [3] for the two first steps and completed by our own 
work for the final step [12] show that nitrogen is a decomposition product of AP. 
 
 

Figure 12 : representation of the extent of AP decomposition in 
closed cell function of the partial pressure of nitrogen 
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This mechanism allows to understand the effect of an initial introduction of nitrogen to an enclosed 
environment. It tends to modify equilibrium of the third step and, as a consequence, also of the second 
and first steps. In the same way, it is possible to understand the effect of confinement in general (the 
proximity of decomposition products modify equilibrium).  
 
 
 
5 CONCLUSION 
 
The effect of particle size and confinement with various gas on ammonium perchlorate thermal 
decomposition has been examined and resumed in this paper (including gases possibly produced by 
AP decomposition process). Results on particles sizes confirm open cell tendencies (smaller particle 
size decomposes rapidly). However, the decomposition is also delayed when the decomposition 
happens in an enclosed environment and concerns a smaller quantity of AP. Then it has been 
demonstrated that partial pressure of argon gas has no effect on the decomposition whereas nitrogen 
partial pressure inhibits the level of decomposition. According to a thermal decomposition mechanism 
of AP in three steps, the initial presence of gases, which are present in decomposition products of AP, 
tends to modify equilibrium. This phenomenon has a consequence on the possible mitigation of hazard 
during  AP decomposition. The use of a partial pressure of a particular gases (N2) during the storage of 
this energetic material could be a way of interest to mitigate the level of damage during thermal 
aggression of composite propellant. Some modelling involving mechanisms of adsorption/desorption 
are in progress in order to describe quantitatively AP (and AP based propellant) thermal 
decomposition  
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ABSTRACT 
 
MBDA France takes into account the safety of the munitions during all the life phases of the product 
(call for tenders, design, production, use and withdrawal from service), in order to meet the customer's 
requirements. 
This process is integrated in a more general process of Reliability, Availability, Maintainability and 
Safety. 
Safety is built in concurrent engineering by an iterative approach. It is analysed for the normal 
conditions of use and under accidental conditions.  
In the feasibility phase, a preliminary hazard analysis allows to identify the risks, to analyze their 
causes and consequences in term of criticality. The safety architecture which results from this, as well 
as a choice of energetic materials adapted with the requirement, is taken into account in the design 
system. During development phase, safety is assessed simultaneously by probabilistic methods and 
deterministic methods based on tests and safety trials. 
A catalogue of the safety parameters is established and enriched throughout the study. It identifies all 
the safety-critical characteristics. The follow-up of these parameters allows to guaranty “practical“ 
safety in production and use phase.  

 
 
1. INTRODUCTION 
 
The overall aim of the Safety Methodology is to provide a structure approach to the Safety 
Engineering to ensure that hazards in the development, production and operational life cycle of 
MBDA’s products are acceptable. 
 
This methodology is supported by a Safety Engineering Process which is applied to all engineering 
activities, at both system and sub-system level, throughout the company. 
 
 
2. SAFETY ENGINEERING PROCESS 
 
The Safety Engineering Process is applicable to all phases of the product life from concept exploration 
during pre-development through to in-service support and disposal activities. Thus the process 
supports and is applied to all the following MBDA processes : 

• Win an contract, 
• Manage projects and develop products 
• Manufacture products 
• Support products and customers 
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The safety engineering process is not a stand-alone process but it closely interacts with other 
processes. 
Safety engineering process is integrated in a more general RAMS (Reliability Availability 
Maintainability Safety) process included itself in the system development. Interaction are presented in 
Figure 1. 
 
 
2.1. DESCRIPTION OF THE PROCESS 
 
The goal of the safety engineering process is to achieved products that satisfy the identified safety 
requirements. 
 
The process covers : 

• The management of the safety of the product from conception to the qualification and the 
subsequent support of the product during use and finally to product disposal 

• The identification of hazards, 
• Iterative Hazard Analysis with the aim of ensuring that the design will be compliant with 

safety requirements, 
• Design rules to minimize the likelihood of design faults. 

 
An outline of the Safety engineering Process is presented in Figure 2. 
 
2.2. SAFETY MANAGEMENT 
 
Safety management requires : 

• Creation and maintenance of an appropriate Safety Plan, 
• Establishment and apportionment of Safety requirements down to sub-system and equipments, 
• Review of design and associated recommendations from hazard analysis, 
• Reporting of analyses and justifications that Safety requirements are met, 
• Justification that design and development has been performed in accordance with appropriate 

national legislation, international standards, contractual standards and requirements for the 
safety, 

• Strategy for the involvement of subcontractor. 
 
 
3 PRELIMINARY HAZARD ANALYSIS 
 
Preliminary Hazard Analysis is carried out at the beginning of development phase to identify hazards 
associated with the product and between the product and other items of the environment throughout 
the product life cycle. 
 
Each Hazard will be characterized according the consequences in term of  severity and the probability 
of occurrence. The probability allocation will depend on severity classification as presented in Figure 
3. 
 
Hazard classification are in line with AOP 15 / STANAG 4297 [1]. 
 
Severity categories generally used : 

• Catastrophic : death, loss of system 
• Critical : severe injury and severe damage of system 
• Marginal : minor injury and minor damage of system 
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Probability categories generally used : 

• Improbable : unlikely to occur (< 10-6) 
• Remote : unlikely but possible in the system life (10-6 – 10-3) 
• Occasional : likely to occur sometime in the life of the system (10-3 – 10-2) 
• Probable : will occur several time (10-2 – 10-1) 
• Frequent : likely to occur often (> 10-1) 

 
The process of hazard identification is a continuous process starting with the Preliminary Hazard 
Analysis initiated during product concept formulation and going on with the system Hazard Analysis 
during product development. 
 
 
4 HAZARD ANALYSIS METHOD 
 
Hazard Analysis will be carried out : 

• to establish the consequences of each identified  hazard and associate the severity of any 
subsequent accident, 

• to evaluate the probability of each identified  hazard by identifying the root causes, 
• to recommend and assess effectiveness of design modification to reduce the consequences or 

the probability of the hazard, 
• to assess the level of compliance with Safety requirements. 

 
This analysis is carried out for : 

• normal environment : domain defined by specifications in which safety must be maintained at 
the highest level with nominal performances 

• abnormal environment : extension of normal domain where correct operation is not any more 
ensured and performances are degraded, but safety has to be maintained at the highest level 

 
Justification of compliance with Safety Requirements will rely on : 

• a qualitative analysis with description and number of safety barrier, 
• a quantitative analysis based on Fault Tree, FMECA and Strength / Stress Method, 
• a determinist analyse based on trials results 

 
 
Probability of occurrence in quantitative analysis will rely on : 

• Reliability Data (MIL HDBK 217 [2], UTE C 80-811 (FIDES Guide) [3], NPRD [4], 
manufacturer data) 

• Maintenance policy (test periodicity and coverage ratio) 
• Strength / Stress Method 
• Data from trials 
• Data from experience (feedback from manufacturer) 
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5 SAFETY IN ACCIDENTAL SCENARIOS – INSENSITIVE MUNITIONS 

(IM/MURAT) 
 
In the accidental domain, or after passage in this domain, safety cannot be maintained with the same 
level as previously and the product is not any more used without preliminary expertise. 
 
The safety assessment should cover all possible threat scenario to the munition during its complete life 
cycle and the munitions have to be designed in order to minimize the probability of inadvertent 
initiation and severity of subsequent collateral damage to the other munitions or to their environment. 
 
5.1 Qualitative assessment from trials 
 
Aggression of this domain (drop, fire, bullet impact, etc, …) are used to characterize the level of 
insensitivity. Safety analysis rely on full scale testing carried out in accordance either with STANAG 
4439 [5] and the associated AOP39 [6] or with the MURAT French Doctrine [7]. 
 
Threats can be classified in 3 categories : 

• Thermal aggressions, 
• Mechanical aggressions, 
• Electrical aggressions. 

 
Representative stimuli are defined in specific test STANAG : 

• fast heating (STANAG 4240 [8]), 
• slow heating (STANAG 4382 [9]), 
• bullet impact(STANAG 4241 [10]) , 
• light fragment impact (STANAG 4496 [11]), 
• shaped charge jet impact (STANAG 4526 [12]), 
• sympathetic reaction (STANAG 4396 [13]). 

 
Following aggressions are specific to the MURAT French Doctrine : 

• electric or electromagnetic, 
• drop 
• heavy fragment impact. 

 
A level of reaction (I à V) is associated to each aggression and characterize the sensitivity of 
pyrotechnic  : 

• type I :  detonation 
• type II :  partial detonation 
• type III :  explosion 
• type IV :  deflagration – non violent pressure release 
• type V :  burning 

 
According to the level of reaction associated to the considered aggression, STANAG 4439 [5] defines 

a level of requirement to each threat and the munition is characterised by a signature. According to the 

IM level attained by a munition in a given configuration, Nations can attribute labels of IMness ; for 

French Doctrine, a MURAT label is given to the munition (MURAT*, MURAT**, MURAT***). 
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In any case, National Authority may approve the introduction into service of munitions that fail fully 

or partially to the IM requirements. 

An IM assessment may encompass the full range of testing, subscale testing, modelling, and analyses 

used to develop increased confidence in the IM response of a munition all along its life cycle. A 

methodology is presented in the AOP 39. 

This methodology has been used by MBDA in order to get the MURAT** for the BANG 125kg or the 

MURAT* for APACHE or SCALP EG 

 
5.2 Quantitative assessment (ODS demonstration) 
 
For safety analysis on Nuclear environment, likelihood of occurrence of combustion, explosion and 
detonation events according to aggression have to be quantified. 
 
This analysis is based on modelling, trials and strength / stress calculation. 
 
Process used to quantify the level of reaction and the associated probability is based on strength / 
stress method : 

• Identification of failure modes and failure causes for sensitive parts with identification of 
strength / stress parameter specific to each failure mode associated to the aggression, 

• Identification of events combination leading to initiation of pyrotechnic compositions and to 
combustion, explosion and detonation effects, 

• Determination of the resulting aggressions on the sensitive parts from modelling or tests, 
• Characterization of stress parameter from resulting aggressions and strength parameters for 

the sensitive parts, 
• Probability estimation and level of reaction for each critical element, 
• Safety evaluation considering event combination. 
 

 
6 OPERATIONAL SAFETY IN PRODUCTION AND USE 
 
 To ensure that design safety level will not be degrade by manufacturing and use process, safety 
critical items are identified with the characteristics which could degrade safety when they do not 
conform with their definition (nature of materials, size, mechanical and electrical features, 
reliability,…) 

 
To comply with safety requirements, necessary tests or inspections are defined as use process with 
associated means and warnings. 
 
During all the operational use life, this parameters will be monitored to ensure that any modifications 
will not degrade the safety level. 
 
 
7 SAFETY CONTRACTUEL DOCUMENTATION 
 
At the beginning of development, a safety plan is produced towards our customer ; this plan presents 
the main tasks that will be carried out during development to ensure the safety level as methodology 
and justification. 
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This plan is declined towards the equipment designer. 
 
Safety requirements justification are given throw Safety reports (in general preliminary and final) 
prepared according French DGA S-CAT guide N° 17201 [14]: 

• Ammunition description and functioning, 
• Environmental domain and mission profile definition, 
• Safety requirements and standards, 
• Justification of requested standards application 
• Preliminary Hazard Analysis (Hazard identification) 
• Hazard Analysis (description, consequence, hazard quantification), 
• Safety trial results, 
• Non compliance and corrective actions 

 
 
8 ACRONYM 
 
ALARP As Low As Reasonably Possible 
FMECA Failure Mode Effect and Criticality Analysis 
ILS  Integrated Logistic Support 
IM  Insensitive Munition 
MURAT Munition à Risques ATténués 
ODS  Objectifs détaillés de Sécurité (Safety Detailed Objectives) 
RAMS  Reliability, Availability, Maintainability and Safety 
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Figure 1 : RAMS Engineering Process – Overview of interfaces 
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1 Introduction 

Rocket motors for tactical missiles developed by Roxel  must satisfy, in addition to the functional 
performances, with safety and IM requirements. The respect of these requirements should not 
impact onto the Rocket Motor (RM) cost. This safety requirement becomes particularly pertinent 
when the RM are integrated into the weapon systems contained on ships, aircraft carriers or 
submarines. Indeed, the safety of these ships is closely related to that of the contained ammunition, 
in particular because of the storage density of these ammunition. An accident on one of them can 
propagate quickly with the others and thus endanger the survival of launch platforms and the 
personnel. The catastrophes experienced in the past by the Navy are the witness. 

This is why the first studies carried out for a new weapon system are to establish all of the safety 
requirements. These requirements are then transferred onto the ammunition of which the rocket 
motor is a subset. 

This paper presents the steps followed by Roxel  in the field of the numerical simulation applied to 
the safety requirements. For a few decades, these requirements have been increasing in importance. 
They are even taken into account in the first studies. Their importance is at the same level as the 
operational requirements. The accidental incident requests will have developed more particularly by 
the thermal and mechanical threats “low and average speed”. Instrumented tests carried out on 
objects or mock ups, combined with simulations, feed and validate the process of modelling. They 
not only make it possible to give confidence in the numerical simulations, but also to further improve 
the modelling due to the data collected during these tests. The closer the measured information is to 
what was predicted, the more the credit granted to calculations is significant, since it thus makes it 
possible to decrease the development cost by reducing the number of tests. 

2 Roxel calculation means 

Today these improvements are made possible thanks in particular to the increased  power of 
computers and conjunctively the progress of the computer codes which make it possible to increase 
the complexity of the  models and thus to replicate  more accurately the tests carried out. The 
numerical simulations are carried out with the computer code of structures and thermal transfers 
called ABAQUS  in its Standard  version for the thermal threats and in its Explicit  version for the 
problems of impact and drop. The material used is a calculation server of HP Itanium  dual processor 
equipped with 16 Gb of RAM and a disc capacity of 300 Gb. 

Problems of dynamics, dealt with by ABAQUS Explicit , need an increased computing power. The 
time of simulation varies linearly with the physical duration which one wishes to simulate. A “slow” 
event of 1 second will require a simulation time 1000 times superior than that of a “fast” event of 1 
milli second with the same numerical model. The time of simulation also depends on the size and the 
smoothness of the model. The limits of the capacities of the material are reached very quickly 
because the duration of a simulation cannot exceed prohibitory values. It is currently considered that 
this limit is one week. This is why the need for increasing the computing power is all the more 
pressing since the cost of the machines is not any more a restrictive factor. 
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3 Thermal threats 

Rocket motors with solid propellant contain a considerable quantity of energy stored in the shape 
of a block. Under nominal conditions, this energy must be released in the form of thrust so that the 
RM achieves its goal. If by accident, this release of energy does not occur under the conditions 
envisaged, the effects on the environment can be catastrophic. The effects produced at the time of 
accidents of this kind can be more or less intense. 

Detonation is the worst possible case. A shock wave accompanied by high speed projection of 
small metallic fragments is propagated in the vicinity causing significant lethal effects as well as 
damage to structures. Explosion, which from the physical point of view can be a bursting of tank, has 
an effect less devastating than that of a detonation. In the ranking of pyrotechnical accidents, 
combustion is that which has the least frightening effects. This is why it is essential to very quickly 
know during the development the behaviour of a rocket motor subjected to such threats. It can be a 
question for a high level threat such as an external fuel fire but also for a much weaker level such as 
for example the exposure for significant durations in hot climates, this situation is met in the desert. 

The exposure to levels of temperature lower than the values which produce an auto-ignition does 
not guarantee however an absence of a reaction when this exposure is sufficiently long. This point 
will be discussed hereafter. Rocket motor with solid propellant can contain two types of energetic 
materials: 

- The solid propellant which as its name indicates it contains mechanical characteristics specific 
to a solid. Its modulus of elasticity varies according to the temperature and the speed of burning from 
a few MPa to a few hundred MPa. The solid propellant provides the propulsion for the rocket motor. 

- Powders possibly contained within the ignition system. There are the primary powders and the 
secondary powders. They are contained in powder form or in the form of small pellets. The primary 
powders are present in very small quantities. They are initiated electrically and are, in general, much 
more sensitive than the secondary powders. The energy released during their initiation is transmitted 
to the secondary powder and then to the solid propellant. In certain ignition systems, the secondary 
powder can be replaced by a micro rocket. 

All of these materials are characterised so as to quantify their capabilities with the various safety 
tests: friction sensitivity, to weak or intense shocks, electrical and thermal behaviour. 

All of these characterisations are established according to protocols created so as to classify and 
compare the products. With regard to the thermal tests, this is indicated in France by the acronym 
TACP (Temperature d’Autoinflammation par Chauffage Progressif), which means Self Ignition 
Temperature by Progressive Heating. This characterisation is carried out on very small quantities of 
EM (some mg) so that the thermal transfer by conduction can be regarded as negligible. 

This remark on the small quantity of the samples makes it possible to introduce problems related 
to the mass and thus to the dimensions of the pyrotechnical objects. That more particularly relates to 
the propellant loading. It is about the heat generation created within a large number of energetic 
materials. When this heat cannot be evacuated through the material because of its dimensions, then 
this can lead to the phenomenon of thermal explosion. This point will be detailed later. One will 
expose in particular how the materials are characterised and the way of taking into account this 
phenomenon in the numerical simulations. 

The following examples will make it possible to illustrate how the numerical simulations and the 
instrumented tests interact so as to model in an adequate way the thermal aggressions for a given 
motor. Table 1 herafter illustrates the values of the various pyrotechnical components which one 
finds in the tactical missile rocket motors. 

Product TACP (°C) 

Solid propellant 275 

Primary Powders 300 

Secondary powders (powder) 350 

Secondary powder (pastilles) >400 

Table 1: Ignition characteristics of products. 
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4 Fuel fire 

The characteristics of a liquid fuel fire are governed by document STANAG 4240 ed 2 . This 
document specifies that the recorded temperature must exceed the value of 550°C in less than 30 
seconds after the flashover of the hearth. The average temperature must be higher than 800°C. It 
should be noted that in edition 1 of this STANAG  the average required value was 870°C, which one 
finds for the tests and simulations realized before the notification of edition 2. 

Thermal transfers to the border of the model are done by convection and radiation. The value of 
the coefficient of exchange is taken in a conventional way and for historical reasons as 150 W/m ². K. 

The following graph illustrates the variation which can exist between the modelling and the 
measurements carried out on a fuel fire. It is also known that the recorded temperatures depend on 
the position of the thermocouples in the hearth. The wind can also have an influence. This is why, 
there exists in STANAG 4240  recommendations on this subject. 
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Figure 1: experimental and conventional thermal loa ds 

The conventional thermal load used in prediction calculations is higher compared to what is 
measured under test. That does not constitute a handicap, but on the contrary gives a reserve of 
confidence in the prediction. If the requirement over the duration of an absence of reaction is held in 
the prediction, it will be largely held under test. Thus, during the development of a propulsion system, 
the simulation of the fuel fire was carried out. The requirement for behaviour to fire, calculated with 
severe assumptions was undertaken. The test carried out thereafter showed that the time 
requirement was largely held since there was a reaction 309 seconds after the ignition of the fire, that 
is to say 279 seconds in standardised time. The reaction time has been identified by the ejection of 
the rear end of the motor, thus exposing the propellant to the flames. The three following pictures 
illustrate this sequence. 

 

Figure 2: pictures of the fuel fire test. 

The precursory event for the ejection of the rear end is not precisely known. Three assumptions 
can be proposed. Each one received a degree of probability. The assumption with the highest 
probability is that the TACP of the primary powder contained in the initiator is reached. A three-
dimensional model of the rear zone has been carried out in order to validate by calculation this 
assumption. The results obtained are in agreement with the fuel test. In this simulation, we have 
used the thermal temperature recorded during the test. 

Rear end ejection Propellant ignition 
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The images below illustrate these simulations, which are again closely linked to experimental 
situation as we use in calculation an experimental input. The complexity of the numerical model near 
the initiator is also adapted to show that EM of initiator can reach its TACP in the measured reaction 
test time. The vicinity of initiator is described very precisely. We can thus observe on picture 
hereafter that heat is transmitted mainly by conduction via the thin metal sheet which maintains the 
initiator. 

 

Whole model of rear  end 

 

initiator maintained by the metallic sheet 

 

Initiator alone 
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Temperature measured at the rear 
Figure 3: Rear end model and experimental thermal l oad. 

Other thermal threats in connection with the fuel fire can also be calculated and analysed. In 
particular it could be the modelling of the heating of a rocket motor placed near a fire. The thermal 
loads then are different and are presented hereafter. The following table gives the requirements 
expected for several thermal loads on a motor as and the level of reaction. 

The values of the temperatures which appear in the first line of this table are clearly in lower than 
TACP, but that does not guarantee for all that absence of a reaction.  It will be discussed in the 
paragraph which follows how the generation of heat is taken into account in the numerical 
simulations. 

Thermal aggression Performance required 

115°C during 30 hours 
150°C during 3 hours No pyrotechnics reaction 

300°C « convective » 

-T< 80% of the T.A.C.P during 20 min 
-no reaction during 40 mn 
-reaction level IV or V beyond. 

300°C « radiative » 

-T< 30% of the T.A.C.P during 3 min 
-no reaction during 10 min 
-reaction level IV or V beyond. 

Fuel fire 

-T< 50% of the T.A.C.P during 1 min 
-no reaction during 3 min 
-reaction level IV or V beyond. 

Table 2: Example of thermal loads and requirements.  
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5 Modelling of the self heating (cook off) 

Composite propellants, subjected to a moderate thermal environment, have the characteristic to 
react and sometimes very violently. This behaviour originates in a release of heat which takes place 
inside the material. When this heat cannot be evacuated, there is a rapid increase in the temperature 
and fast decomposition of the propellant. The reaction can be either a simple combustion, or a very 
violent explosion of which the effects are connected sometimes with those of a detonation. 

The differential equation which governs this behaviour is the equation of heat with a source term. 
ABAQUS solves as standard the equation of heat without the source term but one can utilise the 
option *HEAT GENERATION  and coding in a typical manner for source term to deal with this 
problem. Various models of heat generation are possible. One such model is based on kinetics of 
Arrhenius. 

An expression of the source term is as follows: 

)
.

exp(...
TR

E
zQr

a−= ρ&  

The relationship presented above has only one kinetics represented by a triplet of constants (Q, 
Z, Ea) where Q is the specific heat of reaction, Z is the factor of frequency, Ea is the energy of 
activation. The other terms are: ρρρρ the density, R the constant of perfect gases, and T the absolute 
temperature. Other forms of the source term can be used. One can thus utilise several kinetics of 
endothermic reaction and exothermic. The choice is mainly guided by the quality of the adjustment of 
the couples (Te, t in) calculated with the experimental values measured at the time of the test of 
sample characterisation. 

This test consists of carrying out a series of tests intended to determine a maximum temperature 
of non reaction of samples of energy-generating products. The products tested can be propellants or 
explosives but also all other produced in industry which are likely to react under the effect of a 
“moderate” thermal request. 

The samples are cylinders (φ 50 mm, H 50 mm) placed in an aluminium container. Each sample 
is introduced into an oven and heated to a given temperature T. For each test temperature , one 
raises the reaction time which in the presented terminology calls time of induction Ti. 

A certain temperature range is thus explored. In composite propellants, there is a temperature in 
the lower part of which the product does not react any more. This temperature is called maximum 
temperature of non reaction. With the top of this temperature, times of induction are very long and 
decrease when the temperature of the oven is increased. A numerical tool makes it possible to 
extract from the sets of values (Ea, Q, Z) which produce these couples (Te, Ti). When these values 
are given, it is possible to simulate the heat generation on the motor geometry. The following graphs 
illustrate the results obtained. 

These calculation lead to the establish the “motor induction curve”. This curve gives the reaction 
time as function of the ambient temperature. 
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Figure 4: Simulation of the cook-off test. 
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Initiation in heart 

 
Localization of initiation according toambiant temperature 

 

Initiation on the surface 

Figure 5: Simulation of the cook-off test 
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6 Mechanical threats 

The mechanical threats in question in this part are relatively “moderate”. It is not a question of 
high energy collisions such as those from fragments resulting from the detonation of a warhead for 
example. It is mainly about dropping a mass onto a rocket motor or dropping a motor onto the 
ground. The mass of these objects lies between 1 and a few tens of kilogrammes and the drop 
height ranges 1 and 10 metres. For this field of request, the requirement level to aim for is an 
absence of reaction. Indeed, a consecutive pyrotechnical event with such a request cannot be 
possible. In certain significant cases, the response to this type of aggression can be expressed in the 
form of an appearance probability of a pyrotechnical event: detonation, explosion, combustion or 
propulsion. The following table gives an example of the form which the safety requirements related to 
these aggressions can take. 

dreaded event 
Probability of appearance 

Detonation Explosion  Combustion  propulsion  

Fall of punching object (bracket) 
M < 20 kg, h < 1 m 

1. 10-(n+2) 1. 10-(n+1) 1. 10-n 1. 10-n 

Fall of punching object (attaches) 
M < 36 kg, h < 0.5 m 

1. 10-m 1. 10-m 1. 10-m 1. 10-m 

Fragment of O2  shell 
M < 1 kg, Vinit. < 40 m/s 

1. 10-k 1. 10-k 1. 10-k 1. 10-k 

 
Table 3:.Probalistic response of mechanical threats  

 

In other cases, the absence of rupture of the motor envelope can be an additional requirement 
so as to eliminate the risk of dispersion of the energetic materials. 

The drop test instruments are accelerometers in order to allow the comparison with associated 
calculations. Also the drop is filmed in high speed video so as to closely compare the test with the 
numerical simulation. Predictive calculations are always done under idealised conditions: thus in the 
case of a motor drop onto the ground, the impact on the ground is done without any incidence. In 
reality, there is quite always an incidence. It is thus necessary to repeat the simulation of the fall to 
take account of this variation because the consequences result in different behaviours to the 
structural parts. The following images illustrate this remark. 

  
 

Figure 6: Drop test of propulsive system and FE mod el. 

Measurements of acceleration are exploited in order to check the compliance with those 
resulting from the simulation. The example presented cases with dropping onto a level ground, but it 
is sometimes asked to consider the case of dropping onto an angled ground, with impact on the 
conduit or flat regions. The following images illustrate this situation. 
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Figure 7: Numerical simulation of RM vertical drop test on corner iron. 

The following images illustrate the effects on the propellant grain when a motor is dropped in a 
vertical position onto the ground. The propellant grain is much more flexible than metal structures, 
the deformations induced by the shock are significant. Additionally calculations show that the 
propellant grain comes into contact with the thermal protection, thus highlighting a risk of penetrating 
the propellant or crushing the ignitor unit (not modelled). If this is the case, one can also consider a 
risk of friction of the compressed powder, presenting the possibility of an initiation by friction. One 
can also observe in these images the progression of the elastic wave and the superposition with that 
created by the propellant grain contact with the RM aft end 

 

Figure 8: Vertical drop of RM, elastic waves and im pact of grain on aft end. 

In the field of the mechanical threats, as previously highlighted for the thermal threats, the level 
of modelling must be adapted to the required goals. Thus, like the following example, it is illustrated by 
dropping nut onto the structure of a motor. The nut impacts the structure on a vertex since this is the 
worst situation because it is in this configuration that the penetration effort will be the least. The drop 
on an edge or flat is much less severe, because the load will be distributed. We can also link the 
relative position of nut with impacted structure with a probability. In order to illustrate the simulations 
carried out by Roxel  in this field, the following images present the impact of 2 different objects on a 
motor case section. These two impactors are modelled as no deformable heavy objects. It is still a 
severe assumption for the material, since the impactor does not absorb energy during the collision. 
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These examples illustrate Roxel  possibilities in the field of dynamic calculation loads on RM 
motor cases. This type of simulation is representative of those that can be conducted for mechanical 
threats such as Bullet or Fragment Impact to reach the level of induced shock or heat generated by 
plastic deformation. 

  

  

Figure 8: Nut and clamp impacting a case. 

The following pictures show a heavy metallic conventional cube impacting and drilling a structure 
.For this simulation, the impactor was considered as deformable. The first picture shows the model at 
initial time: the objects are in contact.  

   

   

 

Figure 9: Moderate high speed impact of heavy metal lic conventional fragment. 
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7 Conclusions 

The examples described in this paper illustrate how simulations and tests are complementary in 
order to better understand the mechanisms which occur for accidental threats on the solid rocket 
motor with propellant. The progress made in the last few years by Roxel  in this field is significant, 
there is considered to be lots of improvements within a short time. Among the effects which one can 
simulate with the currently available tool, the adiabatic heating caused by the plastic deformation, that 
induced by friction, can be modelled. These heating effects can bring the pyrotechnical products to 
the threshold of initiation. The analysis must also improve the probability component at the same 
time since the real world is not deterministic, but the answers to which the industrialist must bring in 
the safety field must be expressed in these terms. 
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TACTICAL ROCKETS MOTORS IM DEMONSTRATORS

oAfter theoritical and/or full-scale evaluation of reference rocket motor response, 
existing motors have been modified by adaptation of new concept.

oTheoritical calculations have been performed to validate and compare new 
concept interest, then for the most attractive solutions demonstrators have been 
manufactured and tested

In order to improve IM response of rocket motors to thermal and 
mechanical stimuli, Roxel has conduct several ways of investigation.

The poster presentation shows recent works and/or results on 
various rocket motors with calibre from 120 to 240 mm.

The design of these rocket motors take into account steel, 
aluminium or hybrid case with composite, double base, new 
gap binder or XLDB propellants, sometimes associated with 
specific device introduced to improve response to SCO stimuli
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TACTICAL ROCKETS MOTORS IM DEMONSTRATORS 1/2

Status Type
Calibre   
(mm)

Propellant Case Device
Tested 
Stimuli

Modelisation

1 Qualified 
Anti ship 
booster

128
Reduced smoke HTPB   
High burning rate

Aluminium
FCO - BI - 
12m Drop

2 Evolution 
existing motor

Anti tank 136 EDB Hybrid FCO - BI

3 Technology 
demonstrator

Hypervelocity 140 XLDB Composite Grain architecture FCO - BI

4 IM Technology 
demonstrator

Anti tank 150
Reduced smoke HTPB   
Low burning rate

Hybrid Low temperature Igniter SCO

5 IM Technology 
demonstrator

Anti tank 150
Reduced smoke HTPB  
Medium burning rate

Hybrid Low temperature Igniter FCO - SCO Yes

6 Qualifed Anti tank 150 CMDB Hybrid FCO - BI Yes

7 Qualifed Anti tank 152 CDB Hybrid FCO - BI Yes

8 IM Technology 
concept

Anti tank 152 GAP Propellant Hybrid FCO - BI
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TACTICAL ROCKETS MOTORS IM DEMONSTRATORS 2/2

Status Type
Calibre   
(mm)

Propellant Case Device
Tested 
Stimuli

Modelisation

9
IM Technology 
demonstrator

All type 160 Aluminised HTPB Steel Intumescent coating  FCO

10
Modified 
existing motor

Ground to 
ground

227 Aluminised HTPB Steel
Intumescent coating   
Low temperature Igniter              
Groove

FCO - SCO

11
IM Technology 
concept

Ground to 
ground

227 Aluminised HTPB Steel
Thermal protection            
Low temperature Igniter              
Groove

FCO - SCO - 
BI - FI 

12 Development
Anti ship 
booster

235
Reduced smoke HTPB   
Low burning rate

Aluminium
FCO - BI - 
12m Drop

Yes

13 Development Air to Ground 240
Reduced smoke HTPB   
High burning rate

Aluminium
Extra internal thermal 
protection

FCO - BI Yes
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TYPE V REACTION at 57s TYPE V REACTION

BOOSTER: Aluminium Case ( ≈≈≈≈2 mm thickness)
HTPB Reduced smoke Propellant  (15 Kg)
Motor Caliber 128 mm - Lenght 1200 mm

1 ANTI SHIP MISSILE BOOSTER

NO REACTION

FCO : one Test
12 m Drop : 

one Test BI : one Test 
(12.7 mm 860 m/s)
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2 EVOLUTION OF EXISTING MOTOR

Anti Tank Sustain Motor: Hybrid case (KOA)
EDB Propellant  (2 Kg)
Motor Caliber 136 mm 

FCO : one Test

TYPE V REACTION

BI : one Test 
(12.7 mm 850 m/s)

NO REACTION
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Hypervelocity Rocket Motor: Composite case (Carbon F iber)
XLDB Smokeless Propellant  (25 Kg)
Motor Caliber 140 mm Lenght 1670 mm
Case Bonded Rod and Tube Grain

3 TECHNOLOGY DEMONSTRATOR

FCO : one Test

TYPE V REACTION at 34s

BI : one Test 
(12.7 mm 850 m/s)

NO REACTION
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4 & 5 IM TECHNOLOGY DEMONSTRATOR

BOOSTER: Hybrid Case (KOA)
HTPB Reduced smoke Propellant  (3 Kg)
Motor Caliber 150 mm

Internal body insulation 

(Increase reaction delay for FCO stimuli)

Propellant 

(Low or Medium burning rate)

Burst disk with 
intumescent paint

Low temperature Igniter



This document is the property of Roxel and must not be copied, reproduced, duplicated nor disclosed to any third Party, nor used in any manner whatsoever without prior written consent of Roxel. © Roxel 2006

Page 9
EUROPYRO 2007 :                       
IM demonstrator

4 & 5 IM TECHNOLOGY DEMONSTRATOR

FCO : one Test Reaction : type V at  3’43’’

Reaction : Type IV « Propulsion »

Maximum Propellant temperature = 193°C
� (Propellant self-ignition temperature = 227/270°C)

� 173°C = EDB self-ignition temperature

(Expected FCO time reaction 3’20”)

SCO: two tests at 139°C for low burning rate
at 140°C for medium burning rate
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With first design of the rocket motor: - violent react ion to FCO test
- metal fragment ejection to BI test

6 ANTI-TANK MAIN MOTOR LONG RANGE

Anti-Tank Main Motor First design Maraging case 
External insulation
Motor Caliber 150 mm 

Fast Cook Off modelisation: Rocket motor in its tactical launch tube

Temperature profil

at t = 98s

Temperature profil

at t = 230s

Auto ignition of the propellant 

at t = 350s
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6 ANTI-TANK MAIN MOTOR LONG RANGE

Anti-Tank Main Motor Final design Hybrid case (KOA)
Internal elastomeric insulation
CMDB Propellant (7 kg)
Motor Caliber 150 mm 
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curvilinear abscissa (mm)

Temperature (°C)

Thermal modeling on modified grain 
and protected igniter

BURST PRESSURE TEST

FCO : two tests

TYPE V REACTION
At 230s test n°1
At 164 s test n°2 

BI : five tests
(12.7 mm 850 m/s)

TYPE V REACTION (2)
NO REACTION (3) 
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7 ANTI-TANK MAIN MOTOR MEDIUM RANGE

�EDB propellant igniter with external thermal insulat ion
�Safety venting system with black powder

Anti-Tank Main Motor Hybrid case (KOA)
Free standing grain bonded on front end
Dual CDB Propellant (4 kg)
Motor Caliber 152 mm 

FCO : one test

Fast Cook Off  with Rocket motor in its tactical launch tube

TYPE V REACTION
At 323 s
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8 ANTI-TANK IM TECHNOLOGY CONCEPT

Anti-Tank Main Motor Hybrid case (KOA)
Free standing grain bonded on front end
GAP Propellant (~4 kg)
Motor Caliber 152 mm 

FCO : one test

TYPE V REACTION
At 240 s

TYPE V  NO REACTION

BI : one Test 
(12.7 mm 844 m/s)
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R.M. CONFIGURATION DELAY UP TO
REACTION

TYPE OF
REACTION

I Completely protected 4'  18'' III

I With an unprotected zone 2'  30'' V

I Without protection 1'  37'' III

II Completely protected 7' IV

II With an unprotected zone 4'  22'' V

II Without protection 1'  15'' III

9 IM TECHNOLOGY DEMONSTRATOR

Rocket Motor: Steel case
HTPB Propellant  (24 Kg)
Motor Caliber 160 mm
Protected with 2 mm of intumescent coating 

FCO : six tests
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R.M. SET UP FOR FUEL FIRE TEST

TYPE V REACTION

9 IM TECHNOLOGY DEMONSTRATOR

FCO 
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10 MODIFICATION OF EXISTING MOTORS

Rocket Motor: Steel case (<3 mm thickness)
Alumised HTPB Propellant  (98 Kg)
Motor Caliber 227 mm Lenght 1980 mm

FCO four  tests

� 1 Test with a nominal rocket motor (named “Referenc e”)

� 3 Tests with a modified rocket motor:

•A : One longitudinal case modification (outside)

•B : Rocket Motor coated with an intumescent paint, except for a longitudinal 
zone of 20 mm wide without paint

•C : Combination of modification A & B, with the case modification located in 
the middle of the unpainted zone

� Classical Igniter for the 4 specimens

SCO two  tests

� 1 Test with a nominal rocket motor (named “Referenc e”)

� 1 Tests with a modified rocket motor:

•D : One longitudinal case modification milled on the case (outside)

Low temperature igniter 
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TESTS CONFIGURATIONTESTS CONFIGURATION

TEST ON THE REFERENCETEST ON THE REFERENCEFCO: four tests

TESTS ON MODIFIED MOTORTESTS ON MODIFIED MOTOR

The presence of the case modification lead to a red uction of the weight of ejected parts, 
as well as a reduction of the overpressure values ( lowest TNT equivalent)

Configuration A Configuration B Configuration C

10 MODIFICATION OF EXISTING MOTORS

Reference & Conf. A Conf. B & C
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TESTS CONFIGURATIONTESTS CONFIGURATION
�Temperature of reaction : 192°C

TEST ON THE REFERENCETEST ON THE REFERENCESCO: two tests

TYPE I REACTION (TNT equivalent)
overpressure and fragments effects

TEST ON MODIFIED MOTORTEST ON MODIFIED MOTOR

�Temperature of reaction : 137°C

Significant improvement of the rocket motor response

TYPE III REACTION
overpressure and fragments effects

10 MODIFICATION OF EXISTING MOTORS
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11 IM TECHNOLOGY CONCEPT

Rocket Motor: Steel case (<3 mm thickness)
Alumised HTPB Propellant  (98 Kg)
Motor Caliber 227 mm Lenght 2250 mm

Internal thermal protection
Internal longitudinal case modification
Low temperature igniter

FCO : one Test

TYPE V REACTION at 193 s
TYPE IV REACTION (Propulsion)

BI : one Test 
(12.7 mm 857 m/s)
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11 IM TECHNOLOGY CONCEPT

Rocket Motor: Steel case (<3 mm thickness)
Alumised HTPB Propellant  (98 Kg)
Motor Caliber 227 mm Lenght 2250 mm

Internal thermal protection
Internal longitudinal case modification
Low temperature igniter

SCO : one Test

TYPE III REACTION

TYPE IV REACTION

FI : one Test 
(18.6 g  1754 m/s)
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TYPE V REACTION at 2’ 50’’ TYPE IV REACTION
Due to overpressure at 15 m

BOOSTER: Aluminium Case ( ≈≈≈≈7 mm thickness)
HTPB non aluminised Reduced smoke Propellant  (50 K g)
Motor Caliber 235 mm - Lenght 1200 mm

12 ANTI SHIP MISSILE BOOSTER

NO REACTION
FCO : one Test

12 m Drop : 
one Test BI : one Test 

(12.7 mm 857 m/s)
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TYPE V REACTION at 286 s

SUSTAIN: Aluminium Case (<3 mm thickness)
HTPB Reduced smoke Propellant  (28 Kg)
Motor Caliber 240 mm - Lenght 700 mm

13 AIR TO GROUND MISSILE ROCKET MOTOR

FCO : one Test

� Extra internal thermal protection 
� Protected burst disk
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1 ABSTRACT 
 
Multiple electromagnetic gauging has been used to make in-situ measurements of 
particle velocity in neat and chemically sensitized nitromethane (NM) undergoing a 
shock-to-detonation transition (SDT). The aim of these measurements was to increase 
understanding of the shock initiation process in liquid explosives. A number of gas-gun-
driven experiments, which led to corroborating information, were done at two different 
laboratories: Los Alamos National Laboratory and CEA-DAM Ile de France. NM was 
sensitized using diethylenetriamine (DETA) in various amounts ranging from 0 to 5% 
weight percent. Each experiment provided unreacted Hugoniot information, a number 
of reactive wave profiles at different Lagrangian positions during the SDT process, 
distance (time) to detonation and an estimate of the detonation speed. All the 
measurements obtained, whatever the amount of DETA is, agree with the classical 
homogeneous initiation model6-7 refined by Sheffield et al.4. In addition to a significant 
step towards the original model’s universality, this study has also quantified the 
relationship between the amount of chemical sensitizer (DETA) in the NM and the 
change in input shock sensitivity. 
 
 
 
2 INTRODUCTION 
 
Nitromethane (NM) has long been known to be sensitized by adding small quantities of the organic 
base diethylenetriamine (DETA)1-2. Engelke has shown that the addition of the equivalent of 1 DETA 
molecule to 5500 NM molecules can cut the critical diameter by one half2. This kind of experiment 
involves 2-D effects related to the NM reaction zone and the interaction between the detonation wave 
and the wall of the confining tube. However little is known about the effect of adding DETA on the 
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shock initiation process in a NM 1-D experiment. To fill this gap, multiple magnetic gauge 
experiments have been performed on neat NM and on several NM / DETA mixtures. In-situ multiple-
magnetic particle velocity gauging technique has been used extensively for many years to study shock 
loaded systems3. Embedded in the sample, the gauges measure the particle velocity at various 
Lagrangian positions as well as the progress of the waves as a function of time. The technique has 
particularly proven to be of considerable value as a tool for unraveling the complex problem of 
explosive initiation4-5. It provides a good way to monitor the development of shock-induced reactions, 
the shape of wave structures and in determining Hugoniot data. Such information is valuable for 
distinguishing the nature of the reactive build up process.  
 

The homogeneous initiation was first described in 1960 by Chaiken6 and Campbell et al.7, as shown in 
Fig.1(a). Basically, the explosive is shocked and, after an induction period, a thermal explosion occurs 
at the explosive / driver interface. A subsequent superdetonation (detonation in an already compressed 
material) runs forwards and eventually overtakes the initial shock wave. Then a highly non-stationary 
detonation, called an overdriven detonation, is formed. It propagates through the non-compressed 
explosive and gradually decays towards a steady state detonation. This model was refined in 1989 by 
Sheffield et al.4 As can be seen in Fig.1(b), they found that the superdetonation does not form at the 
input interface, immediately after the thermal explosion, but develops over a measurable space and 
time scale. 
 

This study has given the opportunity to test the universality of the homogeneous initiation model. A 
series of gas gun experiments has been done on neat and sensitized NM at CEA and at Los Alamos 
National Laboratory (LANL). NM was sensitized using DETA in the amounts of 0.25, 0.75, 2.0, 
5.0 wt %. This paper presents the adopted experimental configuration, measurements obtained and 
conclusions made from enhancing the current results with additional data from previous studies on 
neat and 95/5 wt.% NM/DETA mixtures. 
 
3 EXPERIMENTAL SETUP 
 
The liquid explosive under study is NM, with a 1.134 g/cm3 density and a spectroscopic purity 
(> 99 %). At Los Alamos National Laboratory (LANL), the experiments were done on a two-stage 
light gas gun, with a 50 mm diameter launch tube, capable of projectile velocities between 1.5 and 
3.4 km/s. At CEA, a single stage powder gun, with a 60 mm diameter barrel, was used. The 
corresponding projectile speed limit is 1.6 km/s. At CEA, shock input was obtained using 
polyethylene projectile faced with 56 mm diameter by 8 mm thick sapphire impactor. At LANL, the 
projectile has a 12 mm thick Kel-F 81 impactor disk built into the front. The projectile velocity 
measurement also depends on the test site: it is provided either by PZT pins at CEA or by an optical 
beam cutting setup at LANL. The liquid explosive is confined in a plastic cell (polyethylene at CEA, 
PMMA coated on the inside with epoxy to prevent chemical attack at LANL), 45 or 50 mm in 
diameter. These materials were chosen to minimize the impedance mismatch between the NM and its 
confinement. The cells are enclosed with 5 mm thick Kel-F 81 front covers. The adopted 
configurations ensure a constant stress state of one dimensional strain, in the gauges area, of about 
2 µs.  
 

The magnetic gauge is a conductor, part of a closed loop, embedded in the studied material and 
subjected to a magnetic field. When a shock wave or a detonation propagating through the material 
reaches it, the conductor parallel to the shock front moves at a velocity ‘u’. According to Faraday’s 
law of induction, a voltage is then induced in the circuit. Output voltage depends on the magnetic field 
strength B, the length of the conductor L which is cutting the field lines and the velocity u it is 
moving. If, by design, the vectors L, u and B are mutually at right angles to each other, the output 
voltage E can be written as the product of B by L by u. B (approximately 1000 Gauss, developed by 
large electromagnets at LANL and permanent magnets at CEA) and L are measured prior to each 
experiment. E is recorded as a function of time during the experiment so that u can be obtained as a 
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function of time too. The LANL magnetic gauge technique was first developed by Vorthman and 
Wackerle9 in the early 1980s and now includes a number of refinements which have been 
implemented over the years3. This technique involves the use of a thin gauge membrane consisting in 
fine aluminum wire loops glued between two teflon layers. The completed membrane is about 60 µm 
thick.  
 

The gauge package used in this study (Fig. 2) includes 9 particle velocity elements and three shock 
trackers, one on each side and the other down the center after the last particle velocity gauge. The 
multiple gauge is clamped using the cell at a 30 degree angle with respect to the shock plane (Fig.3). 
With this angle, the 9 active elements are at depths of approximately 0.5 through 7.0 mm into the 
explosive on about 0.8 mm intervals. In addition to the multiple gauge membrane, a stirrup gauge is 
epoxied to the underside of the cell front, providing a direct measure of the input to the NM. 
Completed cells are shown in Fig. 4. During the experiment, the voltage recorded on each side of the 
gauge is on the order of one volt. The gauge leads (plus and minus) are measured independently and 
subtracted in the data reduction analysis. This procedure eliminates the common mode noise from 
various sources.  
 
4 RESULTS 
 
Particle velocity profiles and time-distance diagram from one of the experiments on neat NM (shot 2s-
125, 9.1 GPa) are shown in Fig.5 and Fig.6, respectively. The first two waveforms are typical of non-
reactive and nearly constant input shock. On gauge 2, this input shock is followed by a reactive wave, 
visible at a time of 0.75 µs. As can be seen from the gauges 3, 4 and 5 profiles, the reactive wave 
builds up as it travels from gauge to gauge. This growth is evidenced not only by the increase in 
particle velocity (Fig.5) but also by an increase in shock velocity (Fig.6). The particle velocity and 
shock velocity of the wave are nearly constant as it moves from gauge 5 to gauge 7, indicating that a 
steady superdetonation has developed in the NM compressed by the initial shockwave. This 
superdetonation overtakes the initial shock just past gauge 8 and then the overdriven detonation starts 
the decay process towards a steady detonation. Three lines have been drawn through the data plotted 
in the time-distance diagram (Fig.6). Their slopes give the velocity of the initial shock (4.77 mm/µs), 
the superdetonation speed (about 13 mm/µs) and the detonation speed (about 7.6 mm/µs). The latter, 
above the NM CJ detonation speed value found in the literature (6.28 mm/µs10), tends to prove that the 
detonation which propagates in the initial state liquid has not become steady yet. The time-distance 
diagram also provides the overtake conditions: the turnover to detonation happens 1.3 µs after the 
shock enters the explosive, at a depth of 6.4 mm in the NM. 
 

The particle velocity profiles shown in Fig.7 issue from an experiment on a mixture of 99.75/025 wt.% 
NM/DETA (shot 2s-210, 8.5 GPa). They are all in all similar to the profiles obtained with neat NM. 
As expected, the addition of DETA makes the mixture more sensitive: even if in this experiment the 
input is 0.6 GPa lower than in shot 2s-125, the superdetonation overtakes the initial shock wave before 
it reaches gauge 3. All the profiles after gauge 3 show the wave amplitude decreasing as the 
overdriven detonation wave progresses into the initial state liquid. The increasing gap between two 
successive profiles indicates that the detonation wave slows down as it travels. Under these particular 
experimental conditions, the time it takes for the overdriven detonation wave to reach a steady state is 
obviously longer than 1 µs. 
 

Experiments have also been done on NM / DETA mixtures with larger amounts of DETA (≥ 2 wt.%). 
Fig.8 illustrates the results obtained from shot 3 (7.1 GPa) on a 95 / 5 wt.% NM / DETA mixture. The 
overall waveform shape is similar to those observed without or with less than 1 wt.% DETA. Even if 
the signal delivered by the second gauge is more ambiguous, an overdriven detonation and its 
subsequent decay process are clearly visible on and after gauge 3.  
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The plots in Figs. 5 and 6 are representative of the information obtained from the data reduction 
process in these experiments. A subset of the experimental data, including the time the reactive wave 
overtakes the initial shock, from all the shots completed within this study at both LANL and CEA is 
given in Tab.1. On the LANL shots 2s-211, 2s-216 and on the CEA shot n°4, the input pressure was 
obviously too low to induce the formation of a reactive wave during the 2 µs measurement time. The 
imput pressure vs. time-to-overtake data from all the experiments done within this study are plotted in 
Fig. 9. Additional results from previous studies on neat and 95 / 5 wt. % NM / DETA mixtures have 
also been included. Lines have been drawn through the data for each mixture percentage. Based on the 
fact that the slopes of the lines from 99.75 / 0.25 and 98 / 2 wt. % NM / DETA mixtures are about the 
same, we have taken the liberty of drawing a line, parallel to the latter, through the 99.25 / 0.75 wt. % 
NM / DETA point. The reason will be discussed later. 
 
5 DISCUSSION OF RESULTS 
 
Waveforms from the magnetic-particle-velocity gauges provide detailed information related to the 
detonation buildup process. As illustrated in Figs. 5, 7 and 8, the particle velocity histories from all the 
experiments completed on neat NM and NM / DETA mixtures (whatever the amount of DETA is) 
support the refined homogeneous initiation model proposed by Sheffield et al.4 It appears, in these 
shots, that the thermal explosion point and the subsequent reactive wave do not start at the driver / 
explosive interface but rather a few tenths of a mm into the NM. This result confirms the conclusions 
of Crouzet et al.12 based on shock / pyrometry experiments. With a higher shock impedance, Kel-F 81 
would be at a lower temperature than NM after the shock passes, leading to some cooling of the liquid 
at the interface. Because thermal explosion is very temperature sensitive, its occurrence into the NM 
may result from the liquid cooling, maximum close to the cell cover and decreasing with distance into 
the explosive.  
 

The data listed in Tab.1 and plotted in Fig. 9 are consistent from mixture to mixture, with the neat NM 
being less sensitive than the mixtures that include DETA. Also the experiments are ordered: the more 
DETA put in the mixture, the more sensitive the mixture is. The consistency between all the results 
indicates that the experiments are reproducible, whatever the test site is (CEA or LANL). Another key 
feature is that the more DETA in the mixture the faster the reactive wave process occurs. In other 
words, a change in time-to-overtake of 1 µs requires an input pressure change of 1.5 GPa in neat NM 
compared to only 0.5 GPa in 95/5 % mixture. The input pressure resulting in a time-to-overtake of 
0.5 µs has been determined, for each mixture, from the lines drawn in Fig. 9. The corresponding data, 
plotted in Fig.10, indicate that there is a relatively simple relationship between the two parameters. 
These data were fitted with a least square fitting routine using the following equation:  
 

cx1
bxaPI +

+
=                 (1) 

 

where PI is the input pressure necessary to produce a time-to-overtake of 0.5 µs and x is the wt. % of 
DETA. The constants resulting from the fit process are a = 10.10 ± 0.02, b = 16.83 ± 0.59 and 
c = 2.42 ± 0.08 (the error bars are 1 σ limits). Since the data are limited to wt. % of DETA below 5 %, 
this is where this relationship would be expected to apply. The shape of the fitted curve, shown by the 
dashed line in Figure 10, indicates that increasing the amount of DETA above 2% leads to rather small 
increases in sensitivity. Adding in more DETA than 5% would be expected to lead to an even smaller 
increase in sensitivity. Also at some point, we can imagine that increasing the amount of DETA 
produces a mixture in which the DETA dilutes the NM making it less sensitive. 
 

6 CONCLUSIONS 
 
In-situ multiple magnetic gauging experiments have been completed on several NM / DETA mixtures 
ranging from 0 to 5 wt. % DETA in the NM. Waveforms from the magnetic-particle-velocity gauges 
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give detailed information related to the detonation buildup process. This initiation process is consistent 
and repeatable for all the experiments, at each mixture percentage. It agrees with the classical 
homogeneous initiation model proposed by Chaiken6 and Campbell et al.7 and refined by Sheffield et 
al.4 In some experiments, the waveforms obtained were such that the reactive wave buildup to a steady 
superdetonation was observed. This superdetonation speed could then be evaluated (13 mm/µs for an 
input pressure of 9.1 GPa in neat NM). Also, the thermal explosion point and the subsequent reactive 
wave were not found to occur at the driver / explosive interface but rather a few tenths of a mm into 
the NM. This is thought to be due to the cooling of the liquid by the cell front. In addition to a 
significant step towards the original model’s universality, this study has also quantified the 
relationship between the amount of chemical sensitizer (DETA) in the NM and the change in input 
shock sensitivity. The experiments appear to be ordered: the more DETA put in the mixture, the more 
sensitive the mixture is. The addition of more than 2 wt. % DETA in the NM, however, causes 
relatively small increases in sensitivity. Adding more than 5 wt. % would not be expected to help; 
rather it may start to dilute the NM to the point that sensitivity would decrease. 
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Figure 1. Homogeneous shock initiation model. (a) Picture presented by Chaiken6 and Campbell et al.7
 (b) Refined model proposed by Sheffield et al.4
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Figure 2. Picture of the multiple gauge membrane showing 9 particle velocity gauges and 3 shock trackers 
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    Exploded view Assemblage 
 

 

 

 

 

 

 

 

 

 

 

  
 

 

 

Figure3. Scheme of the liquid cell and gauge assembly 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure4. Completed cells at CEA (a) and LANL (b) 
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Figure5. Particle velocity waveforms from LANL shot 2s-125 (Shock input of 9.1 GPa in neat NM). 
 
 

 
 

Figure6. Time-distance diagram from LANL shot 2s-125 (Shock input of 9.1 GPa in neat NM). 



Homogeneous shock initiation process in neat and chemically sensitized nitromethane 

 

 
Figure7. Particle velocity waveforms from LANL shot 2s-210  

(Shock input of 8.5 GPa in a mixture of 99.75/0.25 wt.% NM / DETA). 
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Figure8. Particle velocity waveforms from CEA shot 3 (Shock input of 7.1 GPa in a mixture of 95/5 wt.% NM / DETA). 
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Shot n° Where 
done 

Wt. % 
DETA 

Input pressure 
(GPa) 

Time-to-overtake 
(µs) 

2s-125 LANL 0 9.1 1.3 
2s-126 LANL 0 10.6 0.33 
2s-210 LANL 0.25 8.5 0.70 
2s-217 LANL 0.25 8.1 1.1 
2s-211 LANL 0.25 7.2 > 2 
2s-216 LANL 0.25 6.8 > 2 
2s-218 LANL 0.75 8.1 0.55 

6 CEA 2 8.2 0.25 
7 CEA 2 6.9 1.11 
8 CEA 2 7.1 1.23 
1 CEA 5 7.1 0.67 
2 CEA 5 6.9 0.56 
3 CEA 5 7.1 0.53 
4 CEA 5 5.9 > 2 
5 CEA 5 6.6 1.57 

 
Table1. Experimental data for neat and NM / DETA mixtures. 

 
 
 
 
 
 

 
 

Figure9. Pop-plot11 of input pressure vs. time-to-overtake for several NM / DETA mixtures. 
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Figure10. Input pressure necessary to produce a time-to-overtake of 0.5 µs in several NM / DETA mixtures. 
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1 ABSTRACT 
 
In order to fully calibrate hydrocodes and dynamic chemistry burn models, initiation 
and detonation research requires continuous measurement of low order detonation 
velocities as the detonation runs up to full order detonation for a given density and 
initiation pressure pulse.  A novel detector of detonation velocity is presented using a 
125 micron diameter optical fiber with an integral chirped fiber Bragg grating as an 
intrinsic sensor.  This fiber is embedded in the explosive under study and interrogated 
during detonation as the fiber Bragg grating scatters light back along the fiber to a 
photodiode, producing a return signal dependant on the convolution integral of the 
grating reflection bandpass, the ASE intensity profile and the photodetector response 
curve.  Detonation velocity is measured as the decrease in reflected light exiting the fiber 
as the grating is consumed when the detonation reaction zone proceeds along the fiber 
sensor axis.  This small fiber probe causes minimal perturbation to the detonation wave 
and can measure detonation velocities along path lengths tens of millimeters long.  
Experimental details of the associated equipment and preliminary data in the form of 
continuous detonation velocity records within nitromethane and PBX-9502 are 
presented. 
 
 
 
2 INTRODUCTION 
 
Fiber Bragg grating sensors in combination with high speed read out units based on optical filters can 
be used to monitor high-speed events such as damage to composite panels and make measurements 
associated with detonation waves and interactions involving highly energetic materials such as high 
explosives and rocket propellants. 
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Initial fiber Bragg grating shock velocity measurement systems of this type were developed by Eric 
Udd at McDonnell Douglas and Blue Road Research and were used to support early testing of shock 
velocity tests conducted in water by exploding bridegwires by Frank Roeske and Ed Roos at Lawrence 
Livermore using equipment supplied by Blue Road Research in 2004. 
 
The success of these early efforts lead Jerry Benterou at Lawrence Livermore National Laboratory and 
Eric Udd of Columbia Gorge Research to expand and refine these early efforts to obtain more 
definitive results and enable the prospect of more complete and quantitative in-situ diagnostics to be 
embedded directly within an explosive charge. 
 
Improvements include establishing techniques that enable chirped fiber Bragg grating (FBG) sensors 
to have well-defined edges allowing accurate measurements of the physical length of the sensor.  
Additional improvements include developing techniques for drilling extremely small diameter holes in 
high explosives which would allow the insertion of FBG sensors into the bulk high explosive which 
will cause minimal perturbation to the detonation wave being measured.  FBG sensors can then be 
placed inside high explosives and propellants to measure with high accuracy, the detonation velocity 
and physical parameters associated with very high-speed events.    
 
3 THEORY OF OPERATION 
 
3.1 FIBEROPTIC BRAGG GRATING (FBG) SENSORS 
 
Optical fiber that is used to support telecommunications and sensing applications consists of a light 
guiding region called the core of an optical fiber, which has higher index of refraction than the 
surrounding cladding.  Typically, for low cost optical fiber, the primary component is very pure quartz 
with the light guiding core area being doped with small amounts of germanium.  Normally these 
optical fibers are designed to have very low loss and back reflection.  However, by using laser beams 
in the ultra-violet operating at approximately 240 nm, it is possible to alter the effective index of the 
core by changing the nature of the quartz (silicon dioxide) and germanium in the core area.  
Effectively, exposure to this short wavelength radiation increases the index of refraction locally.  This 
effect can be used to write fiber gratings consisting of periodic variations of the index of refraction 
along the length of the fiber core.  One procedure for accomplishing this is shown in Figure 1. Here 
two short wavelength laser beams are arranged so that they intersect at an angle, resulting in an 
interference pattern of bright and dark fringes that may be side imaged through the side of an optical 
fiber.  The effective index along the length of the optical fiber is altered in a periodic manner through 
color center damage and generation of non-binding oxygen hole vacancies in the Si02 matrix.  This 
refractive index change remains after the laser beams are removed and results in a periodic modulation 
of refractive index in the third decimal place.  This procedure is much like exposing photographic 
film, where the “image” is a pattern written into the fiber core that persists after the laser light is 
removed.  
 
It is possible, however, to make a chirped fiber grating where the period of the fiber grating and its 
index variations along the core are not uniform.  This may be done by changing the angle of the 
intersecting laser beams along the length of the fiber grating or it may be accomplished by using a 
second type of fabrication process involving a phase mask.  In this procedure, illustrated by Figure 2, a 
single laser beam is imaged through a quartz plate whose thickness varies by half a wave between 
successive sections.  In this manner, an interference pattern is generated that may be side imaged to 
form a grating. After the fiber grating is written, it can be illuminated with a broadband light source 
such as a super-radiant or ASE (amplified stimulated emission) fiber light source.  When the index 
change of the fiber core is periodic and uniform along a length on the order of 1 to 10 mm, the FBG 
returns a relatively narrow spectral peak called the Bragg wavelength (λΒ) as is shown in Figure 3.   
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For the case of fabricating a chirped fiber grating, the phase mask may have a period that is more 
closely spaced on one end than the other.  This in turn, can be used to generate “chirped” fiber gratings 
whose period changes from closer to farther spacing along the length of the fiber.  This procedure can 
be used to form a chirped fiber grating which reflects a broad spectrum from a spectrally broad band 
light source as is illustrated by Figure 4. 
 
Because portions of the fiber grating may effectively spectrally “shade” successive regions, the 
reflection and transmission of a chirped fiber grating may vary and can be designed to be “flat” over 
the spectrum as in Figure 4.  The reflection associated with an actual chirped fiber grating of 50 mm 
length is shown in Figure 5.  
 
Figure 5 also illustrates the output spectrum of a typical ASE light source that has been “gain 
flattened” using an external fiber grating.  The spectrum is relatively flat over the region centered 
about 1550 nm but exhibits significant variations in amplitude at wavelengths shorter than about 1540 
nm.  This is typical for this type of light source, which has the advantage of being very low noise 
while outputting high optical power levels.  It is important to select an FBG whose reflection spectrum 
matches the relatively flat output region of the ASE light source. 
 
3.2 MEASURING DETONATION VELOCITY USING CHIRPED FIBER GRATINGS 
 
In the early stages of detonation, the behavior of any explosive during the dynamic transition from 
early low-order detonation up to the full-order detonation at nominal detonation velocity is critical in 
determining the robustness of the initiation and detonation process.  This duration of transient 
detonation velocity change is commonly referred to as dynamic shock detonation and these transients 
scale to very short times and distances for ideal explosives.  In the modern, non-ideal insensitive 
explosives used today, these transients scale to longer times and distances similar to the increase in 
failure diameters.  Experimental techniques that measure a continuous change in detonation velocity 
provide insight into this dynamic regime of initiation physics. Continuous velocity measurements are 
significantly more accurate in determining this run-up in velocity relative to single point 
measurements (such as ionization pins or piezoelectric shock pins), which yield only the average 
velocity measurement between the individual pin placement points.   
 
Figure 6 illustrates this principle.  A 34 mm chirped fiber grating was physically cut using a 
femtosecond laser in 0.5 mm increments through its entire length, simulating the shortening of the 
FBG caused by the propagating detonation.  By monitoring the changes in the spectral reflection band, 
the length of the chirped fiber grating may be determined continuously.  This is the same thing one 
would expect to see when an FBG is being consumed by an advancing detonation wave.  
 
4 IN-SITU DETONATION VELOCITY MEASUREMENT EXPERIMENTS 
 
The overall layout of the test system is shown in Figure 7.  Here a broad band ASE light source, which 
in this case is a gain flattened 1550 nm erbium fiber amplified stimulated emission light source 
pumped by a 980 nm laser diode is used to inject light into a 50/50 coupler which has one of its output 
fiber legs attached to a chirped fiber grating that is placed in a high explosive.  When the detonation 
occurs, a portion of the chirped fiber grating is destroyed and the spectral reflectance decreases.  The 
signal that is back reflected from the chirped fiber grating is directed into a second 50/50 coupler.  One 
output leg of this second coupler is directed into a reference detector that monitors the changes in the 
spectral reflection directly.  The second output fiber leg is directed into an optical fiber that contains a 
second chirped fiber grating that has a spectral reflection that overlays that of the chirped fiber grating 
that is placed in the high explosive.  The reflection from this second chirped fiber grating is then 
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directed back into the second 50/50 coupler and a portion of this reflection is then directed to a second 
detector used to monitor this reflected signal.  Since the chirped fiber grating, used as the sensor, and 
the second chirped fiber grating, used as the reflector, overlay spectrally, light that is associated with 
the blast that is not in the spectral band of the chirped fiber grating sensor is filtered from the output 
detector.  By comparing the reference and reflected signals on the detectors, light induced by the blast 
wave in the detection band can be monitored and subtracted from the overall signal.   
 
To demonstrate the viability of this technique, we construct an apparatus to launch light into a sensor 
fiber with an embedded chirped FBG, then placed this sensor fiber in a series of explosive volumes 
and recoded the integrated decrease in light from the chirped fiber Bragg grating (FBG) as it was 
destroyed.  Two detonation run-up experiments were conducted at the High Explosive Applications 
Facility at LLNL in June 2007 using Nitromethane as the sample liquid explosive in one experiment 
and pressed pellets of PBX-9502 a modern insensitive explosive, in the other. 
 
4.1 MEASUREMENT OF DETONATION VELOCITY INSIDE NITROMETHANE 
 
The first test detonation involved placement of an optical fiber with a chirped FBG with a length of 
approximately 36 mm into a cylindrical container of nitromethane as shown in Figure 8.  One end of 
the chirped fiber grating was placed at the bottom of the cylinder adjacent to a booster explosive 
(Comp-B).   
 
The test results from the first test shot are shown in Figure 9.  Both the reference and reflected signal 
detectors associated with Figure 8 show the chirped fiber grating being destroyed at the same rate.  
This would indicate that the light associated with the nitromethane blast is not affecting the output 
reference signal in a significant way.  The manufacturer of the chirped fiber grating was originally 
targeting an overall physical length of 50 mm.  However when laser cut back tests were performed on 
a second identical “50 mm” chirped FBG, the spectrum did not change until it was cut back to 
approximately 14 mm.  This indicates that the length associated with the spectral band of the cut back 
fiber grating spectrum associated chirped fiber grating #509 was about 35 or 36 mm.  Using this 
experimentally derived shorter length, the velocity matches up very well with the velocity associated 
with the pin timing used to support the first detonation test.   
 
This unexpected result (i.e., discovering that the physical length of the FBG was not the same as the 
manufacturer’s specification) emphasizes a key principle.  In order to derive an accurate detonation 
velocity measurement, one needs to first know the true physical length of the FBG.   
 
4.2 MEASUREMENT OF DETONATION VELOCITY INSIDE PBX-9502 
 
The second test set was supported using a cylinder packed with four 25.4 mm diameter PBX-9502 
pellets 25.4 mm long.  The effective spectral “length” of the second “100 mm” chirped fiber grating 
was approximately 62 mm in length (measured by laser cut back testing of a similar “100 mm” FBG).  
The 62 mm fiber grating was inserted into the center of cylinder filled with PBX-9502 pellets as 
illustrated by Figure 10.  The edge of one side of the 62 mm chirped fiber grating was placed near the 
Comp-B booster and provided coverage through nearly three sections of pellets during the second 
blast event. 
 
Figure 11 shows the test results for the second shot that was conducted in a larger test tank.  The 
results appear similar to the first test although there is additional noise associated with the last third of 
the slope associated with the destruction of the chirped fiber grating.  This may be due to electrical 
pickup by the circuitry associated with the optical detectors.  If this is the case, better shielding and 
isolation could be applied to eliminate this noise source. An electrical transient on the optical detector 
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waveform is seen and correlates to the high-current capacitor discharge unit firing and bursting the 
bridgewire in the RP-1 detonator. 
 
Also, the addition of a fast trans-impedance amplifier stage after the detector stage would boost the 
current signal well above the baseline noise of the digitizing oscilloscope.  Since the fiber grating 
sensor system is electrically isolated except the electro-optic component circuitry in the control room 
(light source driver and detector support circuits), the prospects of reducing this source of noise is very 
good. 
 
4.3 DETERMINATION OF THE PRECISION OF VELOCITY MEASUREMENTS 
 
During the course of performing these tests, it became evident that the chirped FBG specified at 100 
mm actually had a physical length of approximately 62 mm.  This was determined by using two sets of 
gratings on a physical cut-back test on the 100-mm and 50-mm chirped fiber gratings.  This was done 
by laying out the fiber gratings in a straight line and then physically cutting them back with a 
femtosecond laser by increments of 0.5 mm of fiber until the spectral band of the chirped fiber grating 
changed in a measurable manner.  The spectrometer used to support these tests was an Ibsen I-MON 
400 that can be operated at a sample bandwidth of 200 Hz over the 1520 to 1580 nm spectral band.  
This spatial calibration was very useful in providing real time feedback during the cut back tests. 
 
4.4 ANALYSIS OF IN-SITU DETONATION VELOCITY MEASUREMENTS  
 
Besides detonation experiments, several the fiber gratings as described above were cut back from the 
longer wavelength end until a clear transition in response was observed.  This allowed an 
unambiguous starting point for the chirped fiber grating sensor position.  Plotting the response via a 
cut back test also allowed the overall position and effective length of the chirped fiber grating to be 
established.  For example, a so-called “50 mm” FBG was laser-trimmed at 0.5 mm increments along 
its entire reflection band pass shown in figure 12 and figure 13.  It was quickly discovered that the true 
physical length of the FGB was 34 mm, not 50 mm as specified by the manufacturer.   
 
The cut back method, via mechanical or laser trimming can be used to establish the exact position of 
the fiber grating ends in terms of significant spectral bandwidth change.  This method of finding the 
absolute physical length of an FBG also produced a transfer function of FBG length vs. reflection as 
seen in figure 6. 
 
There is very good agreement between the raw data from the laser cutback test, and a numerical 
integration of the 34 mm FBG reflection bandwidth (see figure 14).  This implies a procedure in which 
the physical length of the FBG is measured and the optical reflection bandwidth is recorded prior to 
the detonation.  Knowing the physical length and the reflection bandwidth of the FBG sensor allows 
for analysis of the oscilloscope data to derive the length vs. time history of the detonation.  Next, the 
velocity of detonation can be calculated by simply taking the derivative of the FBG length vs. time 
data.  Since the data recorded is on an oscilloscope, this continuous measurement can yield a 
continuous record of the detonation velocity inside the explosive being studied. 
 
5 FUTURE OULOOK 
 
5.1 IMPROVING DETONATION VELOCITY MEASUREMENT ACCURACY  
 
Since it is essential to know the absolute physical length of the FBG and its location inside the high 
explosive or propellant before detonation, a reliable method to pre-measure the FBG length must be 
developed.  Dispersion measurements using a tunable diode laser can be used to resolve FBG lengths 
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to 300 microns.  Therefore, knowing the FBG length to this accuracy promises that 50 mm FBG 
velocity measurements could be accurate to less than 1%.  Also, the ASE source amplitude variations 
can be cancelled by dividing the raw oscilloscope signal by the normalized transfer function.   

 
By exposing light of a greater bandwidth than the chirped fiber Bragg grating down the fiber through a 
circulator (or 2x2 coupler), the integral of the light reflected back under the bandwidth of the chirped 
fiber Bragg grating is the total light coming back from the circulator into a detector.  Using a high-
speed InGaAs/PIN photodetector and assuming a relatively flat-topped chirped passband for reflection 
and a spectrally flat light source, a linear reduction of reflected light back to the detector indicates that 
the shock wave is linearly destroying the chirped fiber Bragg grating.  This optical signal reduction 
measures the integrated progress of the destruction of the printed grating by the detonation shock 
front.  
 
Accurate measurement of the FBG length and accurate FBG placement will result in improved 
velocity and position information.  The prospect of further improvements in this diagnostic to yield 
reliable, accurate and repeatable in-situ detonation velocity measurements is quite achievable.   
 
5.2 APPLICATIONS OF IN-SITU DETONATION VELOCITY SENSORS 
 
5.2.1 Run-to-detonation studies 
 
There have been two types of metrology techniques, which continuously measure the detonation 
velocity of an explosive in the run-up to full order detonation.  The first is an older technique based on 
microwave interferometry where a cavity is set up in a microwave waveguide filled with the explosive 
and interference from the reflection off of the plasma created at the detonation wave front forms a beat 
signal with the reference beam to continuously measure the detonation velocity acceleration. 
Limitations are the relatively small return signal, the large waveguide (and larger explosive sample) 
needed, and the conformance to a relatively linear waveguide detonation velocity measurement.  The 
velocity also needs to be de-convoluted from the beat frequency of the microwave interference fringes 
from the detonation.  A newer, more recently developed technique involves embedding plastic liquid-
filled optical fibers within in a explosive volume where velocity is measured directly as Doppler 
shifted light that has been reflected off the shock generated refractive index jump at the shock 
wavefront within a liquid inside a section of Teflon tubing.  As this technique uses current Fabry-Perot 
technology to measure the Doppler shift of the light, it provides a continuous measurement rather than 
a series of average velocities between measurement pins.  This paper is derived from work originally 
performed using liquid light guides filled with a material which exhibits a significant jump in 
refractive index for a jump in pressure at the shock wavefront and applies it in a new direction using 
very much smaller telecommunication grade optical fibers.  The advantage of telecom grade fiber is a 
very small diameter (125 microns typically, with a polyimide coating of 5 to 10 microns for 
protections) that has a minimal effect on the detonation behavior of non-ideal explosives with large 
failure diameters.  Rather than look at the apparent Doppler shifted light reflected at the interface of 
the shock front – we literally print a chirped refractive index grating (commonly referred as a fiber 
Bragg grating) within a linear section of the fiber using a long exposure of ultraviolet radiation 
through a phase mask to make the fiber selectively reflect back light over a specified passband from an 
extended fiber optic light source specified to extend over the defined passband of the fiber Bragg 
grating.  Because the grating is printed onto the physical fiber core, as the fiber is destroyed, the 
reflected light disappears, reducing the signal from the photodetector.  The total light measured by a 
photodetector is a convolution integral of the spectral reflection function of the fiber Bragg grating, the 
spectral emission function of the l.55 micron light source, and the spectral response function of the 
photodetector. 
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5.3 DRILLING SMALL HOLES IN ENERGETIC MATERIALS 
 
In order to accurately measure the in-situ continuous detonation velocity, the FBG sensor must be 
physically inserted into the high explosive or propellant and the sensor location must be well known 
with respect to the surrounding energetic material.  This requires the development of methods to safely 
and inexpensively make small diameter holes in the energetic materials.  One approach is to use a 
femtosecond laser beam to drill 100 to 200 microns diameter holes of medium depth up to 8 mm deep.  
The femtosecond laser drilling is performed inside an explosive containment tank and is controlled 
remotely by the operator.  For deeper holes of depths from 10 to 100s of millimeters deep, rotating 
drill bits can be used, provided that safety considerations (friction, heat, shock, pressure) are taken into 
account.  For example, machining and hole drilling of high explosives at Lawrence Livermore 
National Laboratory is done routinely as a remote-controlled operation inside explosive containment 
tanks. 
 
6 FIGURES AND PICTURES 
 

 
Figure 1.   

Two coherent UV laser beams are overlapped onto the core of a single-mode fiber.  The 
interference fringe spacing can be adjusted by the angle of incidence. 

 

 
Figure 2.   
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A phase mask is used to write a “chirped” fiber-optic Bragg grating onto the core of a single-
mode fiber.  

 
Figure 3. 

This is a schematic of a constant pitch FBG where the grating pitch is held constant along the 
entire length of the grating.  The reflection spectrum is defined by the Bragg condition 

λB = 2n ∧, where ∧ is the grating pitch. 
 
 

 
 
 

Figure 4. 
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This is a schematic of a chirped FBG where the grating pitch changes along the length of the 
entire grating.  The reflection spectrum is a band of wavelengths where the Bragg condition 

exists for the range of different grating pitches. 
 

 

 
Figure 5.  

The chirped grating reflection is flat-topped while the ASE source, which illuminates it, has 
much variation in its amplitude.  Ideally, the FBG should be centered at 1550 nm to match the 

relatively flat region between the red marks. 
 
 

 
Figure 6. 
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Spectrum and bulk reflection of a 34 mm chirped FBG that was laser-cut using a femtosecond 
laser.  The “bumps” on the FBG spectrum come from the amplitude variations of the ASE 

illumination. 

 
Figure 7. 

Fiber Bragg grating detonation velocity sensor system block diagram.   
 
 

                      
Figure 8. 

Nitromethane detonation test configuration.  A 36 mm FBG was embedded into the liquid 
nitromethane.   
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Figure 9.  

In-situ velocity measurement of detonating nitromethane.  Noise in signal comes from fireset 
EMP and low signal level from detectors.  

 
 

 
Figure 10. 

Experimental setup for PBX-9502 in-situ velocity test.  Fiber-optic Bragg grating sensor is 
embedded in the high explosive. 
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Figure 11. 

Preliminary results of in-situ velocity measurement of detonating PBX-9502.  Assuming the true 
physical length of the FBG is 62 mm, the velocity derived from this record is approximately 7.7 

mm/microsecond.   
 

 
Figure 12. 

Results of laser-cutting a fiber-optic Bragg grating sensor at 0.5 mm increments starting from 
the 1550 nm end.  
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Figure 13. 

Waterfall plot of grating spectra vs. FBG length.   

 
Figure 14. 

Actual data from FBG reflection laser cut-back test shows good agreement with the numerical 
integration of the chirped FBG bandwidth. 
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ABSTRACT 
 

According to experimental data available for high explosives, dependence of detonation 
velocity on charge diameter D(d) comprises two separate branches for low velocity and 
normal detonations. In an intermediate velocity range steady detonations are not 
realized. Our consideration shows that this form of D(d) relation stems from the Z–
shaped relationship between normal-to-front velocity and front curvature Dn(K), which 
has two turning points. We have got this Z-shaped curve by using a simple model of 
steady nonideal detonation, including the conversion rate equation with a two-term 
pressure function. Here the first term with the pressure exponent near 1 is responsible 
for the surface burning under conditions typical of low velocity detonation, and the 
second term with the pressure exponent more than 2 controls chemical conversion under 
normal detonation pressures. Varying coefficients of this function we have reproduced 
numerically D(d) relation with two separate branches observed in unconfined charges of 
powdered high explosives. We also demonstrate that the Z–shaped Dn(K) relationship 
could explain some delayed transient effects which have been observed in shock 
initiation of explosive materials and, to date, have no clear interpretation. 
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A GENERALIZED DEPENDENCE OF DETONATION VELOCITY ON CHARGE DIAMETER 
INCLUDING LOW VELOCITY DETONATION  

 

 
INTRODUCTION 

 
Dependence of detonation velocity on charge diameter D(d) is one of the principle characteristics of 
high and non-ideal explosives which in particular is used to extract data on chemical conversion rates. 
According to experimental data available for high explosives [1–4], D(d) relation comprises two 
separate branches for low velocity (typically, nearby 1–2 km/s) and normal detonations. In an 
intermediate velocity range steady detonations were not observed. There is a range of charge diameters 
in which both low velocity and normal detonations could be observed depending on initiation energy.  
 Fig. 1 shows a representative example of experimental data on D(d) relation obtained in [1] 
for TNT in unconfined charges of loose-packed density. In these runs in addition to the charge 
diameter the velocity of entering wave produced by the booster was also varied. There was no 
detonation initiation observed at charge diameters of 22.2 mm and less irrespective of the entering 
wave velocity and at the charge diameters of 25.4 mm and more if the entering wave velocity was 
below the threshold values shown by line 1. The points corresponding to a steady detonation are 
separated into two branches. Three upper points with the detonation velocities of 3.4, 4.1 and 4.4 km/s 
correspond to the normal detonation branch. To get them the initiating wave velocity should be above 
the line 2 (at the charge diameters 25.4–30.2 mm) and above the line 1 (at the charge diameters more 
than 30.2 mm). Low velocity detonation branch (LVD) consists of points with detonation velocity of 
1.7 and 1.9 km/s at diameters of 25.4 and 30.2 mm. To get them, the initiating wave velocity was 
between the lines 1 and 2.       

For other high explosives (RDX, Tetryl and PETN – see [2–4]) the dependence D(d) has the 
same form as above with the aforesaid typical properties: (i) no detonation observed with intermediate 
velocities; (ii) there is a range of charge diameters in which, depending on intensity of the initiating 
impulse, one can get a steady detonation propagating with high or low velocity.  

Though theoretical principles of LVD are well studied and discussed, up to now the problem 
of D(d) relation consisting of two separate branches has no adequate consideration. The situation can 
be exemplified by the paper [5] in which the authors, famous specialists in non-ideal detonations, after 
detailed analysis of experimental data for Tetryl presented in [2] could not offer a satisfactory 
interpretation and include the low velocity branch into the unique D(d) relation calculated numerically.   

In this work the conditions necessary for a theoretical model to predict the generalized D(d) 
relation with two separate branches have been considered. A model of the steady detonation developed 
on the base of classical quasi–1D approximation for weakly diverging flow of two-phase reactive 
medium has been applied to the analysis of experimental data available. Then, by the best fitting of the 
calculated and experimental D(d) curves we deduced the coefficients of the reaction rate equation 
which enable one to consider the processes taking place in the LVD waves. 

Numerical analysis results in the Z-shaped curve for a velocity–curvature relationship with 
two turning points. The Z-shaped relationship, being applied to unsteady phenomena, enables us to 
shed light on some delayed transient effects (including the so-called “delayed detonation”) [2, 6–8] 
which have been observed in shock and electrical initiation of explosive materials, and, to date, have 
no clear interpretation. To demonstrate these effects numerical modeling of the spherical diverging 
detonation has been presented.  

 
MODEL 

 
Let us consider the steady reaction zone of a self-sustained detonation which propagates with a 

constant velocity D along the axis of unconfined cylindrical charge of an explosive material of 
diameter d. We interpret LVD as a particular kind of a steady non-ideal detonation, which 
characteristics (relatively low values of detonation velocity and pressure) relate to features of the 
chemical conversion rate. Analysis has been conducted in the frame of the detonation shock dynamic 
approximation (assuming that the velocity normal to the front Dn is a function of the local front 
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curvature K, and flow in the reaction zone is weakly divergent) [9]. If the curvature–normal velocity 
relationship K–Dn is known for a high explosive, D(d) relation can be deduced by the following 
procedure. For the given detonation velocity D, simple geometry consideration for a steady curved 
wave leads to the following differential equation for the shock front shape Y(r) [10]: 
   (1) ]/)1()[1( 2/122 rYYKYY ′−′+′+=′′
with a boundary condition at the charge axis:  
 0:0 =′== YYr      (2) 
In equation (1) K is the function K(Dn) with Dn related to D by  

2/1)21/( YDnD ′+=      (3) 
Equation (1) is integrated from r = 0 up to a point r*, in which the relevant particle velocity at the 
wave front becomes equal to the sound speed (Cf): 
     (4) )21/(222 −′++= YDfUfC

 This point assumes to be the edge of the flow and defines the charge diameter *2rd =  
corresponding to the considered detonation velocity D. Then the same calculations repeat for the other 
value of D, etc.  

It is well-known that the shape of D(d) curve and its characteristics (deficit of detonation 
velocity, critical detonation diameter, etc.) depend on the shape of the Dn–K relationship. In order to 
have D(d) relation with two separate branches, Dn–K relationship should have a Z-shape with two 
turning points; Fig 2 shows an example of this relationship. The intermediate branch of this 
relationship along which velocity increases with the front curvature covers a range of velocities which 
cannot be realized in a steady detonation wave because of obvious instability of such behavior in 
regard to any perturbations at the front. So, we come to the following tasks: (i) to state a form of the 
reaction rate equation necessary to get the Z-shaped Dn–K relationship, and (ii) to select coefficients of 
this equation to reproduce D(d) curves observed experimentally. Below we shall demonstrate solution 
of these tasks by analyzing results of numerical modeling. 

Our model developed for the analysis and presented elsewhere [11, 12] relies upon the theory 
of multiphase reactive medium [13]. Basic assumptions of the model are as follows. The reactive 
medium is a mixture of the initial explosive component (index 1) and products of their final chemical 
conversion (index 2). The state of each point of the reactive medium is determined by mass fractions 
of these species (ηi) with the density and internal energy of the mixture calculated from density (ρi) and 
internal energy (ei) of these species by the additivity rule. The species are in local mechanical 
equilibrium, that is, they have identical pressure P and material velocity U but different temperatures. 

Let us consider an elementary stream tube in the reaction zone behind the curved wave front 
with the total curvature K and normal velocity Dn. Along the axis of this stream tube (x ≥ 0) normal to 
the wave front, one can deduce the following equation set: 
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Here (5–9) are the conservation equations of mass, momentum and energy of the mixture and 
for mass and energy of the initial material; the equations (10–11) express internal energy e and density 
ρ of the mixture as a function of energy, density and mass fractions of the components ηi in accordance 
with the additivity rule; (12) is the normalization rule of the mass fractions of the components; (13) 
and (14) are the equations of state of the components in the Mie-Gruneizen form. Additional 
designations: S is the area of cross-section of a flow tube, M is intensity of chemical conversion, Г is 
Gruneizen coefficient, the index "0" designates the initial conditions, and heat effect of the reaction 
equals to (e01–e02).  

The right part of the equation (5) is the term responsible for the flow divergence effect. 
Assuming that the radius of the front curvature is much greater than the reaction zone length, and 
following [10], one can write 

2/1
)1/()(ln

Kx
KUDS

dx
d

n −
−=       (15) 

Coefficients of the EOS of solid (13) are determined using the literary data on Hugoniot and 
Gruneizen coefficient. The coefficients of the EOS of detonation products (14) are fitted to get the best 
approximation of CJ detonation parameters calculated by using the thermodynamic code [14] with the 
BKWC EOS for the initial densities of explosive material varied in a range covering the detonation 
pressures expected in normal and low velocity detonations. Fig. 3 shows an example of calibration for 
coefficients of gaseous EOS.  

Boundary conditions at the wave front (at x = 0) are assumed to be the common conservation 
equations at the shock discontinuity:  

ffno UD ρρ = ; )( fnnof UDDP −= ρ ;  (16) 2/)( 2
fnof UDee −+=

From a physical viewpoint they suggest that the relaxation processes taking place during shock 
loading of a porous explosive material and resulting in mechanical equilibrium are much faster (their 
duration may be estimated by use of a characteristic time of pore collapse which equals 4µ/Pf [15], 
where µ is the effective viscosity of solid explosive) than the chemical conversion time. Pore collapse 
is accompanied by a dissipative heating of pore surface layers and formation of hot spots. For high 
explosives of loose-packed density at a pressure exceeding a threshold value Pign (this value typically 
equals several hundreds MPa) the temperature in hot spots reaches a value sufficient to begin fast 
chemical reactions. Both the chemical reactions in hot spots and filling of pores with reaction products 
which contribute into pressure relaxation at a meso–scale level are main components of the shock 
loading process of porous HE and should be attributed to the wave front. According to the theoretical 
analysis [15], only several percents of HE are consumed in hot spots (η2f in our designations). The 
delay of reaction initiation in hot spots quickly drops with increase of the wave amplitude, and already 
at amplitudes Pf exceeding the threshold value Pign by several tens of percents, the sum of the initiation 
delay and duration of reactions in hot spots occupies less than a half of the characteristic time of pore 
collapse. A detailed analysis of η2f and its dependence on shock pressure is beyond this study; here we 
conducted calculations with η2f being constant and equal to 2 %. We have preliminary varied the value 
of η2f to be sure that it does not affect appreciably the results of modeling. This physically significant 
parameter in addition eliminates the singularity of the equation set at the initial point.  

So, chemical conversion in the reaction zone begins without a delay just behind the wave 
front. At low pressures specific of LVD, the chemical conversion proceeds in the surface (explosion) 
burning mode [16]. For this case, intensity of chemical conversion M can be expressed as the product 
of specific surface area and rate of burning (regression); it results in M being a function of the reactant 
content and pressure. Relying upon extrapolation of experimental data on the layer-by-layer burning of 
HE in sticks, this pressure dependence is assumed to be close to linear. For a normal detonation, the 
contribution of volume reactions is more significant. Nevertheless, even in this case the formal law of 
reaction rate can be presented as a function of the reactant content and pressure. For these reasons we 
have used in our model the following two-term equation which formally coincides with the Forest Fire 
equation [17]: 
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])/()/[()/( 1
3/2

101101
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ref PPgPPGM += ηηρ      (17)  

Here the pressure Pref is set equal to 1 GPa and introduced for convenience in order to express the 
burning coefficient G1 in sec-1 irrespective of the pressure exponents. Three other coefficients (pressure 
exponents n and k, and non-dimensional coefficient g), being varied, enable one to select a desirable 
form of Dn–K relationship. Equation (17) holds if the wave front pressure exceeds the threshold Pign 
else M1 is set to 0. 

 The equation set of the model comprises 10 equations for 12 variables. By transformation of 
the equations one may obtain the master equation of the standard form:  
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Here the functions
ieii P ρκ ∂∂=  are deduced by differentiation of EOS of the species, and the 

sound speed is: 
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Two terms in numerator of the right part of the equation (18) represent heat release rate by chemical 
reaction and energy losses rate caused by lateral expansion, accordingly. The equation set is integrated 
from the shock front up to a singular sonic point at which the numerator and the denominator of the 
right part of the equation (18) simultaneously equal zero. The unique solution which begins at x=0 and 
passes through this singular point, defines an eigenvalue of the problem. It may be velocity Dn at a 
given curvature, or reverse. The solution is obtained by use of a numerical “shooting” technique. Fig. 
4 shows an example of the procedure. 
  

RESULTS OF ANALYSIS  
 

Numerical modeling carried out with use of one-term equation for reaction rates (at g = 0 in 
the equation (17)) and with variation of the pressure exponent results in Dn–K relationship which has 
one turning point at n ≥ 1.7 or the monotonously descending relationship with no turning points at the 
smaller values n. The Dn–K relationship with two turning points may be obtained with use of the two-
term equation (17) if n is nearby 1 and k above 2.5. By taking these values of the pressure exponents 
we have reproduced experimental data on D(d) relation including low velocity branch for three 
powdered HEs [3–4]. Figs. 5–7 show the obtained results. The input data comprising coefficients of 
EOS and reaction rate equation are listed in Tables 1 and 2, accordingly. The experimental data 
available for Tetryl demonstrate a strong effect of the particle size. We have numerically reproduced 
this effect by proportional change of the coefficient G1. 

With regards to the mechanism of explosive burning, coefficient G1 may be estimated as the 
product of the specific burning surface and the rate of layer-by-layer burning of HE at the reference 
pressure 1 GPa. We have taken values of the burning rate measured for sticks under lower pressures 
and extrapolated them with the pressure exponent equal 1. The specific burning surface is assumed to 
be equal to the specific surface of initial particles. The results of this simple estimation are shown in 
Table 2. One can see that the chemical reaction rates extracted by use of numerical modeling 
significantly exceed the values estimated by extrapolation.  
 Figs. 8–9 illustrate spatial profiles of variables along the charge axis as well as the front shape 
and pressures at the front calculated for LVD propagating with the wave velocity 1.85 km/s in the 
unconfined RDX charge of 16 mm in diameter. As it is typical of LVD, due to the relatively low 
reaction rate only 40 % of HE is consumed in the reaction zone before the sonic locus. Comparing the 
reaction zone length with the charge diameter or the radius of curvature and considering the flow tube 
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expansion, we have to conclude that the assumption of the model about the weakly divergent flow 
does not strictly hold. And although the results of our study correctly reflect real physical aspects of 
detonation and give proper qualitative understanding of the process, quantitative data for the 
coefficients of the reaction rate equation are to be elaborated. For this purpose more sophisticated 
models may be applied (for example, the approach presented in [18] or 2D gas-dynamic modeling).  
 

UNSTEADY EFFECTS 
 

Chemical reactions occurring in the LVD waves manifest themselves also in the course of 
transient processes. We may qualitatively illustrate possible effects and consider the evolution of a 
diverging spherical detonation by using Dn–K relationship with two turning points. 

According to Brun [19], the acceleration of a self-sustained spherical divergent detonation is 
given by the relation: 

 ])([22 ζ−= DKtrC
dt
dD

   (20) 

Here D is the local detonation velocity, trC  is the characteristic speed of transverse front waves, K(D) 
is the known function of the local detonation velocity, and ζ is the curvature of the front. With R being 
the local radius of the spherical detonation,  
 R/2=ζ     (21)  
Assuming for simplicity that 
      (22) 22 6.0 DCtr =
we come to the following equation set for the trajectory of the spherical detonation:  

 DRDKtrC
dR
dD /]/2)([22 −=   (23) 

 D
dR
dt /1=     (24) 

with initial conditions at R = R0:  D = D0 , t = 0.  
Fig. 10 shows the calculation results for RDX of loose-packed density at various initial radius 

of the wave R0. Initial velocity D0 was constant and equal 4 km/s, that corresponds to the radius of 
curvature 7.8 mm defined from the available K(D) relationship. At R0 = 6 mm the wave develops 
almost without drop of velocity, and after several microseconds the level of normal detonation 
velocity is reached. At R0 = 2 mm, the detonation quickly failed because the initial curvature of the 
front is too large. At R0 = 2.2 mm the wave velocity also undergoes a sharp drop. However, due to 
contribution of slow reactions initiated behind the front of low-velocity wave, parameters of the wave 
holds above a critical level. After a 12 µs delay when radius of the wave front increases up to ~20 mm 
the wave abruptly accelerates up to the velocity of normal detonation. These results qualitatively 
reproduce the experimental effects observed by authors of [2, 6]. They investigated the powdered 
RDX initiated by cap or electrical discharge and observed significant delay to detonation and long run 
distance to detonation. During delay the wave propagates with average velocity nearby 2–3 km/s and 
then abruptly transits to normal detonation velocity. Up to now, these effects have no clear 
explanation. 

The similar effects observed in PBX are known as “delayed detonation” [7, 8]. Fig. 11 shows 
experimental data which demonstrate extremely long delay of detonation and run distance to 
detonation taking place in a narrow range of the amplitudes of entering wave. By taking into 
consideration the chemical reactions occurring at low velocity detonations, we can offer a new idea to 
highlight this phenomenon. And again we consider the evolution of a spherical diverging detonation 
by using the Dn–K relationship with two turning points. Earlier in [11] we have selected coefficients of 
EOS and coefficients of the reaction rate equation (17) by using for calibration the experimental data 
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on LVD obtained in strongly confined charges 16 mm i.d. of X1 (HMX/binder 96/4, density 1.823 
g/cm3) and its normal detonation performance (detonation velocity 8.77 km/s and critical detonation 
diameter 2 mm) [20]. The coefficients of the reaction rate equation are G1=0.0012µs-1, n=1.0, f=0.3 
and k=3.5. Fig 12 shows the resulting Z-shaped velocity–curvature relation, and Fig. 13 displays the 
evolution of detonation wave depending on the pressure amplitude P0 of initial wave (P0  is a known 
function of D0) with the initial radius R0 = 32 mm keeping constant. One may notice a qualitative 
agreement with the experimental data, specifically, the change of the prompt transition mode to a 
mode with 60-µs delay in the narrow 6.44–6.7 GPa interval of P0, a low-velocity stage propagating 
with nearby 2.5 m/s and a jump-like transition from the low velocity to the normal detonation mode. 

 
CONCLUSIONS 
 
According to experimental data available for both confined and unconfined high explosives, 

dependence of detonation velocity on charge diameter D(d) comprises two separate branches for low 
velocity and normal detonations. Low velocity detonation is a wave process governed by chemical 
reactions which occur under dynamic loading with low amplitudes of the order of 1 GPa. A correct 
consideration of these reactions is necessary for a progress of the detonation theory as well as for 
understanding transient effects of initiation and failure of a detonation. Our numerical analysis have 
revealed simple conditions at which the steady model of a non-ideal detonation can reproduce D(d) 
relation comprising two separate branches for low velocity and normal detonations observed 
experimentally. This form of D(d) relation stems from Z-shaped normal velocity – curvature 
relationship which, in turn, can be obtained if the pressure dependence of the reaction rate comprises 
two terms. Namely, the first term is responsible for the surface burning under pressures typical of 
LVD with the pressure exponent nearby 1, and the second term controls chemical conversion under 
normal detonation pressures and has the pressure exponent 2.5–3. By fitting coefficients of the 
reaction rate equation, we have numerically reproduced D(d) relation with two branches for several 
high explosives in unconfined charges of loose-packed density, including the particle size effect.  

We also applied the Z-shaped velocity–curvature relationship for considering unsteady 
delayed transient effects (including the so-called “delayed detonation”) which have been observed at 
shock initiation of explosive materials and have no clear interpretation. To demonstrate these effects a 
numerical modeling of the spherical divergent detonation is presented.  

Though modeling results are in good agreement with the experimental data, we estimate them 
as qualitative or illustrative rather than quantitative ones. The reason is that due to the low reaction 
rate peculiar to LVD, the reaction zone length can not be considered as negligibly small in comparison 
to the radius of curvature. As a consequence the assumption of weakly divergent flow which enables 
us to apply the simple classic procedure for the analysis does not strongly hold. Nevertheless, we 
believe that the results of our study give proper understanding of the phenomenon and will be useful as 
a basis for developing more sophisticated and adequate models. 
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TABLES AND FIGURES 
 
Table 1. Input data for coefficients of EOS  
 

Coefficients of Eq. (13), KEOS Coefficients of Eq. (14), GEOS HE 
ρ10, 
kg/m3

e10, 
MJ/kg 

Г1 l BB1, 
GPa 

e20, 
MJ/kg 

Г2 m BB2

RDX 1800 + 0.028 2.6 7.4 2.0 -5.0 0.35 3.23 0.59 
Tetryl 1730 + 0.068 1.65 7.45 1.09 -4.47 0.5 3.121 1.0841 
TNT 1650 - 0.276 0.74 6.9 1.366 -4.4 0.5 3.513 0.0473 
 

Table 2. The best fitting values of coefficients of the reaction rate equation (17) to reproduce 
experiments on effect of charge diameter on low velocity and normal detonations 

[3, 4] 
HE ρ0, 

kg/m3
d0, 
mm 

G1 , 
µs-1

n/g/k UP, m/s 
(1 GPa ) 

UP A0, 
µs-1

TNT 950 0.4 – 0.63 0.04 1.0/0.37/3.0 0.43 0.005 
RDX 1000 1.0 – 1.6 0.061 1.0/0.38/2.5 1.14 0.0053 
Tetryl 900 0.4 – 0.63 

0.63 – 1.0 
1.0 – 1.6 

0.11 
0.085 
0.065 

0.8/0.26/2.7 0.57 0.0066 
0.0042 
0.0026 

*) Specific surface of grains:  00 /6 dA =
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Fig. 1. Experimental data on low-velocity (LVD) and normal detonations (ND) in powdered TNT of 1000 kg/m3 in density 
[1]. Initiation by means of boosters producing different velocity of the input wave.  
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Fig.2. Example of Z-shaped normal velocity–curvature relationship with two turning points  
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Fig. 3. Example of calibration of the EOS coefficients. Circles are thermodynamic calculation by TDS, lines are 

calculations by equation (13).  
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Fig. 4. An example of “shooting” procedure 
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Fig. 5. Experimental and calculated detonation velocity – charge diameter relation for unconfined powder RDX  
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Fig. 6. Experimental and calculated detonation velocity – charge diameter relation for unconfined powder TNT  
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Fig. 7. Experimental and calculated detonation velocity – charge diameter relation for unconfined Tetryl with 

different particle size 
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Fig. 8. An example of spatial profiles of variables in the reaction zone of LVD along the charge axis  
 

0 2 4 6
0

1

2

3

4

8

RDX, ρ0 = 1000 kg/m3

D = 1.85 km/s, d = 16 mm

Y
Pf

Y
, m

m
; P

f , 
G

P
a

r, mm

 
Fig. 9. Front shape and pressure along the shock front for LVD  
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Fig.10. Evolution of spherical detonation front in powdered RDX depending on initial radius. 
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Fig. 11. Effect of the entering shock pressure on the distance to detonation (Xd) and time to detonation 
(Td) in unconfined PBX [8]  
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Fig.12. The Z-shaped velocity – curvature relationship fitted for a model PBX 
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Fig 13. An illustrative example of fast and delayed evolution of a diverging spherical detonation in an unconfined charge of a 
model PBX with initial radius 32 mm depending on pressure amplitude P0 of initial detonation wave.  
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ABSTRACT 

 

In pyrotechnic devices, shock or isentropic waves propagate through different 

materials from solid metals or organic materials to gaseous detonation or combustion 

products. Phase transition can occur, for instance melting in metals, or from solid 

explosive to their detonation products. Such changes lead to kinks and/or decreases in 

the sound speed versus increasing pressure or density. In detonation products, 

dissociations may cause local continuous decrease of the sound speed. 

Continuous or discontinuous decreases of the sound speed in materials submitted to 

shock or isentropic waves can split these waves, introducing isentropic compression 

waves inside shock waves and shocks inside isentropic waves.  

After a basic explanation of the phenomena, we provide an illustration with a virtual 

material that gathers all these cases. Hydrocode computations with such a material show 

the difficulties of current numerical schemes to reproduce the physical features. 

 

INTRODUCTION 
 

In most cases, materials used in pyrotechnic devices obey to Bethe's first condition
1
: 

0
2

2

>








∂

∂

S
V

P
 

This means that the Equation of State (EOS) and the isentropes in the (P,V) plane are concave and 

that the Lagrangian sound speed is an increasing function of the density. Then, steady dynamic 

pressure waves are compression shock waves or expansion fans.  

But it may be useful for some or new applications to use isentropic compressions, rarefaction 

shocks or composite waves,. These waves occur when Bethe’s condition is violated and corresponds to 

non-convex EOS. This loss of convexity is physically associated to phase transition, dissociations in 

gaseous mixtures, special materials, and in BZT fluids
2,3,4

 or anomalous behaviour. Up to now, these 

waves have been studied only in a few specific cases by Zel'dovich
5,6

 Duvall
7,8

, Menikoff
9
, Duvaut

10
, 

Brun
11

 and their co-authors, but the general case remained to be explained. 

The properties of these waves are linked to the sign of the "fundamental derivative" which is 

associated to the convexity of the EOS. 

After describing the different kinds of waves, we illustrate all cases on the example of a virtual 

material called "Bizarrium". Hydrocode computations with this material show the difficulties of high 

order shock-capturing schemes to reproduce the physical features. 

 

FUNDAMENTAL DERIVATIVE 
 

The fundamental derivative G has been introduced by Thompson
2
: 
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 is an adimensionnal function of thermodynamic properties associated to the concavity of 

isentropes. Deduced from the EOS, the fundamental derivative is a property of the material. Its sign 

corresponds to the increasing/decreasing behavior of the Lagrangian sound speed versus pressure. 

For the ideal gas, G=
2

1+γ
 and for the solid, the linear relationship between shock velocity and 

particle velocity D=c0+s.u provides G~2s. 

For most materials, the general case in the solid, liquid and gaseous phase is G >0 . It is Bethe's 

first condition. G is generally a continuous function of thermodynamic variables.  

But there are some exceptions: 

- G can be negative for some materials, often when they have a negative thermal expansion 

coefficient and/or a negative Grüneisen coefficient. It is the case for instance in some phases of 

water/Ice  and ZrW2O8. 

- G is negative for most materials near the critical point. 
- G can be negative around dissociations in gaseous mixtures. 

- G is discontinuous at phase transitions which correspond to kinks in the (P,V) plane. 

 

WAVES ASSOCIATED TO MONOTONIC SOUND SPEED VERSUS PRESSURE 

 

From Jouguet
12

, we know that the entropy jump in a shock wave is a third degree function of the 

volume jump: 
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Because negative entropy jumps can never occur, we obtain two kinds of waves. If it is possible, a 

shock (for which ∆S>0) happens, otherwise we have an isentropic process (for which ∆S=0). 

Depending of the sign of G , we obtain different kinds of wave upon compression or expansion 

(see Fig.I) 

 
Figure I: Kinds of waves obtained according to the sign of G. 

 



Then when G >0, the sound velocity increases versus pressure: it is then well-known that 

compressive waves degenerates in shock waves, and released waves in isentropic expansion fans. 

When G <0 , Bethe's first condition is violated and we obtain the following consequences: 

- isentropic curves are convex in the (P,V) plane, 

- the Lagrangian sound speed is a decreasing function of pressure. This means 

that a compression wave degenerates in an isentropic compression fan, and an 

expansion wave in a rarefaction shock. 

- the entropy jump is positive for an expansion wave. 

 

COMPOSITE WAVES ASSOCIATED TO NON MONOTONIC G 
  

If the sign of the fundamental derivative changes during compression, we obtain an "anomalous 

Hugoniot"
13

 or "anomalous wave structure”
9
. Let us consider successively the continuous and 

discontinuous cases (see Fig.I), with a compression from an initial point 0 to a final point 1 or an 

expansion  from 1 to 0.  

The different waves obtained obey to the non-negative entropy rule associated to the sign of G.  
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Figure II: Waves for non monotonic continuous G in compression. 
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Figure III: Waves for non monotonic continuous G in expansion. 

 
Continuous case 
 

If G is continuously positive/negative/positive versus increasing pressure, we obtain (see Fig.II) a 

shock between O and a sonic point S1, an isentropic compression between S1 and a second sonic point 

S2, and a shock between S2 and final point 1.  

The release from point 1 to 0 pressure (see Fig.III) begins by an isentropic release from 1 to sonic 

point S3, followed by a rarefaction shock from S3 to sonic point S4, and an isentropic release from S4 

to 0 pressure (final point is slightly different from 0 and has higher entropy). 
 



Discontinuous case 
 

The discontinuous case corresponds to classical phase transition. If G has two discontinuities, we 

obtain the following structure in compression (see Fig.IV): a shock between O and a point K1 

corresponding to first kink, and a second shock between K1 and final point 1.  

The release from point 1 to 0 pressure (see Fig.V) begins by an isentropic release from 1 to point 

K2, followed by a rarefaction shock from K2 to sonic point S, and an isentropic release from S to 0 

pressure. 

The multiple concavity changes correspond to an obvious generalization of these cases. In any 

case, the steady waves follow the convex envelope. 
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Figure IV: Waves for non monotonic discontinuous G in compression. 
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Figure V: Waves for non monotonic discontinuous G in expansion. 

 

EQUATION OF STATE AND PROPERTIES OF BIZARRIUM 
 

To illustrate these features, let us call "Bizarrium" a virtual material whose properties have been 

chosen to describe wave propagation with continuous changes of concavity in the isentropes
14

. Its EOS 

is defined by: 
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Parameters are given in Table I. 

 

ρρρρ0 

(kg/m³) 

K0 

(Pa) 

CV 

(J/kg/K) 
ΓΓΓΓ0 

 

s r 

 

q 

 

T0 

(K) 

E0 S0 

10000.0 10
11 

1000.0 1.5 1.5 

149411540

727668333
 

=4.87022845 
14941154

42080895
 

=2.81644209 

300 0 0 

Table I: Parameters of Bizarrium EOS 

 

The changes of concavity on the isotherm T=To are obtained with the potential EK(V) whose 

derivative has two inflexion points at x1 = 1/7 and x2 = 1/3 corresponding respectively to V/V0 = 0.875 

et V/V0 = 0.75. Then we can plot the thermodynamic states reached by the Bizarrium after dynamic 

compression (Fig. VI). 

 
 

Figure VI: "composite Hugoniot" curve of the Bizarrium EOS. 



The blue curve represents Hugoniot curve from O, the red curve, the isentropic curve from S, the 

green curve the set of Hugoniot points of double shock which start between points S and I, and the 

black curve the full Hugoniot curve from O as if a single shock was possible. 

The inflexion point I is slightly different from the isothermal inflexion point associated to x=1/3.  

The Rayleigh line intersects Hugoniot curve in point M. Below M, there is a three wave structure, and 

beyond, a single shock. Versus increasing final pressure, we obtain: 

- Between O and S: a single shock, 

- Between S and I: a shock followed by and isentropic compression, 

- Between I and M: a shock (OS) followed by an isentropic compression 

(finishing between S and I), and a second shock (finishing between I and M), 

- beyond M: a single shock. 
 

THE BIZARRIUM RIEMANN PROBLEM 
 

Let us define the following Riemann problem for the Bizarrium
15

: 

U(x,0)=Ul  1111x<0.5 + Ur 1111x<0.5 , with:  
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Figure VII. Bizarrium test problem. 
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Figure VIII: Bizarrium test problem. Numerical results of various shock-capturing Lagrangian 

schemes with 10,000 cells (density profiles). The historical first order Godunov’s scheme converges to the 

reference solution, without any ad hoc coefficient with the so-called acoustic Riemann solver.  Most versions 

available in hydrocodes of second order vNR schemes and high order Godunov-type schemes fail on that 

problem, exhibiting severe pathologies. 

 

 
 

 

Figure IX: Bizarrium test problem. Weak convergence curve of the vNR-type BBC scheme. Error of 

the mean value of the pressure (GPa) along the contact discontinuity as a function of the number of cells. The 

non-standard ‘magical Q’ formulation used here to reach numerical convergence combines features of  the vNR, 

Rosenbluth and Landshoff artificial viscosities, with linear Q activated on both compression and release waves 

(Cl=1) and quadratic Q on compression waves (Cq=1.3). Slope limiting in the Q formulation is then possible, but 

with a dissipative limiter (minmod).   

 

Results of Langrangian calculations using a first order Godunov-type scheme
18

 which converges 

to the exact solution, a second-order extension without limiter and a VNR-type scheme
16

 
17

 are plotted 

in Fig. VIII. Left part exhibits Isentropic release /Rarefaction shock/ Isentropic release structure and 

right part Shock wave/Isentropic compression wave/Shock wave. Both second order schemes fail to 



converge on that problem. Weak convergence curves for the successful second-order accurate BBC 

scheme
19

 with an appropriate artificial viscosity formulation and ad hoc coefficients are given Fig. IX. 

A detailed analysis will be presented elsewhere 
15

. 

 

CONCLUSION 
 

We have studied wave propagation when multiple continuous or discontinuous changes of 

convexity occur with a material EOS. It appears that a local decrease of the sound speed with 

increasing pressure splits waves, introducing isentropic compression waves inside shock waves and 

rarefaction shocks inside expansion fans. Numerical computations with a virtual material exhibiting 

continuous changes of convexity – the so-called Bizarrium EOS fully described in this paper – 

illustrate the difficulty of most vNR and Godunov-type shock-capturing schemes to reproduce the 

physical features. 
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ABSTRACT 
 
Energetic materials encompass a wide range of chemical compounds. Their peculiarity 
is that they react very rapidly. Moreover, they do not require oxygen from the air as 
their primary reaction partner. The aim of this paper is to present an analysis of the 
ability for calorimetric equations to measure the heat release rate in order to 
characterize thermal behaviour of energetic materials. The methods are based on 
oxygen consumption and carbon dioxide generation principles. Data have been 
provided by experiments carried out with Fire Propagation Apparatus. First, results 
from smoke powder combustion tests reveal a discrepancy between the two approaches. 
Their ratio appears to be constant for all the tests. A sensitivity analysis underlines that 
the most likely parameters to alter the heat release rate estimation are the energy 
constants, the concentration of oxygen and the exhaust flow rate. However, this last 
term appears in both expressions and can not affect their ratio. In the end, the 
interpretation of the divergence in the results is based on the hypothesis that a part of 
the oxygen involved in the combustion process is supplied by the oxidiser and this 
amount is not integrated in the calculation. 
 
 

INTRODUCTION 
 

Learning more on the thermal and chemical impacts from burning energetic materials in both 
normal use and accidental scenarios constitutes a rising issue associated with an atypical family  [1]. 
Energetic materials encompass a wide range of chemical compounds. They include materials storing 
a high level of chemical energy such as explosives, propellants, pyrotechnics and unsteady chemicals. 

 



The behaviour of these materials in the event of an explosion (e.g. deflagration or detonation) 
is relatively well-known from empirical and practical points of view; however fundamental scientific 
questions are still unanswered relating to the mechanisms of heat release when less rapid reactions 
prevail (in that case the total heat release will differ from the explosion energy, as well as its time 
related profile). Moreover, energetic materials often contain harmful substances. In the case of a fire, 
with such compounds, the ability to predict the toxicity of the products generated and the amount of 
heat released are the main bottlenecks. 

Heat Release Rate (HRR) is one of the most important variables for characterising a fire [2]. 
The knowledge of its size will give information on the rate at which untenable conditions occur. The 
ability to define this aspect of fires is quite new. The first standard method for measuring heat release 
rates in room fires dates from 1982 and since then, bench scale techniques have been developed for 
this purpose. The most widely used is the Cone Calorimeter [3] [4], which was designed to measure 
simultaneously the heat release rate, time of ignition, burning rate, smoke production, CO2, CO and 
O2 concentrations. Another device of growing interest to study flammability parameters for polymers, 
standard fuels, and even chemicals [5] in various contexts is the FM-Global Fire Propagation 
Apparatus (FPA) [6]. Both equipments are based on the same theories. They constitute physical fire 
models in which exhaust gases concentrations are measured and HRR is calculated from the data 
obtained. The main advantage of the FPA over the Cone Calorimeter is that the combustion region is 
physically delimited by an Infrared transparent quartz tube. On the other hand, the incoming flow can 
be adjusted in order to simulate both under ventilated and well ventilated conditions (i.e. atmosphere 
poor or rich in O2). The method used to calculate the rate of heat release is based either on the 
Oxygen Consumption (OC) principle or the Carbon Dioxide Generation (CDG) principle. Both 
theories that are intimately linked together rely on a transfer of a thermal balance to a mass balance 
concept easier to apply in practice. 

These techniques state that in fires the amount of energy released per unit of oxygen 
consumed (in case of OC) or per unit of carbon dioxide generated (if CDG considered) is 
approximately constant. This assessment has been validated for a large number of fuels (organic 
liquids, gases or solids) and polymers but questions remain regarding substances such as energetic 
materials. Calorimetric principles require, at least, measures of the volumetric flow of exhaust gases 
and the precise concentration of O2 or CO2 depending on the method used. However, the unifying 
quality of energetic materials is that they carry an oxidiser, so that they do not require oxygen from 
the air as a primary reaction partner during a combustion process. A significant amount of O2 
consumed during the reaction may be directly supplied by the material itself. This quantity can affect 
HRR estimations.  

The aim of this work is to study the applicability of general calorimetric equations when 
energetic materials like a smoke powder (a mixture of ingredients designed to release obscuring 
smoke flow) is burned and study their validity in order to assess the ability of the FPA (or other fire 
calorimeters) to thermally characterise this type of compounds. Considering usual assumptions for 
OC and CDG calorimetry, results obtained with the two methods have been compared and a 
sensitivity analysis of the HRR calculations has been carried out in order to identify the main 
parameters likely to raise variations in the results.  
 
HEAT RELEASE MEASUREMENT METHODOLOGY 
 

Any burning material will generate heat. In case of energetic materials, it is likely that it 
comes along with smoke but also toxic gases and vapours [7]. Depending on the size of the fire (i.e. 
the amount of energy released), different scenarios may occur [8]. Thus, the knowledge of the heat 
release rate of a burning material is essential in order to characterise a fire hazard. Furthermore, the 
production of smoke particles and toxic gases is closely dependent on this parameter [2]. Different 
techniques have been developed to evaluate this variable. When the heat of combustion of the 
material is known, a good evaluation of the theoretical HRR can be obtained by measuring the 

 



burning rate. Nevertheless, over the past few years, new approaches have been developed. Their base 
is to transfer a problem relying on thermal balance to one depending on mass balance (cf. Figure 1). 
The most widespread method is called the Oxygen Consumption Calorimetry based on oxygen mass 
balance. Another technique to evaluate the heat release rate based on carbon dioxide mass balance has 
also been developed and is called Carbon Dioxide Generation Calorimetry. The two principles are 
widely used by researchers for fire test applications. They have driven to the development of small 
scale fires equipments designed to measure the rate of heat release. The basic requirement is that 
combustion gases are collected in a flow through device where the reaction is operated and their 
concentrations measured. Nowadays, the Cone Calorimeter developed by NIST by Babrauskas [3] [4] 
is the most frequently used. However, the FM-Global Fire Propagation Apparatus developed by 
Tewarson [6] has been selected for this study as presenting several significant advantages according 
to the peculiarity of energetic materials. 

 
 

 

  

a. b. 

Figure 1. Methodology for calculating the Heat Release Rate of a material based on:  
(a.) a thermal balance concept, (b.) on a mass balance concept. 

 
 
Fire Propagation Apparatus 

  
The FPA is a fire calorimeter (cf. Figure 2) which comprises two main sections: the 

combustion line and the exhaust products (combustion gases, soot…) collecting and measurement 
line [6]. The material submitted to a test is placed on a sample holder mounted on a load cell enclosed 
in a quartz tube delimiting the combustion area. Four infrared heaters fixed at the exterior of the 
quartz tube allows for applying a given external heat flux onto the sample. The heating system is both 
air and water cooled due to the high temperatures developed by the lamps. When self ignition is  not 
expected, ignition of the material usually occurs by use of an ethylene/air pilot flame. A hood system 
topped the “reaction zone”. It has been dimensioned so that all the combustion gases are sucked up. 
From the hood, the system narrows to an exhaust duct to ensure gases mixing. Further down, 
volumetric flow rate is measured by a Pitot tube and gas sampling is operated. Gases pass through a 
soot filter and a cold trap. They are continuously distributed to a set of different analysers where 
oxygen, carbon oxides and THC molar fractions are then measured. A laser beam at λ = 632 nm is 
projected along the exhaust duct in order to evaluate the extinction and the smoke molar fraction. 
This device is adapted to the calorimetric methodology which theory is explained in the next section.   

 

 



 

 

fuelm&

am&

em&

 
Figure 1. Schematic view of the FM-Global Propagation Apparatus with a diagram of the gas sampling system. 

 
 
Calorimetric principles 

 
The basic hypothesis to estimate HRR hinges on the knowledge of the evolution of 

combustion gases concentration. The reaction of complete combustion for a chemical zyx OHC is 
given by, 
 

(1) 
 
Every mole of fuel burnt releases a certain amount of energy. Thornton showed that the heat 

release is proportional to the amount of oxygen consumed for complete combustion [9]. He gives the 
following way to express the oxygen consumption principle to evaluate the HRR through oxygen 
depletion measurement: 
 

(2) 
 
 The heat per unit mass of oxygen consumed,

2OE , appears from equation (2) as a strategic 
coefficient for applying the OC principle. By chance, it proves to be approximately constant for a 
large number of organic solids, liquids and gaseous compounds allowing such a calculation even 
when detailed chemistry if the materials of interest is unknown (cf. Erreur ! Source du renvoi 
introuvable.). Thornton underlined that the process occurring during the combustion of these 
materials is the breaking of C-C, C-H and O=O bonds which require approximately the same amount 
of energy and the formation of C=O and O-H bonds which releases heat. Huggett obtained an average 
value for the heat of combustion of 13.1 kJ.g-1 of O2 consumed [10]. With standard fuels, the 
accuracy of the constant is within ± 5%. This expression requires at least two measurements: the flow 
rate of the exhaust gases and an accurate estimation of the oxygen concentration. 

The other principle (CDG) is based on carbon dioxide and carbon monoxide generation rather 
than oxygen consumption. Tewarson showed that for many organic gaseous and liquid compounds 
and for many organic solids, the energy release per unit mass of CO2 produced was relatively constant 
(cf. Erreur ! Source du renvoi introuvable.). He found a value of 13.3 kJ.g-1 of CO2 within a range 
of ± 11% [11].  He also showed that the heat release per unit mass of CO generated was also virtually 
constant with a value of 11.1 kJ.g-1 of CO ± 18%.  This relationship is given by, 
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Janssens and Parker [12] provide complete expressions to estimate HRR. Nevertheless, it has 

to be noticed that relevance of the results highly depends on the precision of the measurements and 
the validity of several simplifying assumptions.  

 
First, all gases are considered to behave as ideal gases.  Experiments presented in this study 

were conducted at atmospheric pressure making this assumption valid. 
Entrained air is only considered as N2, O2, CO2 and H2O.  All inert gases are regarded as 

nitrogen. Mass rates can not be measured directly but molar fractions and exhaust flow rate can be 
determined in order to evaluate them. From the definition of molar fraction, the mass rate of a species 
i is given by, 
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Prior to measurement, the combustion exhaust gases are dried. The molar fraction of O2 
(CO2, CO, THC) in the exhaust flow is different from the one measured in the analyzer: 
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The only exhaust gases considered were O2, H2O, CO2, CO, unburned hydrocarbons (THC) 

and N2.  They were assumed to represent for over 99% of the exhaust gases in almost all fire 10. Thus, 
nitrogen molar fraction can be written, 
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Mass flow rate in the exhaust stream when combustion reaction occurs is different from the 

mass flow when no reaction arises by the amount of the combustion products. Nitrogen does not 
participate to the combustion reaction; the amount of nitrogen entering the combustion zone and the 
one in the exhaust gases are assumed to be the equal ( ). Nitrogen mole rates are given by, 
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The purpose of nitrogen conservation assumption and equations (6, (7 and (8 is to stress the relation 
between incoming and exhaust mass flow rates. It is given by, 
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The flow rate is measured by mean of a Pitot tube. It is evaluated by the pressure drop across 
the device: 
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The water vapour molar fraction term is redundant (equations (5), (8) and (9)). It can be 

measured by means of an infrared analyser. Otherwise, water vapour produced during combustion is 
not considered in the calorimetry calculation (i.e. ).  0

22 OHOH XX =

 
 

Material Chemical 
Formula ΔHcomb (kJ.g-1) 2OE  

(kJ.g-1 of O2) 
2COE  

(kJ.g-1 of CO2) 
Methane CH4 50.00 12.5 18.18 
Ethane C2H6 47.45 12.71 16.18 
Heptane C7H16 44.5 12.64 14.45 
Acetone C3H6O 30.86 13.98 13.56 
Ethylene C2H4 50.4 13.78 16.04 
Polyethylene (C2H4)n 43.28 12.65 13.77 
PMMA (C5H8O2)n 24.89 12.96 11.31 
Cellulose (C6H10O5)n 16.09 13.58 9.87 
Lactose (C12H22O11)n 16.5 14.69 10.69 
Mean   13.28 13.78 

Table 1. Heat of combustion per unit mass of fuel, O2 and CO2 for various compounds [13]. 
 
 

From these assumptions, Parker and Janssens have developed a set of expressions for 
estimating HRR [12] [14]. Combining the two methods, OC and CDG, may present noticeable 
advantages in research work. Convergence of the results underlines the relevance of the methods. 
Moreover, a comparison also allows checking the propagation of uncertainties on the results. 
Calorimetric equations have shown their ability to predict HRR accurately for standard fuels, 
polymers or chemicals [5]. However, it is necessary to prove if these methods are still valid when 
burning elements present peculiarity such as energetic materials. 

Their common base is that they contain an oxidiser in a condense phase and thus do not 
require oxygen from the air as their primary reaction partner for combustion [15]. Gaseous oxygen or 
other oxidant compounds are released during the decomposition of the oxidiser (e.g. nitrates or 
chlorates) generated by an energy flux (in fire scenarios). They diffuse through the gaseous medium 
of the volatiles (cf. Figure 3).It may happen that the oxidiser supplying the reaction is not sufficient 
for complete combustion; subsequently oxidation processes may compete making use of both 
material oxidiser carrier and atmospheric oxygen. Fires involving energetic materials clearly differ 
from conventional ones firstly because of their specific chemistry but also because of the products 
formed during the burning process where the specific toxicity of these fires has been recognised [ref 
guy]. Moreover, it has been shown that resulting level of toxicity and HRR present degrees of 
correlation [Babrauskas]. Rate of heat release has a great effect on the tenability of a space.  

The question in this study is to know if data obtained from the FPA integrated into 
calorimetric equations are able to provide an accurate prediction of HRR for energetic materials. It 
has already been noticed that OC relies on the accurate assessment of the amount of oxygen 
consumed during the combustion. The peculiarity of energetic materials to react with their own 
oxidant instead of the oxygen from air could affect the significance of the HRR calculation.  
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Figure 2. Scheme of a decomposition process for energetic materials. 

 
 

Comparing OC and CDG could allow confirming this hypothesis. It could also highlight that 
one of the simplifying assumptions made is no longer valid. Therefore, combustion tests have been 
carried out on smoke powders. The ones used in this study consist of ternary mixtures of lactose and 
starch as fuel components and potassium nitrate as an oxidiser. Such products are used by Fire 
Brigades in France and Switzerland in order to check the efficiency of smoke venting systems in 
buildings. Their characteristics are presented in Table 1. 
 
 

Components Smoke 
Powder 1 

Smoke 
Powder 2 

Starch (C6H10O5) 30% 25% 

Lactose (C12H22O11) 30% 25% 

KNO3 40% 50% 
 

Table 1. Composition in mass percentage of tested smoke powders. 
 
 

Experiments have been conducted using the FM-Global Fire Propagation Apparatus. No 
external heat was applied. The combustion area was restricted by the quartz tube. Samples were 
ignited by means of a pilot flame of ethylene/air mixture. Exhaust flow rate was set to 160 m3.h-1. 
 
EXPERIMENTAL RESULTS 
 

First observations point that combustion occurs in two stages. Initially, after the ignition of 
the sample, pyrolysis is observed inside the material. Short flames appear at the reaction front only on 
the surface of the material. The volume of the sample expands (cake off process). Secondly, all the 
powder ignites, larger flames develops and a significant amount of soot is generated. 

Differences are noticed according to KNO3 concentration in the smoke powder. The burning 
rate is faster with the highest concentration of oxidiser. For the 40% KNO3 smoke powder, the 
combustion reaction lasts about 100s when it decreases to about 45s for the 50% KNO3 powder. This 
last test sample also burns more efficiently than the lowest concentration one. Ignition of the sample 
occurs more easily and flames are observed earlier and are larger. Regarding the emissions, the 
production of smoke is important, which is a characteristic of pyrotechnics. It also increases with the 
oxidiser concentration. Exhaust gases concentrations (O2, CO2, CO) have been measured through the  

b. a. 



different analysers. Considering combustion tests of a 40% KNO3 smoke powder with an incoming 
air set to 100 L.min-1, the CO2 molar fraction peak is found around 0.6 %. For CO, it reaches about 
0.12 %.  Burning tests with the 50% KNO3 powder present higher levels. Molar fraction peaks for 
CO2 and CO respectively stand around 1.5 and 0.3%. It can be noticed that for both materials the ratio 
between CO2 and CO is nearly 5 and illustrates incomplete combustion. Molar fractions of 
combustion products significantly increase with the amount of oxidiser. Nevertheless, the molar 
fractions ratio CO2/CO tends to stay constant. Furthermore, a comparison of the total amounts of CO2 
and CO formed for both experimental configurations does not show significant variation. Then KNO3 
seems to act as a catalyser except it is consumed during the reaction. Analysis of the residues points 
out the presence of char but also potassium carbonate K2CO3. Actually it appears that most of the 
potassium has been degraded into potassium carbonate. The percentage of O2 remaining in the 
residues compared to the amount originally in the oxidiser varies from 40% (for the 50% KNO3 
smoke powder) to 50% (for the 40% smoke powder). This outcome emphasizes the hypothesis of an 
internal supply of oxidant.  

 
 

 
 

Figure 4.  Mole production rates of CO2 and CO and mole consumption rate of O2 during the combustion of smoke powder 
containing 40% KNO3. 

 
 

Mole production rates of CO2 and CO as well as mole consumption rate of O2 for the 
combustion of a 40% KNO3 smoke powder are plotted in Figure 4. CO is significantly produced 
confirming incomplete combustion. It also shows that the CO2 mole flow rate is higher than O2 during 
the combustion. A mole of CO2 is generated while less than one mole of O2 has been consumed. It is 
different from what is usually observed with conventional fuels.  

The air does not supply all the oxygen used during the reaction. A part of the oxidant comes 
from the material. Molecules of lactose and starch enclose almost the same number of oxygen atoms 
than carbon atoms. Then, it decreases the need in oxygen from the air required for the combustion. 
Moreover, KNO3 which effect on the burning rate has been previously emphasized could also 
increase the internal oxidant supply.  

Calorimetric methodology has shown its ability to evaluate accurately HRR. However, it is 
interesting to analyse and compare results obtained by means of OC and CDG principles when 
energetic materials such as smoke powders are burned. A comparison of calculated HRR is shown in 
Figure 5 As the chemical composition of the burning material is unknown, general hypotheses 
introduced earlier are applied (use of the generic values for and ). Both powders contain the 
same mass of solid fuel. Only the mass of oxidiser differs. For identical experimental conditions, the 
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50% KNO3 powder burns faster and the estimation of total energy released appears much higher. It 
has already been noticed that the production rates of combustion gases (CO2 and CO) increased 
significantly with a higher concentration in KNO3. These results strengthen the assumption made on 
the role of the oxidiser during the combustion process. If a higher O2 concentration diffuses into the 
gaseous medium, then it leads to higher burning rate and HRR. However, this last statement implies 
that a part of the oxygen involved in the reaction would not be considered in the calculations and 
could lead to underestimate the HRR when oxygen consumption principle is used. Indeed, the two 
calorimetric methods show different results. All calculations emphasize that the rate calculated 
through OC is lower than the one obtained by CDG.  
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Figure 5. Comparison of calculated Heat Release Rates by mean of Oxygen Consumption and Carbon Dioxide Generation 
basic equations and assumptions. a. 40% KNO3 powder, b. 50% KNO3 powder, Incoming flow rate: 200 l/min. 

 
 

Figure 6 shows the relative deviation for the peak values of HRR estimations and for the total 
energy from the 2 methods. The evaluation of HRR by CDG is about twice as high as that calculated 
by OC Calorimetry. 
 
 

Smoke Powder Relative Standard Deviation 
of Peak Values  

Relative Standard Deviation 
of Total Energy Values 

40% KNO3
 
50% KNO3

53% 
 

44% 

56% 
 

46% 
 

Table 3. Relative peak deviation between the HRR estimation obtained from Oxygen Consumption Calorimetry and Carbon 
Dioxide Generation Calorimetry. 

 
 

Several comments can be made on the results. Firstly, the deviation between the 2 methods 
slightly decreases with a higher oxidiser concentration (cf. Table 3). A comparison of the depletion in 
oxygen shows that the one obtained for the 50% KNO3 powders is roughly seven times higher than 
the one found for the 40% KNO3 powder. Nevertheless, the amount of fuel and the experimental 
conditions are the same in every case; only the concentration in oxidiser changes. Given the 
homogeneity of the mixture, when the KNO3 decomposition starts by means of a pilot energy 

 



(endothermic reaction), oxygen is released directly in the vicinity of the fuel compounds so the 
combustion can occur. One hypothesis is to assume that the heat released will provide energy to 
maintain the oxidiser decomposition.  Then KNO3 would be as the main reaction partner at ignition; 
in a second time oxygen from the air combines with the one supplied by the oxidiser to feed the 
combustion process. With more oxygen released and diffusing through the gaseous medium, more 
fuel will start burning and more oxidant will be used to feed the reaction. Thus, it could explain the 
higher HRR when the concentration in KNO3 is increased. 

It appears clearly that the O2 concentration could be a source of the discrepancy between the 
calculation procedures. The amount oxygen consumed during ignition can not be evaluated with a 
standard method based on an analyser measurement. The oxygen depletion calculated would be 
underestimated with regard to the quantity actually consumed by the reaction. Finally, the HRR 
would also be underestimated compared to the carbon dioxide generation as it emerges in the Figure 5. 

The prediction of the heat release rate is influenced by the oxygen concentration. 
Nevertheless, the HRR calculation by calorimetry is based on several assumptions that could likely be 
no longer valid for energetic materials. Different parameters need to be evaluated. The heats of 
combustion used in both methods are assumed. These values have been estimated for standard fuels 
but questions remain regarding materials like smoke powder. On the other hand, it is also imperative 
to check the sensitivity of the HRR calculation with regards to the mass flow rate of the exhaust 
gases, the water vapour molar fraction and the exhaust gases molecular weight. These last factors 
appear in both calorimetry methods but it is necessary to know their influence on the calculation. The 
validity of the assumptions has to be verified for energetic materials.  
 
SENSITIVITY ANALYSIS 
 

For both methods, energy constants ( and ), exhaust flow rate and water vapour 
molar fraction are estimated using several simplifying hypotheses. It is essential to know the effect on 
the HRR of a variation of the aforementioned variables and the oxygen concentration. The alterations 
arising on the HRR estimation are highlighted with a sensitivity analysis in 
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Figure 6. Results are 
presented on Table 4. 
 
Oxygen Concentration 
 
Oxygen molar fraction has been varied. Oxygen Depletion has been modelled with a minimum 
decreased down to 19% instead of 20.643% measured during the experience. The depletion is 6 times 
more important than for the actual test. The total energy became about 9 times higher but it has to be 
regarded as an extreme variation. The analysis of the residues let appear a generation of K2CO3. By 
assuming that most of the oxygen remaining stands in this compound, the amount of oxygen that has 
been released by the oxidiser can be estimated. Compared to the amount calculated from the depletion 
of oxygen in the air, it represents about half of it. Given Figure 6.c, the HRR calculation based on an 
assumption that one third of the oxygen used by the reaction would come from the oxidiser 
(corresponding to ) shows that the total energy increases more than 100% 

compared to the value obtained whether only oxygen from air is considered. Not taking into account 
this internal supply would lead to a prediction of HRR twice lower than the actual value.  Now, if the 
calculation is based on the assessment that 15% of the oxygen consumed has been supplied by the 
oxidiser, this additional amount   increases the oxygen depletion (case ). As a result, 
the HRR peak becomes 35 % higher than the one obtained with assumed parameters and measured 
data. The total energy released differs from almost 20%. Then, it clearly appears that ignoring this 
supply could lead to important errors on the estimation of the HRR. 
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Energy Constants 
 

Figure 6.a and 6.b showed that energy constants (OC) and (CDG) are also an 
important source of variation on the HRR calculation. As an example, when values are set to 10 kJ.g

2OE
2COE

-1 
of O2 (CO2), corresponding to a deviation of 25% from the assumed ones, it generates a modification 
of the HRR peak values close to 30%. It is then essential to ascertain if the general energy constants 
remain relevant with energetic materials. 

 
Exhaust flow rate 

 
Figure 6.d shows important variations on the HRR introduced by a change in the exhaust 

flow rate. According to equation (10),  requires the knowledge of the Pitot tube coefficienteV& K , the 
exhaust gases density function of the exhaust gases molecular weight  and the pressure dropeM PΔ . 
This last parameter is evaluated with a very small uncertainty. However, K  stands between 0 and 1 
and given the linearity of the expression, an error on this parameter spreads with an identical rate on 
HRR estimation. As an example, decreasing the exhaust flow rate from 160 to 140 m3.h-1 leads to a 
15% drop for the total energy. The same error is obtained with a deviation of 40% applied to . 
However, given the dilution rate, it is likely that the variation should be contained into a ± 2 g.mol

eM
-1 

range around the molecular weight of air (≈ 28.9 g.mol-1-). Finally, an accurate calibration of the Pitot 
tube coefficient is essential to estimate correctly the exhaust flow rate. 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6. Influence of variations of energy constants (a. and b.), oxygen molar fraction (c.) and exhaust flow rate (d.) on 

HRR results. 

a. (OC) 

c. (OC) 

b. (CDG) 

d. (CDG) 

 



Water vapour molar fraction 
 

Varying the water vapour molar fraction involve a limited variation of the heat release rate 
estimation. The deviation calculated didn’t exceed 5%. The assumption based on the non 
consideration of the water produced by the reaction does not introduce major error on the HRR 
calculation. However, if the burning material is known, then the stoichiometry can be stated and the 
amount of water produced evaluated [5]. 
 
Nitrogen conservation 
 
 The calculation of the incoming flow rate relies on the assumption of nitrogen conservation. 
Inert gases are regarded as nitrogen. However, if a significant production of another species (different 
from CO2, CO, THC, H2O) occurs during the combustion, then the hypothesis is no longer valid and 
the incoming flow rate calculated diverges from the actual one. Marlair carried out experiments on 
the same type of smoke powders and shows that CO2, CO, THC, H2O compose 99% of the 
combustion products [7], it is the identical result as the one expressed by Janssens for more common 
materials [12]. Then, assuming nitrogen conservation remains valid.  
 

Finally, the two main factors able to influence HRR calculation in case of energetic materials 
are the oxygen concentration and the energy constants. The exhaust flow rate can also alter the HRR, 
particularly if the Pitot tube coefficient has not been specially calibrated for the apparatus. Regarding 
the OC calorimetry method, the oxygen molar fraction is the most sensitive variable, while it is the 
energy constant for CDG calorimetry. The peculiarity of energetic materials poses a problem in 
evaluating correctly the amount of oxygen consumed by the combustion reaction through the 
analyser. Parameters able to alter heat release rate estimation have been highlighted. It is essential to 
identify the source(s) of the discrepancies between the two calorimetry methods. 

 
 

Variable Nominal Value Variation Frame 
Total Energy 

Deviation  
Max Peak 
Deviation 
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eV&  

 
13.1 kJ.g-1 of O2 

 
13.3 kJ.g-1 of CO2

 
 
 
 
 

160 m3/h 

 
[5 – 25 kJ.g-1 of O2] 

 
[5 – 25 kJ.g-1 of C2] 

 
[19 – 21%] 

 
[0 – 5%] 

 
[100 – 235 m3/h] 

 
> 100 % 

 
Up to 100 % 

 
> 850 % 

 
Up to 5 %  

 
Up to 40 %  

 
> 100 % 

 
Up to 100 % 

 
> 900 % 

 
Up to 5 %  

 
Up to 40 % 
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Table 4. Heat Release Rate Sensitivity Analysis. 
 
 
DIVERGENCE OF THE METHODS 
 

In order to analyse the divergence of the OC and CDG methods, their ratio is calculated. It 
gives: 
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Every mass rate in equation (11) is function of the exhaust flow rate . This ratio presents 

the advantage to be independent of . Thus, it only depends on the following parameters: , the mole 
fractions , ,  and  and the constants of energy (  and ). 
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Unless the chemical composition of the burning material is known,   cannot be 

calculated so the value is assumed to be constant and equal to . It has been previously shown that 

the uncertainty introduced by this assumption would not exceed 5%. , and  are 
measured. Finally, the only parameters independent of measurements are the energy constants. 
Otherwise discrepancy has to be related with measurements. 
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Ratio of CDG to OC calorimetry has been calculated for a set of tests realised with heptane 
fuel. Total energy and HRR peaks have been considered. As expected, ratio obtained was very close 
to 1.  The same ratio has been calculated for smoke powders. Results for the total energies and the 
peaks tend to spread around a mean value of 2.15 ± 0.30 (cf. Figure 7). Given the equation (11) and 
the conclusions of the sensitivity analysis, the most likely parameters to interfere in the heat release 
rate calculation are the energy constants and the oxygen molar fraction.  
 
 

 
Figure 7. Ratio of HRR results obtained by CDG to HRR results obtained by OC. 

 
 

Taking into account the mass balance, a fictitious molecule can be model from the two fuels 
components of the powder. It gives  (M = 324 g.mol210.10421.20684.11 OHC -1). It has to be emphasized 
that the number of C-O bonds is important. There are almost as many carbon atoms than oxygen 
atoms. Regarding the stoichiometric equation for complete combustion, it appears that 

22 COO ψψ ≈ ; 
according to the stoichiometry, for about one mole of O2 consumed, one mole of CO2 is generated 
then mole flow rates for O2 and CO2 should be approximately the same. Actual energy constants  

and  can be calculated using the following equation: 
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Given 
22 COO ψψ ≈ , so 727.0
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. However, assumed values for and  are 

respectively, 13.1 kJ.g
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-1 of O2 and 13.3 kJ.g-1 of CO2. So, their ratio is about 1.015 which is 
significantly different from the one obtained by considering actual constants.  

As a conclusion, for this type of molecules, the actual heat of combustion needs to be known, 
or at least reassessed by sub category of energetic materials. Calculations based on usual constants 
will diverge if both principles are compared. It would be interesting to analyse the relevance of each 
of them; one of the constants could be still valid. Nevertheless, the only constants can not explain the 
discrepancy between the 2 methods. The assumption based on a consumption of oxygen 
underestimated leading to a lower HRR could be another cause. In the next step, it is essential to be 
able to predict the amount of oxygen provided by the oxidiser to the combustion reaction. 
 
CONCLUDING REMARKS 
 

Combustion tests have been carried out on smoke powders containing potassium nitrate as an 
oxidiser. The fire calorimeter used was the Fire Propagation Apparatus. Results show discrepancies 
between standard techniques, oxygen consumption calorimetry and carbon dioxide generation 
calorimetry. CDG calorimetry gives an estimation of the heat release rate about 2.15 ± 0.30 times 
higher than the one obtained by OC calorimetry.  

A sensitivity analysis emphasizes that oxygen concentration, constants of energy and exhaust 
flow rate appear as the main parameters able to introduce a significant variation on the heat release 
rate estimation. The exhaust flow rate term is present in both equations. This term cannot be a cause 
of the divergence. It has been widely showed that assumed energy constants are relevant for a large 
type of (organic) materials. However, the ratio between the two constants of energy has been 
evaluated for a fictitious molecule containing C-O bonds so that the number of carbon atoms inside is 
close to the number of oxygen atoms. The value obtained shows that for this type of compounds, 
generic energy constants are no longer relevant and new ones need to be assessed according to a 
category of energetic materials. Nevertheless, energy constants are not sufficient to explain the 
discrepancy observed between the methods. A most relevant hypothesis to explain it is based on the 
oxygen consumed. The peculiarity of energetic materials lies in the fact they contain a solid oxidiser 
which releases oxygen when it decomposes. Then, once the material is ignited, the decomposition 
occurs and the oxygen produced diffuses into the gaseous medium and feeds the combustion reaction. 
An evaluation of the amount of oxygen brought by the oxidiser needs to be done in order to verify the 
validity of the assumptions made. Therefore, assumptions made on calorimetric equations (energy 
constants, amount of oxygen consumed) for fire calorimetry applications to energetic materials need 
to be revised. 

New set of tests will be carried out. In order to emphasize the role of the oxidiser, smoke 
powders will burn under a nitrogen atmosphere. Moreover, the knowledge of the chemistry associated 
with the decomposition of the material during the combustion process needs to be improved. Fourier 
Transform Infrared Spectrometer (FTIR) and Differential Scanning Calorimetry (DSC) analyses will 
be realised to identify the gases resulting from the combustion and to study the thermal behaviour of 
the powder. 
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NOMENCLATURE 
 
A  Cross-sectional area of the exhaust duct, m2  
E  Energy release per unit mass, kJ/kg 
K  Pitot tube coefficient 
M  Molecular weight, g.mol-1

m&  Mass flow rate, kg.s-1

PΔ  Pressure drop in the Pitot tube, Pa 
q&  Heat release rate, kW 
T  Temperature, K 
X  Molar fraction 
ρ  Density, kg.m-3

CHΔ  Heat of combustion, kJ.mol-1

ψ   Stoichiometric yield   
 
Subscripts 
a  Incoming gas 
e  Exhaust gas 
 
Superscript 
A Measured analyzer value 
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ABSTRACT 
the thermodynamic and chemical behaviour of benzene along its hugoniot curve is 
investigated using Reactive Molecular Dynamics simulations. The simulated hugoniot 
curve is in good agreement with experimental results. Moreover, the decomposition 
threshold is well reproduced. In the high pressure regime, reactive simulations show that 
benzene rapidly decomposes, and the resulting pressures do not match experimental 
ones anymore. On the other hand, simulations starting with diamond nanoparticules and 
hydrogen gas give good pressures in this regime. This seem to confirm the existence of 
carbon clusters with diamond structure in the decomposition products of benzene. 
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ABSTRACT 
With the increased needs of explosives detection for various applications such as regulations 
(standardization and European Directives), environmental surveillance, safety or military and civilian 
security, the development of efficient devices has become an urgent worldwide necessity. The 
classical laboratory techniques (GPC, HPLC, Mass Spectrometry, FTIR, NMR,…) presents low 
detection thresholds (in order of ppb to ppt), but their uses are limited due to their high cost, their poor 
mobility and the fact that only experts are able to make them function. For 10 years, many studies 
have been performed on the detection of explosives compounds using chemical gas sensors as highly 
sensitive and selective detectors because of their capability to be low-cost portable systems. Indeed, 
the chemical gas sensors principle is based on the interaction between a sensitive material surface and 
the target molecule at the solid-air interface. The adsorption with gas molecules generates a 
modification of sensitive material properties such as conductivity, weight or optical property which are 
transformed into a measurable signal (frequency, electrical current, photon,…) using adapted 
transducer. In this presentation, a new promising chemical gas detector based on quartz crystals 
microbalance transducers has been developed using appropriated sensitive material and tested for 
explosives detection, in particular nitroaromatics detection. This system exhibits a good sensitivity (@ 
0.1 ppm) and reversibility for nitroaromatics compounds detection whatever the operating 
environmental conditions (from 0% to 80% between 0 to 35°C). Using an adapted data processing, it 
presents a good selectivity towards the interfering volatile organic compounds, a high reliability and a 
long life-time duration (at least three months under air atmosphere). Thus, a portable chemical gas 
sensor prototype has been qualified with success for nitroaromatics detection. Today, we are currently 
developing new chemical gas detectors based on various transducer systems (fluorescence, Surface 
Acoustic Wave) and integrating sensor array technology and preconcentrator device, in order to 
improve explosives detection performances such as sensitivity, selectivity, robustness with 
environmental conditions and time of response. 
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TEMPER Software from V1.0 to V2.0 
 
AUTHOR 
Name: Mr E.Labadie 
Company: DGA 
 
ABSTRACT 

TEMPER, an acronym for Toolbox for Engineering Models to Predict Explosive 
Reactions, is a "toolbox" of empirical and analytical models dedicated to ammunition 
safety. Experts can use it in order to aid in the prediction of the response of a munition 

to a mechanical or a thermal threat. TEMPER main features are: 
• A simple Graphic User Interface (GUI) enabling, from dedicated libraries: 

 A direct selection of the scenario (Stimulus / Mitigation / Structure) to be assessed, 
 A direct selection of the model to be run, 

• An Automatic compatibility management between the model chosen and the scenario assessed, 
• An ability to perform parametric or stochastic simulations by varying one or two parameters of the 

problem, 
• An ability to draw curves and save results using an embedded Excel workbook, 
• The possibility to have multiple developers. 

This software is made available by France/DGA/CEG to MSIAC nations’ experts as an “open source”, 
Object-Oriented Programming code in order to allow easy integration of custom models or the enhancement of 
existing ones. 

The objective of this project is to support the use of modeling as a method for assessing munitions safety. 
The ultimate goal is to provide to the community with a common tool that could become a reference in the S3 
community if models and parameters exchanges between participants to this project work well. 

Compared to TEMPER 1.0, TEMPER 2.0 contains the following new features: 
• Peugeot’s model, which covers impact by Shaped Charge Jet, Fragment, and Sympathetic Reaction-

generated Fragment, on bare and cased munitions, including Shock-to-Detonation Transition and Bow 
Shock-to-Detonation Transition, 

• A patch describing the Sympathetic Reaction stimulus and calculating the resulting fragment aggression, 
applicable to one-on-one warhead scenario, 

• A 1D lagrangian shock hydrocode (non-reactive in this version), 
• Automatic fit of model parameters using experimental data, 
• Ability to load and save simulations, 
• Ability to run multiple models on the same simulation. 

TEMPER 2.0 includes most of the analytical reactive models used by the community (8 models). The 1D 
lagrangian hydrocode is the first major software which has been added to the TEMPER toolbox and shows its 
federative potential. 
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ENHANCED UNDERWATER CHARGES BASED ON METAL-RICH COMBUSTIBLE OR 
DETONABLE MIXTURES: INTERNAL AND EXTERNAL BALLISTICS 
AUTHOR 
Name : Pavel Vladimirivich Koissarov 
Organisation : N.Semenov institute of chemical physics russian academy of scienses 

 
ABSTRACT 
Explosions of aluminum-rich materials may be more beneficial than detonation of 
conventional high explosives under certain conditions not only because oxidizer-
aluminum mixtures are usually more energetic than homogeneous explosives but also 
because the expanding explosion products are capable of entering into reactions with the 
ambient water to release large amount of additional heat. To produce intense pressure 
pulses in range of few kilobars in amplitude and tens of milliseconds in duration the 
charges must either detonate or burn in a fast deflagration mode, which in some 
situations can be even more efficient because provides better conditions for mixing of the 
products with ambient oxidizer than does detonation. Significant drawbacks of aluminum-
oxidizer mixtures are that their combustion products contain small amount of gaseous 
components and that without appropriate additives it is hard to fabricate dense 
mechanically strong charges with controlled porosity. Thus optimal compositions should 
contain additives (kerosene or nitromethane) that serve as both a gasprovider and 
compacting component.  
This study presents results of experimental and numerical modeling of fast convective 
burning and low velocity detonation in the aforesaid mixtures. Ammonium perchlorate-
based mixtures which contain 50 and more wt. % of fine aluminum powders and 
nitromethane as an active and compacting component were investigated. It was shown 
that the studied processes, due to the active components of the mixture partially burn 
down, provide fast preheating of excess aluminum inside the charge and high-speed (at a 
level about 100 m/s) injection of expanding reactive products and mixing them with 
ambient water. Besides, the behavior of the charges placed in underwater conditions has 
been studied experimentally in water basin as well as by theoretical modeling. The 
investigation results shed light on processes taking place inside the reacting cloud and on 
compression wave formation in external volume. The model task of ice breaking was 
used to discuss efficiency of the possible real charges. 
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1         ABSTRACT 
 
A reduced multiphase flow model for heterogeneous explosives is developed. This one 
describes a mixture evolving under mechanical equilibrium and non-equilibrium 
thermal and chemical effects. Closure of such model poses fundamental questions that 
are investigated successively:  

- Determination of the shock relations for multiphase mixtures. 
- Determination of a set of generalized CJ conditions. 

Next, capillary effects are introduced at the grain scale of nano-structured explosive 
mixtures. Additional energies and pressures are introduced to model the energy stored 
at the particle surface. 
The use of this flow model in multidimensional detonation codes also needs the 
development of advanced numerical methods. A new Riemann problem based method is 
developed and a specific relaxation method is built. Computational tests are done in one 
and two dimensions showing the capabilities of the multiphase flow model. In particular, 
capillary effects in nano-structured energetic materials are shown to produce interesting 
detonation effects. 
 
2         INTRODUCTION 
 
Multiphase mixtures for which velocity and pressure relaxation is a stiff phenomenon are involved in 
many practical applications dealing with condensed phase mixtures, shock propagation in solid alloys, 
solid and liquid propellants as well as condensed solid explosives, specific composite materials, 
micro- and nano-structured mixtures etc. Such mixtures evolve essentially under a single pressure and 
velocity as relaxation effects are very fast.  
On the basis of non-equilibrium multiphase hyperbolic flow models [1, 2], a single velocity, single 
pressure flow model is obtained asymptotically [3]. The reduced model describes a mixture evolving 
under mechanical equilibrium and non-equilibrium thermal and chemical effects. When two phases 
are considered, the model reads : 
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where , ,  denote the volume fraction, density and sound speed of each phase ‘k’ 
respectively. 

kα kρ kc

The mixture density is defined as 2211 ρα+ρα=ρ  and total energy is given by 

u.u
2
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++=  where  is the mass fraction of phase ‘k’.  kY

In this model, each phase obeys its own thermodynamics and has its own equation of state ),P(e kk ρ . 
The right hand side term in the volume fraction equation expresses compression or expansion of 
phases across shock or rarefaction waves. 

The mixture speed of sound is given by : 2
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This formula corresponds to the Wood speed of sound which has a non-monotonic behaviour as a 
function of the volume fraction. Such a behaviour for the mixture speed of sound has been 
experimentally checked many times and has important consequences for computational and physical 
applications. 
However, this model is no more conservative (a non conservative volume fraction equation is present) 
and the derivation of associated shock jump conditions is an issue.  
Indeed, shock relations for the mixture necessitate the determination of the volume fraction jump or 
any other thermodynamic variable jump. Examination of the shock dispersion mechanism suggests 
such jump relations [4]. These ones correspond to the phase’s Hugoniot which are compatible with the 
mixture energy equation. The corresponding system is conservative and symmetric. Moreover it fulfils 
the single-phase limit and guarantees volume fraction positivity. In addition these relations are 
validated over a large set of experimental data and provide a remarkable agreement [4]. 
Next, the determination of a set of generalized CJ conditions is investigated. The introduction of heat 
and mass transfer in a thermodynamically consistent manner with respect to the second law of 
thermodynamics provides a flow model from which generalized CJ conditions are obtained. These 
conditions involve non-equilibrium thermal and chemical effects with specific definition of the 
sound’s speed [5]. 
The use of this flow model in multidimensional detonation codes also needs the development of 
advanced numerical methods. Such goal also poses fundamental difficulties due to the presence of 
non-conservative hyperbolic equations. A new Riemann problem based method is developed. The 
main difference with the Godunov method comes from cell averages that have no sense with non-
conservative variables. To deal with this issue, a specific relaxation method is built [6, 7]. 
Last, capillary effects are introduced at the grain scale of nano-structured explosive mixtures. 
Additional energies and pressures are introduced to model the energy stored at the particle surface.  
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Computational tests are done in one and two dimensions showing the capabilities of the multiphase 
flow model. Capillary effects in nano-structured energetic materials are shown to produce interesting 
detonation effects. For example higher detonation velocities are observed for constant energy contents. 
 
3         MULTIPHASE RANKINE-HUGONIOT RELATIONS 
 
The jump relations across shocks regarding the conservative equations of the reduced model are 
conventional : 
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The volume fraction equation of the reduced model may be replaced by the following equations for 
both phases which are compatible with the mixture energy equation: 
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In [4], it has been found that smoothness of the multiphase shock wave profiles is due to a dispersion 
process, absent for single-phase shocks and characteristic for multiphase mixtures. Due to the 
smoothness of these profiles and nearly mechanical equilibrium between phases, which is valid in the 
present limit of stiff relaxation, an integration of the energy equation for each component is then 
possible. It provides the extra jump condition needed to close the Rankine-Hugoniot relations for the 
mixture. This extra relation corresponds to single phase Hugoniots: 
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Although not formally written, it seems that this approach was proposed without justification by [8,9]. 
Then the formal justification of this approach is done and the link between these shock relations and 
the reduced multiphase flow model is established. 
Moreover the resulting system is validated over a large set of experimental data. In fact, the database 
[10] reports nearly all tests done by Russian and American laboratories [11] over the last century. 
From these tests, we have retained all mixtures for which each pure component has been studied 
separately in order to be able to determine their equation of state parameters. Also, the pure phase 
must be free of phase transition and the mixing or elaboration process of the mixture material must not 
change the initial densities of the pure phases. When the model is applied to the remaining mixtures 
(corresponding to more than 100 different tests) the agreement between theory and experiments is 
excellent, for any : 
- shock strength, 
- phase's density ratio, 
- phase's acoustic impedance ratio, 
- pure phase's equation of state. 
For example, in the Figure 1, comparisons between experimental dynamic adiabats and results 
obtained from the Rankine-Hugoniot system are shown for different mixtures. The results are in 
remarkable agreement.  
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In addition, the Rankine-Hugoniot model is symmetric and valid for an arbitrary number of fluids. It is 
compatible with the single-phase limit and guarantees volume fraction positivity. 
Then, a Riemann solver is built in the basis of the previous Rankine-Hugoniot system and a Godunov 
type scheme is used to solve the reduced model in multidimensional configurations. An example of 
two-dimensional simulation is presented in the Figure 2. 
 
4         INTERNAL STRUCTURE OF REACTION ZONES 
 
The heat and mass transfer terms are now introduced in the previous reduced model. The heat transfer 
terms are obtained from the non-equilibrium multiphase flow model [1,2]. The construction of the 
mass transfer terms is based on the entropy production analysis of the system leading to a 
‘thermodynamically’ correct model:  
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As a consequence, two additional terms are present in the volume fraction equation corresponding to 
heat and mass transfer effects. This model provides: 
-a total equilibrium relaxation of the system, 
-a positive entropy production, 
-a symmetric treatment of all phases present in the medium. 
In the detonation front frame of reference, the analysis of the previous system provides the particular 
following relation: 

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜

⎝

⎛

−

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
α
ρ

+
α
ρ

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
Γ
ρ

−
Γ
ρ

α
Γ

α
Γ

+

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
Γ
α

+
Γ
α

⎟
⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜
⎜

⎝

⎛

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
Γ

−−
Γ

−+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
α

+
α

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
α
ρ

+
α
ρ

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
Γ
ρ

−
Γ
ρ

−ρ
=

)TT(H
cc

cc

mchchcc
cc

cc

)uc(
1

dx
ud

12

2

2
22

1

2
11

1

2
11

2

2
22

2

2

1

1

2

2

1

1

1

1

2
1

1
2

2
2

2
2

2
2

1

2
1

2

2
22

1

2
11

1

2
11

2

2
22

22

&

 

 
When heat transfer is not considered ( 0H = ), the conventional CJ conditions ( ) are recovered 
at the sonic point (

0m1 =&

cu = ). On the other hand, when heat transfer is considered, this result is no longer 
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valid. In this case, at the sonic point, a new relation linking the mass transfer term  and the 
difference in temperature of both phases is obtained: 
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This last relation indicates that combustion is not necessarily achieved at the sonic point leading to 
generalized CJ conditions. This behaviour is quite similar as non ideal detonations one. 
Moreover the velocity of the detonation front is higher and the shock-sonic point distance is smaller 
when heat transfer is taken into account, as shown in the Figure 3. 
 
5         CAPILLARY EFFECTS 
 
Capillary effects are now introduced in the reduced model.  
The energy located at the surface of particles (phase ‘k’) reads: 

kkkkkkk NS)R()N,R(e σ=σ  
where ,  and  are  the surface tension coefficient (depending on the radius  of particles), 
the surface of a particle, and the number of particles per volume unit respectively. 

kσ kS kN kR

An additional equation is then necessary to determine the capillary energy:    
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According to the relations above, the full reduced model is completed and becomes: 
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. This last term corresponds to the total capillary energy 

of both phases.    
The pressure is completed by the associated capillary contribution and obeys the following definition: 
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With these new definitions of energy and pressure, a modification of the detonation waves CJ 
conditions is expected as well as the detonation front velocity and the burned mass fraction at sonic 
points.  
According to the same previous developments, new multiphase shock jump relations are built and new 
CJ and ZND reaction zones are also investigated, as shown in the Figure 4. In this figure, when a part 
of chemical energy is transformed into capillary energy, it can be clearly seen that the velocity of the 
detonation front is higher, the shock-sonic point distance is larger and combustion is achieved at the 
sonic point. 
As a consequence, capillary effects linked to nano-structured explosives seem to have a positive 
impact concerning detonation characteristics. As a perspective, experimental data are expected to 
confirm or reject this theory. 
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Figure 1: Comparisons between experimental dynamic adiabats (symbols) and results from the multiphase Rankine-

Hugoniot relations (lines) of 4 different mixtures. 
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Figure 2: Time evolution (Schlieren diagram) of a copper projectile at high velocity (u=10 km/s) impacting a copper tank 
filled with liquid and surrounded by Air. 
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Figure 3: Profiles of some characteristic variables inside the reaction zone of detonation waves in two cases: no heat 

transfer (H=0 W/K), with heat transfer (H=1013 W/K). The Neumann spike is located at x=0. 
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Multiphase detonation theory: Application to nano-structured energetic materials 

 

 
 
Figure 4: Profiles of some characteristic variables inside the reaction zone of detonation waves in two cases: energy is 

provided by chemical reactions at one hand, a part of the chemical energy is transformed into capillary energy at the 
other hand. The Neumann spike is located at x=0. 
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1 ABSTRACT 
 
This paper reports initial experimental results for testing that was conducted to evaluate 
the ignition and deflagration-to-detonation (DDT) transition characteristics of 
hexanitrohexaazaisowurtzitane (CL-20) using a novel experimental technique.  Columns of 
CL-20 were ignited by a laser-heated metal film that was in intimate contact with the 
energetic material at the base of the explosive column.  Using this “Hot Plate” 
configuration, we probed the effect of the igniting boundary condition on the DDT process 
by varying the laser fluence exposed to the metal film.  Using a high laser fluence that 
results in ablation of the metal film, we were able to investigate conditions that are similar 
to exploding bridgewire detonators.  A streak camera was used to track the progression of 
the reaction zone to characterize the DDT process for these experiments.  The density of the 
energetic material columns reported here was 60% and 70% of the theoretical maximum 
density.  It was found that the DDT process that occurs within CL-20 is similar to that 
observed in other secondary explosives such as CP (2-(5-cyanotetrazolato) 
pentaaminecobalt (III) perchlorate) and PETN (pentaerythritol tetranitrate), which implies 
that the DDT process is strongly affected by combustion mechanisms and the conditions 
within the granular bed such as density. 

                                                 
1 Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin Company, for the United 
States Department of Energy’s National Nuclear Security Administration under Contract DE-AC04-94AL85000. 
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2 INTRODUCTION 
 
Optically-initiated test detonators are currently being evaluated due to the enhanced safety associated with 
such devices given their insensitivity to electrostatic discharge.  Because of their safety attributes, optical 
initiation devices are beginning to be used as general test detonators to enhance safety of operations, 
which can include test-firing applications1 and field testing.  As previously reported, laser-driven 
exploding bridgewire (LEBW) devices have also been evaluated at our laboratory2 for similar reasons.  
Figure 1 illustrates the basic configuration of the LEBW test detonator, where a critical aspect of the 
device is a thin metallized optical-grade window that is in intimate contact with a low-density initial 
pressing of explosive material.  The metallization layer on the window is included as an absorption site for 
the incident laser in a similar fashion as previously reported3, ,4 5 and is the replacement for the bridgewire 
in traditional electrically driven EBW devices.  LEBW devices in name as well as in function exhibit 
similarities to their electrically-driven counterparts, with the exception that the means for energy 
deposition into the driving media (i.e., EBW bridgewire) results from photon absorption within the 
metallization layer instead of electric joule heating within a bridgewire.  As the photonic energy of the 
laser pulse is absorbed within a small area at the center of the explosive charge, this area of metallization 
is rapidly heated.  The rapid energy deposition associated with laser pulse widths of ~10 ns can drive the 
metal into a high pressure and temperature plasma state for the cases where the incident laser intensities 
are sufficiently high. 

   
During our initial studies of the LEBW devices, their explosive behavior was found to be very similar to 
traditional EBWs when metrics such as function time and reaction wave profiles were compared.  Streak 
camera experiments were conducted using LEBW devices housed within clear Lexan® charge holders as 
shown in Figure 1.  The experiments were conducted such that the streak camera image captured the 
position versus time (x-t) data of the reaction wave as it traveled axially up the explosive column from the 
window interface to the output.  When those data are compared to traditional EBW devices tested in 
similar experimental configurations, the resulting reaction wave profiles are found to be very similar as 
seen in Figure 2.  This implies that critical similarities are present at the ignition boundary for traditional 
and laser EBW devices.  Note the coloring of the streak images are due to image enhancements as the raw 
streak images are black and white. 

   
A noteworthy feature of the digital image shown in Figure 2 is the knee like structure of the reaction zone 
trace which indicates that the reaction zone is present at two spatial locations for a brief period of time 
during the initial progression through the explosive column.  To explain this, the illustration at the left of 
Figure 2 is presented.  During the initiation process, the laser irradiates the metallization layer in the center 
of the initial pressing (IP) of the explosive column.  The expanding vaporized metal then begins to 
compact and thermally ignite the IP column.  A reaction wave then propagates through the granular bed 
and forms a detonation kernel, where the physics of this portion of the deflagration-to-detonation 
transition process are still not well quantified experimentally.  This detonation kernel, which is illustrated 
in the left portion of Figure 2, then generates a spherically expanding unsteady detonation wave, which is 
the source of the unique knee structure in the x-t history of the reaction zone.  This spherical expansion 
description is a convenient model to apply to the data that allows simple trigonometric transformations to 
be performed, which enables accurate determinations of velocity histories to be generated.  The transform 
that is applied to the data is known as a Huygens’ transformation due to the similarities between the model 
presented above and the diffractive nature of light as it bends and spreads after passing through an 
aperture6.  The accuracy of analysis performed on the Huygens’ transformed data is limited by the 
appropriateness of the spherical expansion description, but one would expect this to be reasonably 
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accurate given corner turning performance of energetic materials at low densities.  In other studies, values 
of H are determined by conducting Huygens’ transformations on detonation waves breaking out of the free 
surface of the output pellet, where H is described as the apparent center of initiation (COI) 5.  Those 
researchers also experimentally determined important similarities exists between electrical and laser EBW 
devices. 

         
The above description of the means by which a detonation kernel is established is simply an estimated 
physical description and is not directly measured during those experiments.  In short, aspects of the early-
time bed compaction from the laser-ablated metal film, ignition of the energetic material and early stages 
of the combustion processes are completely missed.  This is inherently the case because all those 
phenomena occur within the first ~300 µm (H) away from the ignition source and are away from any 
measurable boundaries.  A configuration by which we can probe these early time phenomena is easily 
accommodated using a modified LEBW boundary condition.  By providing a “uniform” ablation boundary 
condition from the laser source, these early time phenomena have the possibility of being probed.  A basic 
schematic of this setup is reported in Figure 3 along with an initial data set for the explosive CL-20.  
Benefits of this geometry are that early time phenomena are more directly measurable and it is more 
ideally one dimensional.  In the following sections we will define the experimental geometry of the laser 
hot plate experiments and discuss initial results of streak camera experiments conducted on explosive 
charges of CL-20.   
 
3 EXPERIMENTAL PLAN & SETUP 
 
The ignition and DDT characteristics of laser hot plate detonators loaded with CL-20 were examined.  CL-
20 was chosen to further explore its utility as a DDT explosive material as recent data have shown it has 
some promise for utilization in that mode2,7.  The explosive loading within the hot plate detonators was 
60% and 70% of theoretical maximum density and the column heights were set at 8.1 mm.  The particle 
size of the material was measure to be 26.07 µm using a Microtrac SRA-150.  Optically-accessible 
explosive housings were used to facilitate streak camera or framing camera measurements, which tracked 
reaction zone progress, as shown in Figure 1.  Laser fluence was the boundary condition that was varied in 
addition to bed density to probe variability in ignition and DDT characteristics of the pressed beds.  
Fluence conditions that resulted in short and long function times were evaluated in an attempt to better 
describe the behavior discussed in the previous section.  The fluence levels evaluated during this testing 
ranged from 3.9 to 9.25 joules/cm2.  Unprocessed digital streak camera data generated during a LEBW test 
shot are shown on the right of Figure 2.  The thin luminous zone identifies the spatial location (vertical 
axis) of the reaction zone as a function of time (horizontal axis). These x-t data can then be used to 
quantify the velocity and acceleration history of the reaction zone.  The digital streak images were reduced 
to x-t data using a Sandia National Laboratories developed analysis package8. 
 
3.1 LASER EXPLODING BRIDGEWIRE HOTPLATE OPTICAL TEST CONFIGURATION 
 
The laser used to initiate the explosive columns was a Continuum Powerlite 8000, which is rated for 1200-
mJ at 1064-nm with a 6→8-ns pulse width and a 10-Hz repetition rate.  The oscillator and amplifier 
flashlamp and Q switch delays were set such that the laser would output its maximum energy, where beam 
diameter is directly proportional to output energy. At maximum energy the beam shape is slightly oval 
with approximately 10mm/12mm minor/major axis lengths.  An illustration of the general optical setup is 
shown in Figure 4.   
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For consistent on-target fluence levels, the toward-target energy level was adjusted using a zero order ½ 
waveplate and a polarizing cube beamsplitter.  The ½ waveplate is rotated to change the ratio of reflected 
to transmitted energy that is transmitted through the polarizing cube.  The reflected energy is sent to a 
beam dump, but a high speed phototube was situated to capture some of the scattered energy off of this 
beam dump to provide a temporal signature of laser output.  This measurement allowed definition of T0 for 
function time determination.  A one-meter long 400-µm optical fiber was installed against the end of the 
explosive column and was coupled to an amplified silicon detector such that Tfinal could be measured for a 
determination of complete function time.  A second and in some was a more clear means by which 
function time was determined was by using the streak camera images.  The images clearly indicate the 
time of laser irradiation as well as detonation break out at the free surface end of the explosive column as 
will be seen later.  
   
Pyroelectric and thermopile detectors were used to determine the amount of on-target energy delivered 
during each test shot.  This measurement was done by collecting pre-shot energy ratios by replacing the 
target with a thermopile detector such that the pyroelectric detector acted as the shot-to-shot reference for 
determining actual energy delivered to target.  A series of shots were conducted at different laser output 
energy levels such that an average ratio was determined between the reference pyroelectric and thermopile 
detectors.  In this way, the ratio was used in conjunction with the measured energy incident on the 
pyroelectric detector to determine the energy delivered to the test device. 

 
Laser energy that is transmitted through the polarizing cube is directed onto the target and is focused by an 
antireflection (AR) coated plano-convex lens with an effective focal length of 813 mm at 1064 nm.  For 
determination of actual beam profile during a test shot, a portion of the pump beam is directed down an 
optical path which includes a second 813 mm focal length AR coated plano-convex lens.  This beam was 
focused down onto a beam profiling camera.  The position of the second focusing lens and profiling 
camera were set to be practically identical to the stand-off between the primary lens and target such that an 
accurate determination of beam profile could be made.  Using the beam profile image and the on-target 
energy determined by the pyroelectric detector, average laser fluence was calculated for each experimental 
shot.  The area that was used to determine fluence was set at 80% of that measured by the beam profiler 
and was chosen in an attempt to capture the high energy density center portion of the beam profile.  An 
example of a beam profile is shown in Figure 5.  The lens used to focus light onto the explosive target was 
adjusted on axis to control the laser spot size at the target surface. Target laser spot sizes of 2.5→3.6-mm 
were used. The target explosive column beneath the vaporizing metal layer is 2-mm in diameter so the 
laser spot sizes were set to insure that the explosive column was fully filled by the initiating energy.  In 
order to accurately position the initiating laser spot on target, an alignment laser was incorporated such 
that its beam was collinear with the initiating laser and could be used for alignment. 

 
Broadband and 1064-nm light that was backscattered from the target was collected by incorporating a 
turning mirror that allowed passage of the 1064-nm light on its way to the target but reflected the 
broadband and 1064-nm light towards detectors.  The 1064-nm light was segregated from the broadband 
by using a 1064-nm turning mirror as seen in Figure 4. 

 
As seen in Figure 1, the explosive column of the target was encased in a block of PMMA that provided 
broadband optical access to the progression of the reaction wave up the explosive column. The 8.1-mm 
length of the explosive column was magnified through a lens so that its image was displayed on the 17-
mm effective slit length of a high dynamic range streak camera. A 1064-nm turning mirror was placed in 
front of the streak camera to insure that no 1064-nm laser light entered and damaged the streak cameras’ 
photocathode. Slit widths of 30 µm and streak times of 1-5 µs were typically used. 
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3.2 STREAK CAMERA RESULTS 
 
The results reported here represent initial data collected to prove-in the experimental configuration 
described above.  Additionally, we sought to map out general explosive characteristics of the targeted CL-
20 material.  Several tests were conducted where various fluence levels were used to ignite the columns of 
CL-20.  Figure 6 reports four tests that were performed, where the upper left and upper right images were 
produced at approximately the same fluence condition of ~7.5 J/cm2.  The difference between the two 
experimental conditions was the initial density of the explosive charge such that the effect of density can 
be generally characterized.  We can readily see from those two images that the density of the charge is 
playing a significant role in reaction wave development.  The time necessary for the reaction to develop 
into a transient detonation kernel is on the order of ~0.6 µs versus ~1 µs for the 60% TMD and 70% TMD 
material, respectively.  For this discussion, a transient detonation kernel is described as the point at which 
a reaction wave is established with significant luminosity.  Delayed onset of high speed reaction waves as 
a function of density has been previously observed in experiments conducted to characterize and model 
DDT phenomena in columns of CP (2-(5-cyanotetrazolato) pentaaminecobalt (III) perchlorate)9.  In that 
study, reaction of the explosive material was driven by bridgewire-ignited columns of energetic material.  
A similar experimental configuration has also been used by other researchers for DDT studies in PETN 
(pentaerythritol tetranitrate)10,11, where a low gas yielding pyrotechnic mixture was used to thermally 
ignite those explosive columns.  In those studies, the DDT processes were generally described as 
occurring in three modes; a conductive burn followed by a convective burn that transitions into a 
compaction wave.  The velocity of the reaction wave increases with each successive combustion mode and 
then compaction controlled mode of the reaction wave.  Due to the high temperature and pressure 
conditions at the explosive boundary generated by the ablated metal film, conductive burning likely plays 
a less significant role in the early stages of the DDT process investigated here.  The ablated film will begin 
to compact the energetic materials locally and drive high temperature gases and materials into the 
explosive bed.  This event should result in the energetic materials rapidly transitioning into a convective 
burn proceeding in a locally compacted bed in the area of the metal film.  Whether the compaction wave 
acts as a means by which localized heating can occur that augments combustion or locally increases bed 
density, which could retard combustion processes, is unclear at this point.  What can be said is that 
increasing densities stifle critical aspects of the initial combustion processes as seen in Figure 6. 
 
Other aspects of reaction wave development that are seen in Figure 6 include what appears to be a 
smoothly increasing reaction wave velocity profile that is accompanied by an increasing luminosity for the 
60% TMD conditions.  Conversely, a steep knee-like structure in the 70% powder beds was observed.  
Figure 7 shows a zoomed-in view of the 9.3 J/cm2 condition pressed to 70% TMD.  What appear to be 
early time combustion processes can be faintly seen preceding the steep knee-like structure.  Additionally, 
a retonation wave traveling back into the partially reacted media can be seen.  The rearward traveling 
retonation wave is traveling at approximately 5.5 mm/µs, where the steady state velocity at 70% TMD is 
~7 mm/µs based upon the streak camera results.  A final observation about the data presented in Figure 6 
is that reductions in function time are accompanied by increases in laser fluence.  Reductions in function 
time were also measured during previous LEBW experiments for fluence values that were near a mean 
firing condition2.  For clarity, a mean firing condition defined during threshold testing is a fluence 
condition at which we expect 50% of the tests to successfully ignite the energetic materials. 
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4 CONCLUSIONS & FUTURE TESTING 
 
A new experimental approach intended to enable probing of the early stages of ignition and DDT 
processes has been developed and demonstrated.  The initial testing included characterizing the DDT 
characteristics of CL-20 at 60% and 70% TMD, where ignition was driven by a laser-ablated metal film 
that was in intimate contact with the energetic material.  It was found that the higher density tends to 
retard the onset of transient detonation waves.  The measurable reaction waves for the 60% TMD cases 
appeared to progress in a continuous fashion where the 70% TMD cases exhibited discontinuities and 
retonation waves for one test case.  This initial study was conducted to demonstrate the measurement 
technique, but it also allowed us to better define explosive column heights and regions of interest for 
subsequent testing.  Future testing will target the region in close proximity to the metal film where the 
early stages of bed compaction and combustion are occurring.  In this way, we can adjust the optical gain 
within the data collection system such that less luminous early stage combustion process can be 
interrogated. 
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7 FIGURES 
 

 
Figure 1: Schematic of the LEBW test detonator configuration (left) and an optically accessible LEBW device loaded 

with BNCP as the initial pressing used during streak camera testing. 
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Figure 2: Huygens’ reconstruction of compaction wave assisted DDT process in an EBW device (left) and raw streak camera data 

for a PETN LEBW device (middle) and a traditional PETN loaded EBW device (right).  The geometric correction to translate the 

measured velocity from the outer circumference of the explosive charge to the center line is ( ) ( )[ ] HHYYCL +−+= 2
1222ϕ .  φ 

is the diameter of the explosive column, Y is the location of the reaction zone identified using the raw image data and H is the 

height within the charge at which the detonation kernel is achieved.     
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Figure 3: Idealized hotplate configuration (left) and raw streak camera data for a hot plate experiment (right) using 

CL-20. 
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Figure 4: Laser Hot Plate Optical Layout. 
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Figure 5: A beam profile image for an experiment conducted at 9.25 joules/cm2 calculated fluence. 
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Figure 6: Streak camera images of columns of CL-20 pressed to 60%TMD (Left) and 70%TMD (Right) ignited at various fluence 

conditions. 
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Figure 7: Zoomed view of ignition zone for CL-20 hotplate experiment. 
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1 ABSTRACT 
 
The Industrial Explosives Division of the EPC Group has an on-going research program 
concerned with the monitoring and analysis of detonation pressure induced by 
detonation of explosives during blasting. The outcome of this work is the development of 
reliable monitoring technology called EXPRESS, like EXplosive PRESSure, based on 
carbon gauge technology. Carbon resistor gauges provide a relatively inexpensive and 
simple method with a good accuracy for detonation pressure measurements. Detonation 
pressure is an important parameter for the characterization of the explosive, especially 
during field operations. It informs us on how the explosive energy is released during 
blasting. Different results with various explosives on several quarries in Europe are 
presented. 

 
2 INTRODUCTION 
 
Controls of detonation explosives parameters during blasting operations are more and more effective, 
due in part with the development of bulk explosives produced on site. 
For example, velocities of detonation measurements are very common. This paper deals with a 
complementary method based on carbon gauges technology for detonation pressure measurement in 
the hole. 
We will present first the pressure system and the calibration operations. In a second part, we will see 
examples of different pressure curves measured on several quarries in Europe. Finally, in a third part, 
we will discuss on how these results could be used for the determination of the explosive energy 
released by explosive during blasting. 
 
3 PRESSURE MEASUREMENT SYSTEM 
 
The Industrial Explosives Division of the EPC Group has developed a reliable monitoring technology 
called EXPRESS (EXplosive PRESSure) see figure 1, based on carbon gauge technology for 
detonation pressure measurement induced by detonation of explosives during blasting operations. 
 
Carbon resistor gauges have been shown in the past to provide a relatively inexpensive and direct 
method with a good accuracy for pressure measurements (e.g. Ginsberg and Asay 1991 (1)).  
 
Wieland (6) used a carbon gauges to measure inter-hole blast pressures, which he believed to be the 
cause of observed malfunction in underground coal blasts. 
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Katsabanis (2-3) used carbon gauges to explore detonator and explosives malfunction, as well as 
pressure transmission through various inert decking materials. 
Mencacci (4) has studied the origins and effects of inter-deck pressure in decked blasts with pressure 
measurement made with carbon gauges.  

 
Figure 1. EXPRESS system 

 
The gauge, see figure 2, is fabricated by coating the carbon resistor (510 ohms, 0.125W) into a 
suitable plastic material. When subjected to a strong shock wave, the gauge undergoes compression 
and the conductivity increases in proportion to the magnitude of the pressure. The transducer driving 
circuit provides a constant source voltage regardless of the load. 
 

 
Figure 2. EXPRESS carbon gauge 

 
The EXPRESS system is equipped with 2 channels. The case prevents damage from adverse operating 
conditions such as temperature, shock, vibration and harsh weather conditions.  
The levels of pressure that can be measured ranges from 5 to 140 kbar. Output is via external 
connectors giving a voltage that relates to the pressure value. This voltage can be recorded on any 
suitable oscilloscope or other data capture devices with a minimum sampling frequency of 50MHZ. 

Gauge 
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4 SYSTEM CALIBRATION 
 
Initial calibration is carried out at Nitrochimie’s facility in the south of France. The signal is recorded 
with an oscilloscope and converted to pressure, in kbar, by the application of a calibration curve. 
Unconfined cylinder tests are used to investigate a large pressure range 5 to 140 kbar with the 
combination of different ideal high explosives and inert materials at the back. A carbon resistor gauge 
is included on the bottom of the attenuator. 
High explosives used are Petn and Nitromethane. Thick attenuators used are Plexiglas, copper, 
aluminum and steel. 
 Figure 3 shows a schematic of the carbon resistor test set-up. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Calibration set-up 
 
The RCS relation is defined by : 
 
RCS = Rmin / Ro 
 
where RCS = relative conductance shift, Ro = initial gauge resistance; Rmin = resistance of the gauge 
under pressure. Figure 4 shows the calibration curve obtained for the EXPRESS system. 
 

Figure 4. EXPRESS calibration curve 
 
 

6.5mm thick attenuator  

 

High explosive 

Carbon resistor pressure gauge 
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4.1 REPRODUCIBILITY 
 
In order to establish the reproducibility of the measure, we have compared the pressure generated by 
the couple Nitromethane/steel.  
This test was repeated three times and a comparison of the 3 signals made. The results are shown 
figure 5 and it can be seen that the 3 traces show very good agreement. The rise time of the sensor is 
around 300us. 

Figure 5. Results of reproducibility test 
 
5 PRELIMINARY TRIAL RESULTS 
 
A series of preliminary field trials have been undertaken employing the EXPRESS system. These 
trials have been aimed at investigating the detonation pressure of different explosives in various 
conditions. 
 
5.1 Case study 1 : cartridged explosive 

 
In order to compare cartridged explosives performances, different trials were done with dynamites and 
emulsions products. 
The gauge was placed above the top of explosive charge as shown in the hole-loading diagram given 
as figure 6. The explosives cartridges diameter used were 50mm and the hole diameter was 76mm. 
The ground in which the blast took place was saturated with water so that the test hole had water to 
collar level. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Hole loading diagram for case study 1 

4.5m 

2.2m 

detonator 

Cartridged explosives 

Pressure gauge 

Wet stemming 
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From figure 7, it can be seen that pressure for dynamite product rises rapidly to a peak of 120 kbar. In 
contrast, for emulsion product, the pressure rises to a maximum of 100 kbar. 
These results are logical, because maximum pressure is directly in relation with velocity of detonation. 
For dynamite, the Vod is 6500m/s, and for emulsion the Vod is 5000 m/s in these conditions. 

Figure 7. Pressure trace for case study 1 
 
Approximately 4 microseconds after the peak pressure, it can be seen that the pressure is higher for 
emulsion product. This observation is certainly due to the kinetic reaction which is slower for 
emulsion than dynamite. 
The slower the reaction kinetic is, the lower the energy released in the detonation front is. 
Consequently, the energy released after the shock front, essentially in the form of gases, is higher, 
leading to a greater pressure for emulsion. For more details about the influence of kinetic reaction, see 
Bleuzen (7) “Numerical modeling and evaluation of the detonation of non-ideal explosives applied to 
the optimization of explosive….”. 

 
5.2 Case study 2 : Anfo in blast hole 

 
Pressure gauge was installed in blast hole loaded with Anfo explosive, as shown in figure 8. The 
burden in this case was 4m, the spacing 4.5m and the hole diameter 95mm. 
The blast consisted of three rows of holes and was fired with electronic detonators. All the blast holes 
were dry. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8. Hole loading diagram for case study 2 
 
 

5.5m 

3m 

2Kg Primer + detonator 

30Kg of ANFO 

Pressure gauge 

Dry stemming 
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Figure 9. Pressure trace for case study 2 
 

Figure 9 show the pressure recording by the gauge. 
It can be seen that the pressure rise rapidly to a peak of around 74 kbar. This value is lower than those 
obtained for dynamite or emulsion products. Indeed, for the same reasons than previously, the velocity 
of detonation of Anfo in these conditions is near 3800 m/s. 
12 microsecond after the peak pressure, the pressure is around 20 kbar with a slowly decrease to 10 
kbar, 150 microsecond after the peak. 
When we compare this curve with that one obtained in steel tube with the same diameter and product, 
we observe similar pressure during the first 12 microsecond. On the other hand, the second part of the 
curve is very different. With steel tube, the pressure decrease rapidly to 0 kbar. 
This means, that the slower decrease of the pressure in blast hole for Anfo during the 150 first 
microsecond, is certainly due to pressure maintained by rock confinement. 

 
5.3 Case study 3 : different diameters or heavyanfo explosives 
 
5.3.1 Anfo in different diameters 

 
In order to compare the influence of the diameter, we have made a comparison for Anfo in two 
different diameters : 95 and 110mm. 
Figure 10 show the pressure recordings by the gauges. 
It can be seen that the pressure for 110mm, rises rapidly to a peak of 83 kbar. In contrast, pressure for 
95mm rises to 74 kbar. 
These results are logical because, as said before, maximum pressure is directly in relation with 
velocity of detonation. And it is well known that when the hole diameter increase, the velocity of 
detonation of explosives like Anfo, increase. 
During the first 20 microsecond, the pressure is higher for 110mm. 
50 microsecond after the peak pressure, we observe a rapid decrease for the 110mm signal, due to the 
destruction of the gauge. 
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Figure 10. Pressure trace for case study 3.1 
 
 

5.3.2 2 heavyanfos in the same diameter 
 
In this case, we have compared two different heavyanfos produced with the same multiblend truck. 
The bench height was 15m, burden 5m, spacing 4.5m and hole diameter 165mm. The rock type was 
Dolomie. 
A summary of explosive data is given in table 1. 
 
Table 1. Summary of explosive datas for case study 3.2. 

Explosive 
name 

Matrix 
emulsion

Anfo Global 
kinetic 
reaction

Type

Blendex 30 30 % 70 % “slow” augered
Blendex 70 70 % 30 % “rapid” pumped

 

Figure 11. Pressure trace for case study 3.2 
 
Figure 11 show the pressure recordings for the gauges. 
It can be seen that the pressure, for Blendex70, rises rapidly to a peak of 110 kbar. In contrast, for 
Blendex30, the pressure rises to a peak of 84 kbar. 
As said before, these results are in relation the velocity detonation records. Indeed, the Vod for 
Blendex70 in these conditions, is 5500 m/s and 4500 m/s for Blendex30. 

The second part of the curves is very surprising, we observe two different decreases of the pressure. 
This is mainly due to the very different kinetic of reaction of the two explosive products. Blendex30, 
contained mainly ammonium nitrate in prills, has a “slow” kinetic of reaction. So, the energy is 
released slowly. In contrast Blendex 70, has a “rapid” kinetic of reaction and the energy is released 
rapidly. 
 
6 DISCUSSION 
 

The method has proven to be an inexpensive and reliable technology to control explosive detonation 
on the field. It gives insight on the pressure release over time, and thus provides more information 
concerning the action of detonation to the surrounding medium. VOD can be correlated to the first 
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pressure peak on the pressure-time curve. Consequently, detonation pressure measurements are a step 
further compared to traditional VOD measurements. 

Field and laboratory tests have shown that, even detonation pressure curves last for tens of 
microseconds only, they show a very different behavior from one explosive to another. Those tests 
allowed distinguishing between rapid kinetic and slow kinetic explosives. First ones, despite a high 
initial pressure peak, show a quick decreasing of the pressure curve. Latter ones show a slower 
decreasing of the pressure curve, sustaining pressure for longer. One of the consequences is that 
explosives with the same potential energy may have a different effect on surrounding rock. The 
efficiency of explosives can be affected by these different behaviors. 

Furthermore, the time-pressure curve will not only depend on the explosive kind, but also on blasting 
conditions. Type of rock (different harnesses) but also borehole conditions as explosive contact to 
rock, air or water can influence the pressure release. Local static pressure or transient pressure, mainly 
caused by detonating neighbor holes, can also highly influence explosive efficiency. Field detonation 
pressure measurements represent a good mean to characterize the disturbance induced by all these 
phenomenon. The expansion of the database of information by means of EXPRESS measurements 
could allow better predict explosives behavior on field. 
As energy can be correlated to the integral of the pressure curve, this could represent a step further in 
explosive characterization. The concept of a static and constant explosive energy could be replaced by 
actual values of energy release, according to different blasting conditions. Some explosives with an 
equivalent potential chemical energy could appear as being more sensitive to local field conditions 
and, thus be less efficient or reliable. 

Modern blasting techniques are aiming at precisely adapting explosive energy to actual field 
conditions. This is based on precise assessment of geometrical variations and local rock 
characteristics. These methods will be more efficient if sufficient knowledge on the actual explosive 
energy release is available. For practical purposes, the method could replace traditional quantification 
methods as chemical energy content or aquarium test measurements. Probably that EXPRESS will 
have to be further combined with pressure measurements at the explosive-hole interface, in order to 
quantify actual transmitted energy to the rock.  
 
 
7 CONCLUSION 
 
A reliable system has been developed for the monitoring of pressure detonation measurements. The 
system has the advantage of using relatively cheap pressure sensors thus allowing for large numbers of 
monitoring exercises to be carried out in an economic fashion. 

The EXPRESS technology provides more information on the energy release over time and represents a 
step further in explosive field control. Field tests have shown significant differences between 
explosives, concerning amplitude and duration of the pressure curve. These differences certainly affect 
the energy transmission to the surrounding rock. At the same time, detonation pressure curves are 
affected by surrounding conditions and allow to compare actual energy release depending on variable 
field parameters. 

The detonation pressure technique already appears as a new method for better explosive 
characterization. This characterization is not only based on the potential energy explosives may 
deliver, but moreover on their actual efficiency in relation to the implementation on the field.  

Fieldwork continues to be undertaken to expand the database of information relating to detonation 
pressure results. 
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ABSTRACT 
 
In this work numerical modelling is performed to simulate the thermal effects of the 
pneumatic explosion of a large Solid propellant Rocket Motor (SRM). Such a blast 
involves fragmentation and dispersion of burning solid propellant pieces all around the 
broken up SRM. Heat release rate from the propellant fire could then induce another 
SRM explosion and lead to a catastrophic scenario. For this reason heat transfer from 
the burning Al-based solid propellant pieces to the surroundings is especially 
investigated in this study. A Computational Fluid Dynamics (CFD) code that calculates 
the turbulent gas flow by a 3D fully coupled low Mach number model based on the 
Large Eddy Simulation (LES) is adapted to simulate aluminised solid propellant fires at 
atmospheric pressure. Therefore it takes into account Al-droplet combustion through a 
mixture fraction model for computing the heat release rate due to droplet oxidation. The 
radiative absorption and diffusion of Al/Al2O3 droplets which are dispersed around the 
propellant are also included. A comparison with preliminary experimental test data 
gives very promising results, and the methodology to predict the thermal environment 
induced by a SRM explosion in a motor assembling building is presented.  
 
 
 
INTRODUCTION 
 
The assessment of the thermal effects of a SRM blast is a critical issue in pyrotechnic safety and is 
needed to define realistic hazard areas. In this paper the presented failure scenario is based on a typical 
Thread Hazard Analysis (THA) and consists of: 
 

1. Accidental fire spread in a motor assembling building (ignition from the hydraulic leak of an 
handling machine for example)  



EUROPYRO 2007 – 34th IPS 

2. Heating of the pyrotechnic item by hot gas 
3. Ignition of the energetic material  
4. Pneumatic explosion characterized by both structural fragmentation of the Rocket Motor 

(RM) and residual atmospheric propellant fire. 
  

While previous works explained more in details the global methodology used to predict such a 
scenario [1], this study is mainly focused on the fourth step, especially on heat transfer from the 
residual atmospheric propellant fire to the surroundings. The objective is to accurately predict the 
thermal expansion of aluminised solid propellant fire at 1 atm. A first numerical approach could 
consist in modelling propellant fire by its heat release rate or its calorific potential. Nevertheless heat 
transfer from a simplified chemical source is rapidly under-predicted and does not result from the real 
physical phenomena. In the last decades some numerical studies were carried out on solid propellant 
fires and other approaches were presented. For instance the thermal environment was predicted in a 
shipboard compartment by adapting a typical zone model [2] or in an enclosure by accurately coupling 
chemistry and thermodynamics [3]. 1D or 2D computations were performed but solid propellant was 
not aluminium based propellant and hence homogeneous gaseous reactions were only studied.  

On the contrary, in the case of Al-based propellant fire, heat transfer to the surroundings strongly 
depends on burning Al/Al2O3 droplets as shown by experimental tests [4]. As a result it becomes 
necessary to model aluminium combustion which yields until 1 m above the propellant surface at 
atmospheric pressure and also to account for the radiative absorption and diffusion of the droplets.  

Thus aluminised propellant fire modelling is presented in details in the first part and then applied to a 
3D failure scenario in the second one. The results are compared to the experimental data and finally 
discussed by pointing out the main numerical parameters.  
 
 
 
ALUMINISED PROPELLANT FIRE MODELLING 
 
In the present work a fire dynamic code that usually computes hydrocarbon fuel combustion is adapted 
to aluminised solid propellant fires [5]. An approximate form of the unsteady Navier-Stokes equations 
appropriate for low Mach number flows is computed in three physical dimensions. The hydrodynamic 
computation is treated as a Large Eddy Simulation (LES) in which the sub-grid scale dissipative 
processes are modelled [6]. 
 
SOLID PROPELLANT COMBUSTION 
 
The adiabatic flame temperature and burned gas composition, resulting from AP/HTPB solid 
propellant combustion at atmospheric pressure, are calculated by a zero-dimensional chemical 
equilibrium based model. Boundary conditions at the propellant surface are defined to represent the 
AP/HTPB adiabatic combustion at atmospheric pressure and are summed up in Table 1. Notice that 
burned gas flow velocity Vw at the propellant surface is calculated from the burning rate measured 
within preliminary experimental tests and supposed to be uniform on the whole surface. 
 
AL DROPLET INJECTION 
 
According to preliminary experimental tests it seems to be essential to take into account aluminium 
droplet combustion if a good prediction is desired [4]. Thus aluminium droplets are injected in the grid 
domain by defining their mass flow rate which directly depends on the initial Al wt% of the 
considered propellant (Tab.1). The droplet size distribution is expressed in terms of its Cumulative 



EUROPYRO 2007 – 34th IPS 

Volume Fraction (CVF), a function that is represented here by a combination of log-normal and 
Rosin-Rammler distributions:  
 
 
 
 
 
 
 
where dm is the median droplet diameter and γ and σ are empirical constants equal to about 2.4 and 0.6 
respectively. Notice that melting and agglomeration of aluminium particles on the burning propellant 
surface are not taken into account in this work although this phenomenon is particularly observed at 1 
atm [7]. 
 
Moreover droplet trajectory is computed from the burning surface to the plume using a lagrangian 
method and is governed by the equation: 
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As a result, a force term f, a mass term m and an energy term e, which respectively represent the 
momentum, mass and energy transferred from the aluminium droplets to the gas, are added to the 
basic conservation equations.       
 
AL DROPLET COMBUSTION 
 
Al droplet oxidation is typically modelled by a dn droplet combustion law coupled with a mixture 
fraction model: 
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mAl, ρAl and dAl are respectively the mass, density and diameter of the aluminium droplet. Sh is the 
droplet Sherwood number, given by a correlation involving the Reynolds and Schmidt numbers, and 
Dgas is the ambient gas diffusion coefficient. Finally the Spalding parameter Bm is not constant and 
follows a vaporization law defined from Clausius Clapeyron equation. 
 
AL/AL2O3 DROPLET RADIATION 
 
As shown by the experimental tests Al/Al2O3 droplet radiation globally controls radiation of 
aluminized propellant flame plume. That is why the radiative transport equation for a semi-transparent 
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medium is solved in order to compute not only gas radiation but also absorption and scattering of 
burning aluminium droplets. Therefore the Radiative Transfer Equation (RTE) is temporarily 
calculated by a Finite Volume Method as follows: 
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where κd is the droplet absorption coefficient, σd is the droplet scattering coefficient and Ib,d is the 
emission term of the droplets. Φ(s,s') is a scattering phase function that gives the scattered intensity 
from direction s' to s.  
The local absorption and scattering coefficients are calculated from the local number density N(x) and 
mean diameter dm(x) as: 
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where r is the droplet radius and Ca and Cs are respectively absorption and scattering cross sections 
given by Mie theory (Fig.1). f mimics the droplet size distribution previously defined.  
 
COMPARISON WITH EXPERIMENTAL DATA 
 
Numerical tests are made within a 100125125 ×× grid domain and the values of radiative heat flux 
and gas temperature are directly compared to experimental data taken from large scale fire tests [4]. As 
found experimentally and as depicted by Price’s model [8] three main zones are predicted (Fig.2): 

1. Gas temperature at H1 = 6 cm is close to the adiabatic flame temperature of 
85%AP/15%HTPB propellant ( CT adiab

f °= 2182 ) and mainly depends on the burning 
propellant combustion (Fig.3). Aluminium droplet combustion is also starting. 

2. Aluminium droplets are still burning from H2 = 26 to H3 = 46 cm what make the gas flow a 
little bit more turbulent. Gas temperature is still very high, around 2000°C. 

3. Then from 1 m to 2 m height, flame plume is more and more mixing with ambient air (third 
cone). As a result, temperature is dramatically curving (Tf ≈ 1200°C) and unburned droplets 
are dispersed all around. 

Gas temperature is well-predicted both in the first and second cones with an error less than 10%. 
Numerical values are less smoothed than the experimental ones, particularly at 0.26 m and 0.46 m 
height. This may be due to overprediction of turbulence effects in this zone since interaction between 
turbulence and combustion are not taken into account by this model. That could also explain the 
overestimation of the radiative heat flux at H = 1m and D = 1 m which is around 15-20% higher than 
the experimental value (Fig.4). 
  
Finally let us notice that radiative heat transfer strongly depends on aluminium mass flow rate and so 
on initial aluminium loading (Fig.5). This tendency was revealed by the preliminary experimental tests 
and show how significant Al droplet combustion and also produced Al2O3 particle radiation are on 
heat release to the surroundings. That is why all these numerical prediction results are very 
encouraging and incite us to test this model to simulate the whole SRM failure scenario. 
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EXAMPLE OF A SRM FAILURE SCENARIO SIMULATION 
 
The objective of this part is to briefly explain the numerical strategy used to predict one typical failure 
scenario of a solid propellant rocket motor. 
    
First the initial thermal aggression of a SRM is simulated. A typical fuel fire spread is predicted all 
around the rocket motor by a Fire Dynamic Simulator (FDS) [5]. A hot gas layer of about 1000°C 
yields in the immediate surroundings of the motor and is spreading up to the building’s roof (Fig.6). 
Moreover a more aggressive threat is induced near the RM upper part where gas temperature and 
incident radiative heat flux respectively reach 500°C and 30 kW/m2 (Fig.7). 
  
The Rocket Motor (RM) is consequently heated up and heat diffusion into the RM is accurately 
calculated by a more appropriate numerical tool (Quickfield software) that takes into account the 
properties of each motor internal part. When the auto ignition temperature of the solid propellant (TACP 
= 267 °C) is reached simulation time is said to be at tpyro that corresponds to the pyrotechnic event 
time, i.e. to the SRM explosion. 
 
As a result, at t = tpyro (610 s here) the rocket motor blast is involved and fragmented RM pieces are 
ejected up to 10 m from the blasted nozzle (four pieces in the presented case). Size, velocity and mass 
of the fragmented RM pieces are calculated by a numerical software named CRONOS and developed 
by the CAEPE [9]. Overpressure due to the RM blast is also computed and induces the expected 
surface discharge of the door. Notice that the fragmented RM pieces’ location is estimated and may be 
submitted to parametrical studies. 
  
Finally a second fire is spreading in the motor assembling building because of the dispersed solid 
propellant pieces burning at atmospheric pressure (Fig.8). The thermal effects of the propellant fire are 
then accurately computed by the model previously described and hazard areas could be then defined 
from more quantitative and less overestimating predictions.  
 
 
 
CONCLUSION 
 
The numerical strategy to simulate the thermal effects of a SRM pneumatic explosion in an 
assembling building is presented in this paper. Al-based solid propellant fire is numerically studied 
and aluminium droplet combustion is showed to play a significant part in heat release rate to the 
surroundings at 1 atm. In future works the presented aluminised propellant fire model will be 
implemented to the whole failure scenario simulation and less overestimating hazard areas could be 
then defined by such a numerical methodology. 
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 AP/HTPB/20%Al AP/HTPB/4%Al 

P (atm) 1 1 
Tw (°C) 2182 2182 

Rb (mm/s) 1.41 1.09 
Vw (m/s) 23.2 16.6 

mAl (kg/m²/s) 0.57 0.08 
dm (µm) 200 200 

Table 1: Characteristics of AP/HTPB/Al solid propellant burning at P = 1atm 
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Figure 1 : Absorption (Ca/πr²) and scattering (Cs/πr²) efficiency factors calculated from Mie theory (D=224 µm and 
Trad=2600 K) 
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Figure 2: Three cone structure of an aluminized solid propellant fire 
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Figure 3: Comparison of experimental and numerical temperatures above the propellant surface (AP/HTPB with 20%Al in 

mass) 
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Figure 4: Calculated radiative heat flux vs experimental data (AP/HTPB/20%Al) 
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Figure 5: Effect of Al droplet mass flow rate on radiative heat transfer 

(a) 

(b) 
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Figure 6: Accidental fire spread into a SRM assembling building 
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Figure 7: Incident radiative heat flux on wall boundaries (t < tpyro) 
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Figure 8: Incident radiative heat flux from solid propellant fire to wall boundaries (t > tpyro) 
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ABSTRACT 
 
Research works on new energetic materials usually lead to very few quantities of available 
products. Moreover, it is required to make pertinent choices more and more early in the 
development process. In this context, SNPE Matériaux Energétiques has developed miniature 
characterization tests for High Explosive Compositions. 
 
Two of these tests are derived from the well-known French Intermediate Scale Gap Test 
(ISGT, HE sample Φ40 H200 mm) which allows assessing the shock sensitivity of cast PBX 
compositions. These tests, so called micro-GT and mini-GT, give a first estimation of 
initiation pressure by using only a hundred grams of product. This value has to be compared 
to 5 kg of product for the classical ISGT. 
 
This paper presents experimental configurations, calibration tests and a first database with 
standard SME compositions. The results are compared to classical large scale tests such as 
ISGT, Extended LSGT and Calibrated Shock Wave test. It appears that these tests are 
complementary. The micro-GT gives a pressure threshold for a very short shock duration (0.2 
µs), which allows the extension of the “pressure vs duration” curve (Peugeot-Quidot 
criterion) at high initiation pressure. On the other hand, the mini-GT gives results which are 
directly comparable to ISGT results. The pertinence of mini-GT is then validated by the 
classification of our compositions which is preserved between small and large scale tests. 
 
 

1) INTRODUCTION 
 
In the framework of recent development studies on new energetic compositions, SNPE 
Matériaux Energétiques (SME) Research Centre has to evaluate the properties of new 
formulations in order to make pertinent choices as early as possible. The shock sensitivity is 
one of the most interesting characteristics for High Explosives. A classical set up is the well 
known Card Gap Test. In the SME Research Centre, a huge database of results is available 
with French Intermediate Scale Gap Test (so called ISGT) and Large Scale Gap Test (so 
called LSGT). These tests require respectively ∅40 H200 mm and ∅75 H281 mm samples, at 
least 10 per each test. This represents a great mass of material (around 4 kg for ISGT and 20 
kg for LSGT) which is absolutely not compatible with research or pre-development studies as 
the quantity of available composition to be tested does not usually exceed 200g. 
 
This paper describes how SME Research Centre managed to take up the challenge which 
consists in evaluating the shock sensitivity at small scale. For this purpose, two experimental 
Gap Test set ups were developed: micro-GT and mini-GT. Each one of them requires 10 or 12 
∅10 H50 mm samples, which represents between 100 and 200 g of energetic composition. 



 
The first part of the paper is devoted to the description of both experimental set ups. Then, we 
will explain how these tests are complementary to each other and to other sensitivity tests 
results. A first database will be presented with standard SME compositions. The results will 
be discussed as well as the limitations of using such small scale tests. 
 
 

2) DESCRIPTION AND CALIBRATION OF EXPERIMENTAL SET UPS 
 
The principle of Card Gap Test is the same whatever the test scale is: the detonation of an 
explosive donor generates a shock which is transmitted to the acceptor (the composition to 
evaluate) through an inert barrier. The result is the minimal thickness of the barrier which is 
sufficient to avoid the detonation of the acceptor. With the knowledge of the barrier and the 
acceptor Hugoniot characteristics, it is then possible to calculate the threshold initiation 
pressure of our compositions. The loading duration depends on the donor length and on the 
lateral rarefaction waves, that is to say on the diameter of the test. The acceptor detonation (or 
not) is assessed by the examination of a witness plate placed on contact with the acceptor or 
an intermediate HE sample placed between the acceptor and the witness plate. 
 
 

2.1) Micro-GT 
 
The first small scale sensitivity test developed was the Micro-GT. A scheme and a picture of 
the set up are given in figure 1. 
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Figure 1 : Micro-GT experimental set up 



The dimensioning and calibration of this test were performed by numerical simulations with 
LS-DYNA. The calibration curve shown in figure 2 gives the pressure level generated in the 
acetate cards with regards to the acetate thickness. 
 
 

 
Figure 2 : Calibration curve for Micro-GT 

 
One can notice that the pressure level ranges from 20 to 140 kbar, for 73 to 1 acetate cards, 
respectively. According to the classical pressure range for ISGT, we could expect that these 
pressure levels would easily initiate any classical composition able to detonate at a diameter 
of 10 mm. 
 
However, as it was previously said, the small dimensions of the test set up let rarefaction 
waves dissipate the shock energy sooner than in a larger configuration. This means that the 
shock initiation pressure is expected to be significantly higher in this test than the one 
obtained at a larger scale, in order to compensate the short duration of the shock. 
 
 

2.2) Mini-GT 
 
As previously said, Micro-GT results may not be easily comparable to larger scale results, 
especially for new formulations which have not yet been tested at large scale. The challenge 
was then to define a new Card Gap Test concept able to generate the same loading in the 
acceptor (in level and duration) than a standard existing Card Gap Test.  
 
In SME Research Centre, the biggest shock sensitivity database corresponds to ISGT results. 
So, the idea is to use the same donor as the one used in ISGT. The difference is for the 
acceptor: we replace the ∅40 H200 acceptor of the classical ISGT configuration by the 
confined ∅10 H50 acceptor of the micro-GT configuration. This test is called Mini-GT, the 
experimental set up is illustrated in Figure 3. 
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Figure 3 : Mini-GT experimental set up 

 
The calibration curve for mini-GT is the same than for classical ISGT, as the donor diameter 
and height are identical. This curve is available in the NEWGATES v1.5 (NIMIC data) and an 
appropriate fitting gives the following relation between P, the pressure in the barrier in kbar 
and x, the barrier thickness in mm: 
 

xexP 0522.09.2014.0)( −+=      (1) 
 
 
 

3) RESULTS AND DISCUSSION 
 
Once the experimental configurations were frozen for both tests, the goal was to validate that 
small scale tests can be as pertinent as large scale tests. The validation studies are exposed 
separately for Mini and Micro GT in the following parts, because even if these small scale 
tests are complementary, their final applications are totally different: Mini-GT is devoted to 
be directly comparable to ISGT, while Micro-GT gives additional information on the shock 
sensitivity behaviour of our compositions. 
 
 
 



 
 

3.1) Validation of Mini-GT results 
 
For the first tests with this set up, we have evaluated standard PBX compositions 
manufactured by SME and fully characterized. As expected, we obtained almost the same 
barrier thickness in mini-GT as in ISGT, as shown in table 1. 
 
Table 1 : Mini-GT results 

 
 Number of acetate cards (-) / barrier thickness (mm) 
Composition Mini-GT ∅10 mm ISGT ∅40 mm 
PBXN109 (with I-RDX®) 145 / 27.55 140 / 26.60 
HBU88A 170 / 32.30 155 / 29.45 
AZAMITE R 175 / 33.25 160 / 30.40 
B2263A 170 / 32.30 160 / 30.40 
ORA86B 170 / 32.30 160 / 30.40 
B2238 195 / 37.05 180 / 34.20 

 
First of all, we can observe that the hierarchy in sensitivity is the same with the classical Card 
Gap Test ∅40 mm or with Mini-GT taking into account the uncertainty of the results: ± 5 
cards. 
 
PBXN109 result is interesting to notice because it is the only composition among those tested 
in small scale tests which has a critical diameter greater than 10 mm. Indeed, this composition 
has a critical diameter of 14 mm, so the acceptor diameter (∅10 mm) is under the critical 
conditions to initiate properly this HE. However, the steel confinement allows testing such 
compositions under their critical dimensions, by delaying the lateral rarefaction waves. We 
will see in part 3) that the result obtained with PBXN109 complies well with the larger scale 
results at ∅ 40 and ∅ 75 mm. 
 
However, in comparison with ISGT, we note that a slightly greater number of cards is 
required in mini-GT to find the pressure threshold. This result can be explained by the steel 
confinement which transmits the shock wave to the explosive acceptor at a greater velocity 
than acetate. Then, in order to estimate ISGT results from mini-GT results, a corrective 
coefficient must be taken into account on the number of cards (or on the barrier thickness): 
 

Number of cards (ISGT) = 0.93 × number of cards (mini-GT) 
 
 

3.2) Validation of Micro-GT results 
 
The standard PBX compositions tested in Mini-GT were also tested in Micro-GT. The results 
are gathered in table 2 and compared to the results obtained at ISGT (∅ 40 mm) and LSGT 
(∅ 75 mm) when available. Pressure values have been deduced from the calibration curves of 
each test configuration. 
 



Table 2 : Micro-GT results 

 
 Pressure threshold in inert barrier / in PBX (kbar) 
Composition Micro-GT ∅10 mm ISGT ∅40 mm LSGT ∅75 mm 
PBXN109 (with I-RDX®) 100 / 120 53.8 / 65 24 / 28.3 
HBU 88A 79 / 95 47 / 55 27.3 / 39 
AZAMITE R 74.2 / 86 44 / 51 N/A 
ORA86B 77.5 / 100 44 / 55 24 / 30 
B2238 66 / 77 35.4 / 40 16 / 18 
 
The results in table 2 illustrate the scale effect for this type of test. As a consequence, the 
results are comparable for a same configuration, that is to say a same loading in pressure level 
and duration, but they are not trivially comparable when the scale changes. One can also 
notice that the sensitivity hierarchy is not exactly the same for all the configurations, though, a 
way to compare all these results will be detailed in part 3). 
 
For this small scale test, we had to demonstrate that the shock initiation pressure obtained at 
this test could be correlated with larger scale results. For HE compositions, in a (pressure; 
duration) diagram, the pressure threshold decreases while the duration increases, roughly 
following isoenergy curves. An empirical relation between the pressure P (in GPa) and the 
shock duration τ (in µs) has been proposed by F. Peugeot and M. Quidot [1]: 
 

τ
ρ

PuP
U

KEs n == −2

0

     (2) 

 
where ρ0 is the initial HE density (in g/cc), u the material velocity and U the shock velocity 
are in m/s, and Es is the shock energy in J/cm2. K and n are 2 coefficients which are fitted 
with the help of experimental points. An example of this pressure threshold curve is shown in 
figure 4 for B2238 (in red color). 
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Figure 4 : The pressure – duration diagram for B2238 (Peugeot-Quidot curve in red color, black points = 

detonation, white points = no detonation, dotted lines = isoenergy curves) 



 
This curve is very useful to predict the initiation of HE compositions submitted to shocks 
once you know the pressure level and the shock duration. Obviously, the more we have 
pertinent points for a wide range of loadings (in level and duration), the more values for K 
and n are reliable. In particular, two zones are difficult to attain: low pressure – long duration 
range (bottom right part of the chart) and high pressure – short duration range (top left part of 
the chart). For the first one, a specific test has been developed [2]. For the second part, the 
Micro-GT can bring some useful information. 
 
For the 5 compositions tested with Micro-GT (see table 3), we plotted the initiation pressure 
curves by fitting the Peugeot-Quidot coefficients K and n with all the data we had, except the 
Micro-GT result. Then, the Micro-GT result was added in the chart for a 0.2 µs duration 
(estimated by numerical simulations).  
 
Table 3 : Micro-GT results plotted in pressure vs duration diagrams for each composition 
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The first point is that our numerical estimation of 0.2 µs for the shock duration in Micro-GT 
seems to be coherent with the other data, for all the compositions. The pressure level as well 
is in good agreement with the initial threshold curve.  



 
So, Micro-GT appears to be complementary to larger scale sensitivity tests: it makes it 
possible to extrapolate the Pressure vs duration curve in the high pressure – short duration 
range. This range is particularly representative of small fragments impacts at high velocity. 
Moreover, this test requires a small quantity of material (between 100 and 200 g). 
Nevertheless, one must pay attention to the critical dimensions of tested compositions: a 
reliable result has been obtained with PBXN109 whose critical diameter is 14 mm, but for 
greater critical diameters, one must be very careful with results obtained at small scale 
sensitivity tests. 
 
 

4) CONCLUSIONS 
 
Two small scale sensitivity tests were developed in SME Research Centre: Mini-GT and 
Micro-GT. Although these tests require less than 200 g of energetic material (∅ 10 H50), they 
give pertinent and complementary information on the initiation threshold of PBX 
compositions: 

- Mini-GT results are directly comparable to classical ISGT results obtained 
with 4 kg of material; 

- Micro-GT results give additional information in the High Pressure – Short 
Duration range and make it possible to extrapolate the Peugeot-Quidot curve. 

 
The experimental set ups have been optimized and they are now available to be used in 
research programs for new compositions. 
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1 ABSTRACT 
 
A small scale performance test is investigated with plane shock wave experiments using 
a single stage powder gun of 98 mm internal diameter. A tantalum plate impacts 4 
confined HE samples. The tests are performed on well-known HE samples with a small 
weight of less than 2 grams. The objective is to characterize the detonation velocity, the 
curvature of the detonation breakout and the velocity at the interface HE/Al/LiF 
windows. The experimental results are compared with 1 D numerical simulations using 
the classical JWL equations of state for the detonation products expansion. 
 
 
 
2 EXPERIMENTAL SET-UP 
 
2.1 PLANE SHOCK WAVES EXPERIMENTS  
 
Plane shock wave experiments are conducted with a single stage powder launcher "ARES" [1] in one 
and two dimensional flow depending of the thickness of the HE samples listed table 1. 
 
A tantalum plate impacts four HE samples at a velocity of about 2400 m/s. The samples are confined 
with PMMA or steel. The shock condition at about 25 Gpa induces detonation in the explosive targets 
depending of the thickness of the tantalum impactor. The two horizontal samples with different 
thicknesses are observed with a streak camera to characterise the curvature of the detonation breakout, 
the detonation velocity, and the bow shock in the confinement. Embedded optical fibers are also 
tested. The two vertical samples with different thicknesses are instrumented with two visar 
measurements to characterise the velocity at the interface HE/Al/LiF windows. The experimental set-
up is presented figure 1. 
 
2.2 DETONATION CRITERION 
 
The thickness of the impactor can be chosen by the detonation criterion Puτ. The calculation of the 
Puτ criterion is reported table 2 for the tested composition and other insensitive HE such as TATB or 
B2214 (NTO/HMX/R45HT 72/12/16) [2, 3]. This detonation criterion does not take into account the 
critical diameter of the HE composition. A tantalum plate of 150 µm thick is chosen for the 
composition HMX/Viton 96/4. The thickness of the plate is increased up to 450 µm for the TATB 
composition and PBXN109. And in case of the B2214 composition, the impactor should be more than 
2 mm thick. 
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3 MEASUREMENT TECHNIQUES 
 
3.1 STREAK CAMERA 
 
An optical method is used for the determination of the curvature of the detonation breakout, the 
detonation velocity and the bow shock in the confinement. A fast electronic streak camera Thonson 
TSN 506 is used with adapted optics lenses to focus at the back of the target, including the two HE 
samples with different thicknesses and confinements.  
A configuration has been used at LLNL [4] on electric gun with a transparent confinement to collect 
the time intervals between the impact and the detonation breakout. The transit time in initiation studies 
has been measured also with this technique [5] or with pin contactors [6]. The same optical method is 
used in this study to determine the detonation velocity. 
Other techniques have been developed to measure the detonation velocity of a small sample with a 
streak camera or photodiode detectors :  
- A rectangular groove is machined at the back of the HE sample [7, 8]. The curvature and the local 
velocity are characterized with the extinction of the reflected laser light on the free surface and groove, 
registered with the streak camera when the detonation breaks out. 
- A classical wedge is used generally to determine the distance to detonation [9, 10].  
- One or several PMMA fibers with holes are inserted in the HE sample and give the transient 
phenomenon and the steady state of the detonation [11, 12, 13]. The evolution of the detonation front 
curvature is also measured. 
- A multi-layered barrier is positioned at the back of the cylinder pellet for shock and detonation 
velocities [14, 15]. The controlled thickness of the air gap between the very thin layer minimize the 
flash and characterize the shock wave propagation and also the pressure with the impedance matching 
techniques assuming the well-defined Hugoniot relation for the multi-layered material.  
- The information collected along the HE cylinder length at the interface of the container or at the free 
surface [14, 16, 17] 
 
The bow shock is also characterized by many authors with a streak camera at the back of the confined 
HE sample [18, 19].  
 
In this paper, the method with a groove at the back of the HE sample has been tested, figure 2. An 
indirect detonation velocity measurement could be developed by the knowledge of the bow shock 
axial velocity. In this paper, optical fibers with holes each 0.8 mm apart are tested in the HE samples 
or in the confinement, figure 3. The ionization of air due to the shock is measured with a photodiode. 
Hence, the feasibility is evaluated to determine the driving detonation velocity. 
 
3.2 VISAR MEASUREMENT  
 
The Visar measurements are performed in the center of the 20 µm thick aluminum foil at the interface 
HE/Al/LiF windows. For the same shot, two velocity measurements are operated on two samples with 
different thicknesses. The time resolution is about 1 nanosecond.  
 
4 EXPERIMENTAL RESULTS AND CALCULATIONS  
 
4.1 DETONATION VELOCITY MEASUREMENTS  
 
The detonation velocities are listed table 3. The uncertainties of the detonation velocity are calculated 
taking into account the uncertainty of the controlled thickness of each HE sample and its position in 
the confinement and also the uncertainty of the streak camera experimental records. The effect of the 
angle of impact has not been taken into account in the uncertainties. 
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The detonation velocities can be evaluated also with the Visar measurements in the case of the PMMA 
confinement, because the light emitted by the impact is also collected by the interferometer. The 
uncertainties are also calculated, taking into account this flash arrival. The results are listed also in 
table 3. 
 
The streak camera records are presented figures 4 to 5. The standard deviation in the detonation 
breakout time is related to the air ionization mark on the film, which depends of the HE sample 
detonation pressure and also of the air gap thickness. This standard deviation has been reduced by a 
smaller slit of the streak camera for the HMX/Viton 96/4 composition. For the PBXN109, the air 
ionization mark is still large, probably because of the additional light emitted by the presence of 
aluminum, even if the detonation pressure is lower. The standard deviation due to the flash arrival is 
more than 10 ns and difficult to reduce. A slight angle of impact is observed figure 4, but it can not 
explain the 2 D behavior of the 6 mm thick sample. A machining defect is possible. 
 
The bow shock is characterized by the lateral fiber in the confinement 1 mm apart from the HE 
sample. The comparison between the lateral fiber, the fiber inside the HE sample and the streak 
camera with or without a groove at the back of the HE sample are presented figure 6 for PBXN109.  
 
4.2 HE/AL/LIF INTERFACE VELOCITY MEASUREMENTS AND CALCULATIONS 
 
The experimental and calculated interface velocities are presented figures 7 to 9. The experimental 
results are compared with 1 D numerical simulations using the classical JWL equations of state for the 
detonation products expansion. The resolution of the Euler equation is achieved using a 1D lagrangian 
hydrocode with a classical Godunov numerical scheme. 
 
5 DISCUSSION 
 
The detonation velocity measurements for HMX/Viton 96/4 give a good agreement with the 
theoretical value 8.85 mm/µs. The standard deviation is better for the Visar measurement, but still 
influenced by the large standard deviation of the projectile impact time. 
For PBXN109 (figure 6), the bow shock axial velocity measurement with the lateral fiber show the 
transition events in the confinement : the impact shock and then the second shock leaded by the 
detonation in the HE sample. Longer HE samples are needed in order to reach the steady state in the 
lateral fiber. The streak camera measurement is in agreement with the embedded fiber. 
 
The calculations of the interface velocity are in good agreement with the experiments for the time 
arrival and for the second part of the release (figures 8 and 9). A small time shift of 20 ns is observed 
for the 6 mm thick HE sample of Ca03080, which could be attributed to the small dispersion in the 
experimental detonation velocity.  
The first part of the signal up to the break in the release is observed experimentally and not by 
calculation. This event seems to be related with the thickness of the Aluminum foil [20, 21]. 
 
7 CONCLUSION 
 
The feasibility of a small scale performance test has been investigated with plane shock wave 
experiments.  
- The embedded fiber optics give a transit velocity measurement, but are intrusive and need more 

resolution. 
- The streak camera measurement is in agreement with embedded fiber and give non intrusive data, 

but is limited to a local velocity, or mean velocity between the entry shock and the detonation 
exit. 
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- The lateral fiber optics give a non intrusive and transit velocity measurements, but this technique 
needs longer sample for the bow shock to reach the steady state. 

- The interface measurements reproduce the second part of the detonation products expansion 
numerical simulation, the aluminum foil and glue thicknesses seem to influence the first part of 
the release and the resolution needs to be improved for accurate peak velocity measurement. 

 
Work is ongoing on the characterization of a small amount of HE samples by improving the 
experimental set-up, measurements and calculations.  
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A SMALL SCALE PERFORMANCE TEST for HE 

 
HE Samples Diameter (mm) Thickness (mm) Confinement 

HMX/Viton 96/4 12  6 & 12 PMMA 
6 3 & 5 Steel 
6 12 & 18 Steel 

PBXN 109 (RDX/Al/binder 
64/20/16) 

 

15 7 & 15 Steel 
15 27 & 35 Steel 

 
Table 1. HE samples 

 
 PBX9404 TATB B2214 

e(mm) 0.15 0.45 2.00 
Puτ (J/cm^2) 261.74 675.00 2829.15 
Puτ (J/cm^2) 

biblio 
60 367.8 3100 

 
Table 2 : Detonation criteria 

 

Figure 1 : Experimental set-up 
 

 
 

Figure 2 : Groove at the back of the sample 
 
 
 
 

Impactor Ta, 
150µm, 2400 m/s 

Confinement PMMA  

2   Visars 

Streak Camera  



A SMALL SCALE PERFORMANCE TEST for HE 

 
 
 

 
Figure 3 : Optical fibers in the HE samples or in the confinement 

 
 

Shot  HE  Metrology Mean Dcj (mm/µs) Uncertainty (mm/µs) 
 

Ca03072 
Hmx/Viton 96/4 

 
6 mm  

Streak camera 8.786 (right) 0.283 
8.845 (left) 0.38 

Visar 8.58 0.12 
 

12 mm 
Streak camera 8.785 (right) 0.2 

9.018 (left) 0.2 
Visar 8.819 0.063 

 
Ca03080 

Hmx/Viton 96/4 

6 mm Streak camera 9.071 (right) 0.271 
8.707 (left) 0.256 

Visar 9.029 0.136 
12 mm Streak camera 8.692 (right) 0.126 

8.919 (left) 0.132 
Visar 8.990 0.067 

Ca 03086 - PBXN109 12 mm Streak camera 6 (center) - 
 

Table 3 : Detonation velocities measurements 
 

                
 

Figure 4 : Streak camera records HMX/Viton                 Figure 5 : Streak camera records PBXN109 



A SMALL SCALE PERFORMANCE TEST for HE 

 
Figure 6 : Comparison between lateral fiber, inside fiber and streak camera (HE sample with or without a groove), 

PBXN109, diameter 15 mm 
 

Figure 7 : Visar measurements records for Ca03072 



A SMALL SCALE PERFORMANCE TEST for HE 

 
Figure 8 : Visar measurements records for HMX/Viton 96 /4 diamter 6 mm 

 
Figure 9 : Comparison experiments - calculations for HMX/Viton 96 /4 diamter 12 mm 
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ABSTRACT 
 
A new industrial acceptance firing test mean (Moyen Industriel de Recette or MIR) has been designed, 
developed and validated for a better characterization of the end tip boosters and detonating transfer 
lines Pyrotresse®, in the frame of the new French ballistic missile programme. The use of this decisive 
tool is become essential to assess the acceptance of each production lot of such boosters and 
detonating lines (by means of a destructive sample, randomly chosen among the production lot). Their 
acceptance is now based on the velocity threshold of the end tip booster plate (intrinsic method), 
which allows a reliability gain for the further functioning of the lines, belonging to the same 
production lot, while rendering obsolete the former classical acceptance test. 
 
As any acceptance testing can not be performed in mass production with too expensive and huge 
laboratory tools like VISAR or high speed X-rays, the new firing test mean (MIR) was developed in 
order to be industrially adapted at low cost, but nevertheless accurate and pertinent for measuring 
small plate velocities of about several thousands meters per second. The MIR principle is thus based 
on the direct measurement of the end tip booster plate velocity by the use of micro self-shorting pins, 
which are cleverly located in front of the test specimen.  
 
 
 

1) INTRODUCTION : 
 
In the framework of the present French ballistic missile program, it was decided to find a new 
acceptance criterion for the end tip boosters and transfer detonating lines Pyrotresse®. Rather than to 
be classically depending of other pyrotechnic line component performances, while the acceptance 
destructive testing, the new criterion has to be based on an intrinsic method in order to be self decisive.  
 
The work presented in this article is related to the design, the development and the validation of a new 
industrial acceptance firing test mean ("Moyen Industriel de Recette" or MIR) which has to answer the 
following points: 
 

- As any acceptance testing can not be performed in mass production with too 
expensive and huge laboratory tools like VISAR or high speed X-rays flash, the new 
firing test mean must be developed in order to be industrially adapted at low cost. 



- As a reliability gain for the further functioning of the detonating lines is expected, this test has to 
be accurate and pertinent for measuring small plate velocities of about several thousands meters 
per second, rendering obsolete the former classical acceptance tests (by dent method or by 
transmission through hardened air gap). 

 
So the idea developed for the MIR principle was based on the direct measurement of the end tip 
booster plate velocity by the use of micro self-shorting pins. After a presentation of the pyrotechnic 
lines, this article describes firstly, the initial laboratory characterizations on a witness batch (VISAR, 
X-rays), the feasibility shots, and the parametric study to determine the key factors of this system to 
perform the uncertainty calculation. Then, the test pertinence was assessed by firing worsened 
boosters. 
 
In a second part, the adaptation of the test mean in an industrial plant is presented, by underlining the 
key points for implementation. 
 
 

2) CONTEXT AND PYROTECHNIC LINES DESCRIPTION 
 

The acceptance of pyrotechnics, such as the detonating transfer line, is not simple, as it is not possible 
to functionally test every unit, which is a one-shot product, by nature. 
 
So, manufacturers have to deal with Non Destructive Control (X- Ray, N-Ray inspection, etc) and 
Destructive Testing on a sample of the production lot and / or the constitutive pyrotechnic 
components, for bringing the insurance of the further good functioning of every lot item. 
 
A detonating transfer line is constituted (cf. figure 1) of the following components: 

 Detonating cord , braided for the leak tightness purpose, 
 End tip boosters, linked to the detonating cord (for the explosive continuity) and located 

inside metallic parts for interface provisions, and protection during installation.  

 
Figure 1: Pyrotresse® Detonating Transfer Line 

 
Obviously, the energy of a detonating transfer line is given by the end tip booster functioning 
characteristics. So, the ability to measure the end tip booster output energy is essential for the 
demonstration of the good manufacturing of a detonating transfer line production lot. 



"State of the Art " of the methods used for the energy measurement of end tip booster  
 
The relevant methods can be ranged in two classes: 
 

 Empiric methods : 
 

Method Principle Assessment 
Dent  test [1] To measure the crater diameter & 

depth, left on the plate put in contact 
Imprecise criterion 
Pending on raw material characteristics

Trauzl block[2] To measure the expansion capacity 
left in a  lead block with a calibrated 
hole 

Rather complex 
Pending on raw material characteristics 
Unusual test 

Ballistic 
Pendulum [3] 

To measure the max. angle of the 
pendulum arm, put in movement by 
the pyrotechnics functioning  

Difficulty to well transmit the detonating 
energy to the pendulum 

Interface test To check the transmission of the 
signal through various hardened air 
gap testing configurations 

Expensive & long lead time  
Pending of adjacent component 
performances 

 
 Research Laboratory methods : 

 
Method Principle Assessment 

X-Rays Flash To visualize and measure the 
velocity of the front plate of the 
booster 

Pertinent , accurate & intrinsic 
Expensive huge means, not easy to 
industrialize  

VISAR To measure the velocity of the front 
plate of the booster by laser 
interferometry 

Pertinent, accurate & intrinsic 
Expensive huge means, not easy to 
industrialize 

 
 
 

The dream for the MIR 
 
To select the end tip booster acceptance method, based upon the same principle as the Research 
Laboratory ones: pertinent, accurate and intrinsic, but rendered able for mass production: small 
equipment, robust, easy to operate and affordable. 
 

 
3) WITNESS BATCH CHARACTERIZATION : 

 
To quantify the end tip plate velocity, a characterization was carried out using a push pull VISAR 
interferometer and high speed X-rays. The goal is to obtain a very accurate value of the velocity plate 
(less than 1% of the max value) which will give us a reference value for the velocity, and to define and  
to fix the limits of the measurement field.  
 
Four tests were performed on a witness batch, provided by PyroAlliance. The results are gathered in 
the figures 2 and 3, respectively for the X-Rays flash and the VISAR measurement. 
 



 
 

Figure 2 – X-Rays photographies of the end tip booster  
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Figure 3 – VISAR velocities 

 
On the VISAR signals, in addition with a very good measurement repeatability, it is noted three 
different phases: 

- A plate velocity setting zone, up to a distance about 0.75 mm, 
- A relatively flat zone, between 0.75 mm and 2.5 mm, where the velocity value still 

increases  a bit, 
- After 2.5 mm, one observes a loss of VISAR signal, which can be the consequence of a 

degradation or a very strong curvature of the plate as we can see in the X-rays pictures, in 
figure 2 (time 2.9 µs).  

 
So for the design of our measurement device, this intermediate zone which is located at a distance 
range between 0.75 and 2.5 mm will be thus searched due to the very slow evolution of the plate 
velocity value between 2160 m/s and 2200 m/s, so at ± 40 m/s (with a VISAR precision of ±1% equal 
at 22 m/s). 
 



4) FEASIBILITY TESTS : 
 
The idea of a direct measurement of the end tip booster plate velocity by chronometry probes is simple 
but this kind of device is intrusive and can generate a disturbance of the plates during the flight. To 
quickly evaluate the possibility of this direct measurement, a series of feasibility tests was first 
performed with the setup presented in the figure 4. 

P1P2

X

End tip booster

Chronometry probes

Space between probes

P1P2

X

End tip booster

Chronometry probes

Space between probes

 
Figure 4 – feasibility test setup 

 
The plate velocity measurement is ensured by two self shorting pins, located in a base with a step, the 
contact between the flying plate and each pin gives a short cut and delivers a calibrated impulsion 
through an impulsion box, which starts and stops a one nanosecond time resolved electronic 
chronometer. The gap height which separates the two pins, is quantified with a micrometric resolution 
electronic measure column. Three tests were carried out and the results are gathered in the table n°1. 
The mean velocity is 2144 m/s with a standard deviation of 86.7 m/s. These results totally agree with 
the VISAR measurements. 
 

Table n°1 – feasibility tests results 
SHOT

N°
Distance between pins

(mm)
Time measured

(ns)
Calculated
velocity

(m/s)

VISAR velocity
(m/s)

1 0.564 251 2247 2136 – 2211

2 0.462 227 2035 2136 – 2211

3 0.583 271 2151 2136 – 2211

SHOT
N°

Distance between pins
(mm)

Time measured
(ns)

Calculated
velocity

(m/s)

VISAR velocity
(m/s)

1 0.564 251 2247 2136 – 2211

2 0.462 227 2035 2136 – 2211

3 0.583 271 2151 2136 – 2211
 

In conclusion, on this part, the obtained results matched very well with the VISAR velocities and the 
precision seems to be acceptable at this state of development. In addition the cost of these pins and the 
quite simple and quick use of this device are acceptable for the industrial way. So, the feasibility of 
such a device has been demonstrated. Thus, it is not necessary to evaluate a more complex type of 
measurement. 
 
 

5) PARAMETRIC STUDY AND OPTIMAL CONFIGURATION CHOICE  
 

In the distance limits fixed by the VISAR and X-rays tests performed on the witness batch, a 
parametric study, focused on 4 parameters, see figure 5, was performed through 16 tests. The two first 
parameters are relative to the horizontal distance between pins and the distance between the holder and 
the pins, the variations of these parameters with the curvature, figure 2, of the flight plate can have an 
influence on the velocity measurement. 



The third parameter is the vertical distance between the pins, which can affect the measurement 
precision: A too short distance will increase the uncertainty of the velocity value. Then, the last 
parameter is the distance between end tip booster and the first pin, the variation of this distance affect 
the velocity (for the short distance) and the integrity of the plate (for the long distance) as we can see 
in the VISAR signals in figure 3. 

S1S2

Distance between holder and pin n°1   0.2 < d < 2 mm

– 2 – 2.5 mm

S1S2

Distance between pins    0.2 < d < 1mm

Distance between pins 1.5 – 2 – 2.5 mm

End tip booster / pins distance  : 0.2 – 1 – 3 mm

S1S2

Distance between holder and pin n°1   0.2 < d < 2 mm

– 2 – 2.5 mm

S1S2

Distance between pins    0.2 < d < 1mm

Distance between pins 1.5 – 2 – 2.5 mm

End tip booster / pins distance  : 0.2 – 1 – 3 mm

 
Figure 5 – retained parameters for the set-up optimization 

 
The influence of the material nature, constituting of the base and the confinement, second order 
judged, were not studied. Table n°2, gathers the whole results obtained. Some examples of different 
measured velocity evolutions with the parameter variations are presented in figure 6. 

 
Table n°2 - Results of the parametric study tests 

Shot 
number 

Distance 
between base 

and pins 
(mm) 

Horizontal 
distance 

between pins
(mm)

Vertical 
distances 

between pins 
(mm)

End tip 
booster and 

pins distance 
(mm)

Measured 
velocity 

m/s 

1 1  2  .586  1 2362 
2 1 2 .498 1 2253 
3 1.5  2 .555 1 2151 
4 1.5 2 .688 1 2029 
5 0.25 2 .235 1 2974 
6 0.25 2 .195 1 1695 
7 .75  2 .72 1 2229 
8 .785  2 .51 1 2256 
9 .91  2.5  .72 1 2571 
10 .54  2.5 .925 1 2396 
11 .445  1.5  .59 1 2114 
12 .505  1.5 .66 1 2365 
13 .945  2 .42 3  1779 
14 .81  2 .605 3 2030 
15 .965  2 .465 .2  1970 
16 1.01  2 .42  .2 1858 
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Figure 6 – Results of the parametric study tests 
 
These graphs take into account the feasibility test results. From the four charts, the following trends 
can thus be determined: 

 
- For the horizontal distance between probes, the most reproducible values, and the closest 

to the VISAR signals were obtained with a 2 mm value, 
- VISAR values seem to be well reproduced above an 1.2 mm offset, 
- For the distance between the first pin and the end tip booster face, the optimum is located 

for a 1 mm value (coherent with the various zones observed on VISAR signals) 
- The vertical distance between probes to obtain a good value of precision and repeatability 

seems to be between 0.7 and 1.1 mm, no more because the degradation of the plate can 
disturb the velocity measurement. 

 
In conclusion for this part, this study allows us, for the studied parameters, to choose the following 
optimal configuration presented in figures 7 and 8.  
 

 

 
Figure 7 – laboratory set-up for the acceptance test 
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Figure 8 – optimal device set-up 

 
The measurement devices associated with the mechanical assembly are composed by: 
 

- 2 self shorting pins, 
- 1 ns resolution chronometer  
- An impulsion box which deliver from the short cut of each pin a calibrated impulsion in 

voltage to start and stop the chronometer. This device has been especially designed for this 
test   

  
And finally, a micrometric resolution electronic column has to be used to measure precisely, the 
vertical distance between the 2 pins. 

 
 
6) VALIDATION SHOTS : 
 

6 shots were carried out with the new assembly in order to validate the optimal configuration 
previously presented. The results of these shots are gathered in the table n°3, the comparison with the 
VISAR signals is performed in figure 9. 
 

Table n°3 – Validation shot results 
Ref offset 

(mm) 
Horizontal 

distance 
between pins 

(mm) 

Vertical distance 
between pins 

(mm) 

End tip booster – pin 
distance 

(mm) 

Plate velocity 
m/s 

17 1.87  2  .84  1  2079 
20 2  2 .852  1 2063 
21 2 2 .729  1 2078 
22 2 2 .852  1 2110 
23 2 2 .818  1 2035 
24 2 2 .593 *  1 2133 

*: pins glued problem (shot selected nevertheless) 
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Figure 9 – Velocity comparisons between VISAR and MIR measurements 

 
One first observes that for the 6 shots, the mean plate velocity is 2083 m/s ± 50 m/s, and we can note a 
good reproducibility between each shot but a slightly lower velocity value compared to the VISAR 
signal, this variation can be explained by: 
 

- The VISAR system measures an instantaneous velocity whereas the MIR measurement is 
performed with a distance between pins, which introduce an average of the acquired value. 

- The physical disturbance generated by the measurement device (pins) which can slow 
down the plate. 

 
The acceptance and validation of the measurement device can however be pronounced, the measure 
performed with this device can thus be considered as slightly penalizing. 
 

 
7) UNCERTAINTY CALCULATION : 

 
A calculation of uncertainty was carried out on the plate velocity measurement with the optimized 
device specified in the paragraph 5. The determination of the key factors was performed with the 
"Ishikawa diagram" and with the parametric study results, uncertainty was calculated by numerical 
simulation. 
 
Finally, one obtains an uncertainty related to the measurement of the vertical distance between pins L: 
 

2626
)( )10.8,132()10.35,1(81.40 LLu Lc

−− +++=  

 
And an uncertainty linked to the temporal measurement with: 
 

nsu Lc 083,3)( =  

 
The combination of these two uncertainties gives us on the velocity measurement:  
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The results of this calculation applied to various measurements performed during the set up of the 
MIR device were gathered in the table n°4. The evolution of the uncertainty value with the vertical 
distance between probes is presented in figure 10. 

 
Table n°4 – Uncertainty calculation results 

SHOT
N°

Vertical 
distance 

between pins
(mm)

Time

(ns)

Distance 
uncertainty

(mm)

Time 
Uncertainty

(ns)

Velocity
(m/s)

Velocity 
uncertainty

(m/s)
1 0.586 248 0.007 3.083 2362.903 79.069
2 0.498 221 0.007 3.083 2253.394 86.483
3 0.555 258 0.007 3.083 2151.163 72.324
4 0.688 339 0.007 3.083 2029.499 53.492
7 0.72 323 0.007 3.083 2229.102 58.836
8 0.51 226 0.007 3.083 2256.637 84.634
17 0.84 404 0.007 3.083 2079.208 45.413
18 0.655 294 0.007 3.083 2227.891 64.621
20 0.852 413 0.007 3.083 2062.954 44.254
21 0.729 351 0.007 3.083 2076.923 52.242
22 0.852 404 0.007 3.083 2108.911 45.731
23 0.818 402 0.007 3.083 2034.826 45.166
24 0.593 278 0.007 3.083 2133.094 66.836

CHRONOMETER

SHOT
N°

Vertical 
distance 

between pins
(mm)

Time

(ns)

Distance 
uncertainty

(mm)

Time 
Uncertainty

(ns)

Velocity
(m/s)

Velocity 
uncertainty

(m/s)
1 0.586 248 0.007 3.083 2362.903 79.069
2 0.498 221 0.007 3.083 2253.394 86.483
3 0.555 258 0.007 3.083 2151.163 72.324
4 0.688 339 0.007 3.083 2029.499 53.492
7 0.72 323 0.007 3.083 2229.102 58.836
8 0.51 226 0.007 3.083 2256.637 84.634
17 0.84 404 0.007 3.083 2079.208 45.413
18 0.655 294 0.007 3.083 2227.891 64.621
20 0.852 413 0.007 3.083 2062.954 44.254
21 0.729 351 0.007 3.083 2076.923 52.242
22 0.852 404 0.007 3.083 2108.911 45.731
23 0.818 402 0.007 3.083 2034.826 45.166
24 0.593 278 0.007 3.083 2133.094 66.836

CHRONOMETER
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Figure 10 – Velocity uncertainty evolution with the pins distance 

 
These results make it possible to confirm, that for the chosen vertical distance between pins, the 
uncertainty on the velocity measurement is lower than 50 m/s. 
 

8) PERTINENCE TESTS : 
 
In order to evaluate the pertinence of the MIR device, the idea was to compare the results obtained 
from the tests carried out on the end tip boosters charged in RDX (75 mg) with those resulting from 
HNS charged boosters (75 mg) which are normally less powerful. It has to be noted that the batches 
recovered in our storages are more than 20 years old, and were useful at this time, within the 
framework of first development studies for this kind of pyrotechnic lines. For this reason, they had not 
undergone the whole controls usually performed in series like neutrography. 
 
First, the response of these two boosters was assessed analytically. In these calculations one considers 
the RDX and HNS detonation products relaxation isentrope, according to the perfect gas assumption: 
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where: 
Pcj and Dcj[3] are the pressure and the detonation velocity at the Chapman-Jouguet point, 
P and u respectively, the pressure and the material velocity 
 
The isentrope is then "crossed" with the material Hugoniot constituting the case of the booster[4], the 
plate velocity is then given by the free surface velocity resulting from the relaxation along this 
Hugoniot. This graphic determination is explained in figure 11. One notes first, through this simple 
assessment, that the velocity found for RDX booster are the same order than those found in our study 
(2100 m /s) then the difference with the HNS boosters (1600 m/s) is significant, so that allows us to 
measure this gap with the MIR system. Moreover, the two values of velocity are located up and below 
the velocity threshold for the acceptance of these pyrotechnic lines. 
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Figure 11 – graphical assessment for the plates velocities of the two boosters 
 
Eight shots were performed (four by booster type) with the optimized setup for the MIR device, the 
results are presented in the table n°5. 

 
Table n°5 – HNS and RDX booster shot results 

 BOOSTER CHARGES 
 HNS RDX 
 

MEASURED 
VELOCITIES 

1680 2200 
1800 2100 
1690 1900 
1695 2180 

MEAN VALUES 1716 2095 
 

First, we can observe some dispersion in the results, which can be due to the very old batches 
recovered in our storages, however, one notes a significant difference between the two types of 
charges (2095 for RDX and 1716 m/s for HNS).  



Moreover, the measured values fit well with the analytical assessments and are discriminating one 
compared to the other. In conclusion, we can consider that our acceptance firing test device (MIR) is 
pertinent related with this velocity measure. 

 
9) INDUSTRIAL IMPLEMENTION AND OPTIMIZATION STEPS 
 

From the MIR measurement principle, as validated by the Research Centre, the following is 
noticeable: 

 The booster functioning jettisons the front plate of its cup with a constant velocity within 
a range of some millimetres, 

 Since the booster output energy is in direct relation with the reached velocity of the cup 
front plate, an accurate success criterion can be selected, versus the front plate velocity. 

 
Thus, for acceptance, it will be possible to measure the booster cup front plate velocity by recording 
the tops coming from two probes, perfectly located each other, in the trajectory of the front plate, 
where the velocity has been checked quasi-constant.  
 
For reducing the uncertainty in matter of velocity, the distance (l) between both probes, has to be 
known very precisely. Industrially, a specific part for bearing the probes is necessary for that matter. 
Moreover, the spatial alignment between the end tip booster and the probes in the test mean needs to 
be accurate. Finally, a high speed chronometer is required for performing this velocity measure. The 
resulting test configuration, using the MIR test mean, is schematized in annex.  
 
After having solved the usual youth difficulties during the learning phase, the MIR test mean has been 
validated by several reproducible velocity measurements, obtained from a reference lot of Pyrotresse®  
boosters. Up to now, the MIR test mean is used in series production, as it has meant all its 
specifications. 
 

Note: This valuable result has been obtained thanks to the synergy with the Research Centre: 
 The visualisation of the booster functioning through the huge laboratory test 

means was essential for finding the suitable concept for the MIR. 
 The selection of the success criterion value for acceptance and the demonstration 

of the accuracy of the MIR cannot be possible without these huge laboratory test 
means. 

How the Dream of the MIR is becoming a reality 
 

Figure 11 : Insert the Pyrotresse® in the guide part Figure 12 : Insert the probes bearing part 



Figure 13 : Zoom of the MIR heart Figure 14 : MIR Test Mean in the Firing Chamber 
 

 
10) CONCLUSIONS 

 
Due to the synergy between the Research Centre and Pyroalliance, the "MIR" Mission has been 
achieved", as every production lot of detonating transfer lines is nowadays accepted through the MIR 
mean, at twice levels: 

 at the booster level, to check the manufacturing and to minimize the further industrial risk = a 
new race of booster is born : the Hirel "MIR Booster",  

 at the transfer line level, to state about the good line assembly and to demonstrate the 
functional usability of the Pyrotresse® by the MIR firing of a sample of the lot, the size of 
which is respecting the reliability rules. 

 
The MIR acceptance method is meeting all the devoted specifications for a mass production: 

 pertinent, as the front plate velocity is in direct relation with the transfer line output energy, 
 intrinsic, as no adjacent component, nor test element characteristic, nor energy transfer 

function  are necessary  for implementation, 
 accurate, as the measure uncertainty is less than 4%, compared to the more than 20% booster 

performance margin 
 easy to proceed in a short time (half an hour), in-house, with simple test means  
 affordable, with regard to the Research Laboratory huge equipment. 

 
Costly, the destructive acceptance amount (additional sample, as a percentage of the manufacturing 
quantity + firing cost) is less than 5% of the total price of a transfer detonating line batch with a 
tremendous gain of about one decade in reliability.  
 
The MIR approach shall now be the new design rule in matter of detonating transfer line booster 
development, validation and production acceptance, for space and ballistic applications.  
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ABSTRACT 
 

Whereas, a primary initiating explosive is suitable for ignition of small arms propellant, it does not 
appear to be necessary. The percussion cap formulations of the 1910 – 50’s have more in common 
with chemical ignition mixtures than primary initiating explosives. Ignition mixtures appeared to have 
been under-explored as an alternative methodology in the search for an “environmentally friendly 
primer”.  Although it is thought the ignition mixtures of that period are corrosive; were any non-
corrosive ignition mixtures developed? The answer was a surprising “YES”. A US patent search 
reveals several ignition mixtures from the 1900 – 1960s assigned for use in percussion caps. The 
review for a non-corrosive ignition mixture reveled red phosphorus as a promising fuel. This report is 
an assessment of one promising red phosphorus formulation for use in small arms cartridges.
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Small Arms Primer Historical Background 
 
Small Arms ammunition primer designs have not undergone major changes in 50+ years since the 
introduction of lead styphnate based formulations as a non-corrosive primer by the US ARMY 
Ordnance Department in 1949. The basic design of percussion cap device has not changed in 140+ 
years since the introduction of the Boxer Primer. Several “percussion cap” compositions have been 
used over the last 140 years, some ignition mixtures, some primary initiating explosives use mostly in 
a boxer primer, illustration 1.  
 

  
http://www.firearmsid.com/

Illustration 1 Components of Boxer Primer 
 
The percussion cap formulations of the 1910 – 50’s have more in common with chemical ignition 
mixtures than primary initiating explosives. Ignition mixtures appeared to have been under-explored 
as an alternative methodology in the search for an “environmentally friendly primer”. Although the 
ignition mixtures of that period are thought as being corrosive; were there any non-corrosive ignition 
mixtures developed? The surprising answer was “YES”. A US patent search suggests several ignition 
mixtures from the 1900 – 1960s assigned for usage in percussion caps. This review for non-corrosive 
ignition mixtures revealed the use of red phosphorous. 
 
The requirements for a US Military requirement for an “environmentally friendly primer” are not 
formally defined however the general guidelines used for this investigation are  
 

1) Defined by Office of the Inspector General, Department of Defense; stating “Indoor Ranges 
must comply with lead exposure requirements from 29 CFR 1910.1025. The maximum 
exposure is 50 Milligram per cubic meter for any 8-hour period. Action Level is 30 milligram 
per cubic meter for any 8-hour period”. (1) 

2) The requirements of United States Federal Trade Commission’s CFR16 Section 5, Part 260 as 
applied to the terms; “green”, “heavy metal free” and “non-toxic”. (2) 

3) Percussion Cap performance paragraphs of MIL-P-46610E (MU). (3) 
   
Phosphorus-based percussion caps for small arms ignition have a previous history of use in the United 
States (US). Phosphorus based primers were so promising, US Army Maj. Gen.  Julian Hatcher states 
in his book :(4)  
 

  

http://www.firearmsid.com/
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““Meanwhile Frankford Arsenal’s search for a perfect non-corrosive primer for other service 
ammunition had been progressing, and they came up with a non-corrosive primer mixture consisting 
of barium nitrate and red phosphorous, and started its manufacture. 
  
While this was in many ways an excellent primer, it had two disadvantages.  The red phosphorous 
suitable for use in this primer had to be of such extraordinary purity that it turned out to be a problem 
to obtain it of the right quality and in sufficient quantity; and moreover if the phosphorous came in 
contact with the metal parts, and undesirable reaction occurred, so that the metal components had to 
be protected against such contact with the phosphorous. 
  
This primer mixture was used for a time (about 1949) with success; but it was finally decided to adopt 
a lead styphnate primer mixture for all service small arms primers, and such a non-corrosive small 
arms primer based on lead styphnate was standardized be Ordnance Committee action in August 
1949.” 
 
P4 priming was developed at the US Army’s Frankford Arsenal (Pennsylvania) and was documented 
in Ordnance Library Frankford Arsenal Report Number R-265 and US Patent #2,194,480.(5)(6) Olin 
Corporation improved the formulation with US Patent #2,970,900 in the 1960’s.(7) Attempts to 
stabilize and reduce the “white” phosphorus content are detailed in Ordnance Library Frankford 
Arsenal Report Report number R-206.(8)  
 
Phosphorous stability in moist atmospheres was dramatically improved in the 1990’s. Details are 
available in Clariant’s web site at http://www.nip.clariant.com/ and have been previously presented at 
the International Pyrotechnic Society Seminars 27, 29 and 31 including the finding of the 
International Key Technical Assessment 4-27 (2003) concerning pyrotechnic devices with 
phosphorus.(9)(10)(11)(12)(13) 
 
Woodring et al. discloses a noncorrosive, priming composition that includes red phosphorus, a 
secondary explosive, and an oxidizing agent. (7)  The military specification red phosphorus of the 
1960’s era was stabilized by treatment with acid, elutriation, and coating with aluminum hydroxide. 
Additionally, a low molecular weight liquid hydrocarbon is used to coat the particles to suppress 
dusting.  The secondary explosive is pentaerythritol tetranitrate (“PETN”), trimethylenetrinitramine, 
trinitrotoluene (“TNT”), or mixtures thereof.  The oxidizing agent is barium nitrate, potassium nitrate, 
lead nitrate, lead dioxide, basic lead nitrate, or a barium nitrate-potassium nitrate double salt.  Pritham 
et al. discloses a noncorrosive, priming composition that includes red phosphorus, as fuel, and an 
oxidizer, such as zirconium, barium nitrate, strontium nitrate, basic lead nitrate, lead peroxide, or 
antimony sulfide. (6)  
 
The military specification red phosphorus of the 1940’s era was not stabilized. US Patent No. 
2,649,047 to Silverstein disclose a primer cup design of less catalytically active metals to be used with 
phosphorous based priming composition.(14) All previous art have used these specialized metal cups.  
 
Patent Applications  
 
Members of ATK Lake City’s Ammunition Division’s Research and Development Group have 
experience with red phosphorous-based (P4) formulas in other applications. The exploration of red 
phosphorous mixtures for small arms cartridge ignition was a natural choice. 
 
ATK Lake City’s patent application innovation claim is the use of encapsulated red phosphorous 
formulations with standard brass percussion caps.  
 

  

http://www.nip.clariant.com/
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Red Phosphorous Chemical/ Physical Background 
 
Red phosphorus is an allotrope of phosphorus that has a network of tetrahedrally arranged groups of 
four phosphorus atoms linked into chains (P4).  White phosphorous (P) is another crystalline structure 
allotrope that is much more reactive and toxic than red phosporous.   
Yellow and black phosphorous are also referred in some literature, but both are contaminated 
crystalline structures from white phosphorus. 
 

Formula: Polymeric (P4)n

CAS no.: 7723-14-0 

Molecular weight: 123.9n

Density: 2.34 g/cm3

Melting point: Sublimes at 416°C 

Table 1. Red Phosphorous Physical Data 
 

Encapsulated Stablized Red Phosphorous 

Potassium Nitrate 

PETN 

Aluminum 

Binder 

Table 2. P4rimerTM Chemical Components 
 
Key Material Improvements allow the use of P4  
 
As specified in the 1960’s patent, the Olin Corporation formulation has the following weaknesses 
identified; 1) unstabilized military specification P4 and 2) hygroscopic potassium nitrate. Both tend to 
render the mixture insensitive over time, although on two vastly different time scales. (7) 
 
The military specification red phosphorous was unstable in moist atmosphere and will slowly oxidize 
into phosphoric acid.  This necessitates the use of corrosion resistant materials in the percussion cup. 
The stability of red phosphorous in a moist atmosphere was increased four orders of magnitude (X 
104) through Clarinant’s encapsulation technology. (10)  
 
The P4 is encapsulated during manufacturing with an epoxy coating, reducing the active catalytic sites 
for conversation into phosphoric acid. The encapsulation allows the use of convention cups for the 
percussion caps. 
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The potassium nitrate is hygroscopic in moist atmospheres and will agglomerate. This increases the 
misfire rate for the percussion cap as moisture desensitizes the mixture. Encapsulation technology is a 
suitable answer here also. The addition of nitrocellulose lacquer as a coating is a published method of 
encapsulation as defined in US Patent # 6,620,267 to Guidon et al. (15) 
 
Theoretical Thermodynamic Calculations exemplify “Green Chemistry” 
 
 The NASA-Lewis Thermodynamic Code Output File was generated for the P4rimerTM Formulation. 
(18) The primary products of combustion are precursor components of agricultural fertilizer. The 
Mass Fraction  are provided in Table 3. 
 
 

Mass 
Fraction Primer Only 

1 :1 Ratio  
Primer to 
Propellant 

1 :1 Ratio 
Primer to Prop. 

With 10 parts Air
1 :4 Ratio 

Primer to Prop. 

1 :16  Ratio 
Primer to 

Prop. 

PSI 50000 50000 50000 50000 50000 

P4O6 41.06 44.09 0.00 7.85 3.63 

K2CO3 (L) 19.75 0.00 87.34 0.00 0.00 

PO2 13.41 15.68 0.00 14.24 33.96 

KOH (L) 9.54 23.89 0.00 4.59 0.00 

K 5.70 0.73 0.00 2.34 2.26 

K2 3.53 0.01 0.00 0.03 0.00 

KOH 3.48 10.83 0.02 64.72 46.11 
Table 3 Partial Mass Fractions for Combustion Products of P4rimerTM

 
Chromatography Confirms Theoretical Calculations 
 
Pyrolysis Gas Chromatography / Mass Spectrometry (PyGC/MS) samples of P4rimerTM formulation 
were analyzed at ATK Launch Systems.  The main products observed with pyrolysis at 386oC were 
nitrogen (N2), nitric oxide (NO), nitrous oxide (N2O), formaldehyde (CH2O), water, carbon dioxide 
(CO2) and phosphorus vapor (P4).  These tests were completed in a closed bomb with an inert 
atmosphere (nitrogen). For energetic materials such as this mixture, the very small amounts utilized 
may or may not undergo the all reactions involved in the thermal degradation of larger amounts in an 
open system. 
 
Figure 1 shows the total ion chromatogram (TIC) from the PyGC/MS analysis of a sample with the 
main products labeled [nitrogen (N2), nitric oxide (NO), nitrous oxide (N2O), formaldehyde (CH2O), 
water (H2O), carbon dioxide (CO2) and phosphorus (P4)].  Products were tentatively identified by 
examination of mass spectra and their ion chromatograms with comparison to library spectra. 
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Figure 1.  TIC from PyGC/MS Analysis of P4rimerTM 

 
Figure 2 shows an overlay of selected ion chromatograms (SICs) for major ions from the main 
overlapping products identified in the large peak at the left in Figure 1.  
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Figure 2.  SICs from PyGC/MS Analysis of P4rimerTM

 
Figure 3 shows an expanded portion of the Figure 1 TIC relating to the phosphorus peak. None of the 
inorganic oxides of potassium, aluminum or phosphorus were observed due either to their lack of 
volatility or their reactivity with the nickel of the Curie point foil.  
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Figure 3.  Expanded Portion of Figure 1 

TIC from PyGC/MS Analysis of P4rimerTM

 
 
The PyGC/MS Analysis roughly confirmed the NASA Lewis code combustion products. The 
presence of P4 vapor is thermodynamically exclusive in a system of excess O2. Therefore P4 will react 
into oxides of phosphorous. The other products for combustion were present and confirmed in the 
PyGC/MS. 
 
The PyGC/MS identified combustion products that affirm the requirements of CFR 16 Section 5 Part 
260 as applied to the terms; “green”, “heavy metal free” and “non-toxic”.(2) All combustion products 
are bioactive in cycles from many sources, the use of “green” and “non-toxic” are appropriate. The 
formulation contains no heavy metals as define by the US Environmental Protection Agency in 
therefore the term “heavy metal free” is appropriate.(16) 
 
The primary combustion products are phosphates, potassium oxides and nitrates. These are chemical 
precursors to agricultural fertilizer mixtures. The have known bio-cycles and high biological tolerance 
in the environment and the human body. They are constantly recycled within the environment as 
illustrated in the following diagrams, illustrations 2-5. 
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Illustration 2 Phosphorous Cycle 

http ://arnica.csustan.edu/carosella/Biol4050W03/figures/phosphorus_cycle.htm
 

 
Illustration 3 Nitrogen cycle 

http ://www.soils.umn.edu/academics/classes/soil2125/doc/s9chap2.htm 
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Illustration 4 Carbon cycle 

http://www.physicalgeography.net/fundamentals/9r.html
 

 
Illustration 5 Potassium cycle 

http ://w3.uwyo.edu/~bmag/paper.htm
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Demonstration of Function in Percussion Cap 
 
Some Basic demonstrations of function consists of Digital Scanning Calorimety (DSC) for thermal 
dynamic and ignition properties, Case Sensitivity Impact Tests for cartridge function properties and 
time to peak pressure for weapon function and system properties.  
 
The DSC plot is presented in figure 4. The DSC can provide insight into the ignition properties of the 
primer. Understanding both the temperature and heat flow to ignite the propellant bed is the goal. 
There are no standards for ignition properties.  
 
The first exothermal reaction (-484 J/g) is perceived as the oxidation of the P4, the second larger 
exothermal reaction (-953 J/g) is the oxidation of the first phosphate (PO2). The first peak temperature 
is 210oC for the P4rimerTM formulation, which is just above the onset temperature of double-based 
propellants at 195oC. P4rimerTM is apparently ideally thermodynamically suited for the ignition of 
propellant. The reaction temperature is very close to the ignition temperature of propellant and the 
multiple exotherms of P4rimerTM keep putting heat into the system to drive towards ignition. 
 
 

 
Figure 4 DSC for P4rimerTM Primer, 0.66 mg 

Seiko Al Capsule, 30ºC to 360ºC @ 20ºC/minute, N2, 50 ml/min, Baseline Subtracted 
 
Activation Energy is comparable to current primer mix 
Approved for Public Release, United States Department of Defense  
Ref. 07-S-80,  23 February 2007 
 
Basic demonstrations of activation energy are the impact, friction and ESD testing. P4rimerTM 
activation all fire energies for Impact are approximately equal as presented in figures 5 and 6. The 
Friction all fire energy is approximately the same dry, but vastly different wet. The ESD all fire 
energy is an order of magnitude higher (safer) in P4rimerTM than FA 956. 
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Figure 5 BAM Impact Ignition Probability Sensitivity of P4 

as functions of Energy and Moisture 

 
Figure 6 BAM Impact Ignition Probability Sensitivity of FA 956 

as functions of Energy and Moisture 
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The impact ignition force for P4rimerTM and FA 956 are very similar. This is the most probable reason 
P4rimerTM functions so well in percussion cap designs such as Federal’s 195, CCI’s 500 and US 
Military #41. 
 
Mechanical Energy Transfer and Ignition are comparable primer design 
 
Primed Case Impact Sensitivity is the cartridge-weapon functionality interface. The primer must 
function after impact to ignite the propellant to cycle the weapon. The standards and test procedures 
for a # 41 (small military rifle) primer are found in MIL-P-46610E (MU).(3) The P4rimerTM primers 
provided from Federal were tested at ATK Lake City’s Facility using the certified impact sensitivity 
machines and procedures. The P4 primed Federal Cases were statistically identical sensitivity to the # 
41 Lead Styphnate primers (FA 956 Formulation) from LCAAP production. The Federal® cases were 
centered in the specification with an acceptable standard deviation to meet military requirements as 
detailed in Table 4. 
 

Primer Type Average Activation 
Height (inches) 

Activation 
Height Std Dev. 

Lead Styphnate FA 956 mixture in #41 
military configuration 

 

 
7.37 

 
1.12 

P4rimeTM primer mixture in 
Federal®  #195 configuration 

(#41 Equivalent) 
 

 
6.70 

 
1.20 

Table 4 Primed Case Impact Sensitivity Comparison 
 
The P4rimerTM appeared to have sufficient energy to ignite the propellant. P4rimerTM appears to 
achieve minimum impact energy sensitivity requirements when inserted into a case. P4rimerTM 

changes the TTP, exhibit a longer time to full ignition envelopment; however this change did not 
appear to affect weapon function. 
 
The time to peak pressure (TPP) is a measurement of weapon functionality. There are not any 
standards for TPP. Changes into TTP should be carefully investigated, since weapon responses like 
muzzle velocity, gas port pressure and weapon cycle time can change, if TPP is radically changed.  
 
The TTP for P4rimerTM is slower by approximately 64 microseconds when compared to FA 956 as 
shown in Figure 7. The Peak pressure was lower by approximately 2500 PSI when using P4rimerTM . 
The projectile velocity meets the specification requirement for the military specification at this lower 
pressure. (17) 
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Figure 7 Normalized Time to peak pressure in a 5.56mm cartridge 

 
Preliminary Functional Testing is very encouraging 
 
Preliminary functional testing for the P4rimerTM consists of Electronic Pressure, Velocity and Action 
Time Testing (EPVAT) at different cartridge temperatures.  P4rimerTM primed cartridges conditioned 
at –65oF, 70oF and 125oF for four hours were fired, electronically recording the chamber pressure, 
muzzle velocity, and action time. The results are plotted in figures 8 and 9. A statistical summary is 
presented in Table 5. 
 
  

  



EUROPYRO 2007 & 34Th INTERNATIONAL PYROTECHNIC SEMINAR 

Temperature vs Muzzle Velocity for 27 grain charge weight
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FIG 8 Velocity vs Temperature @ 27 grains propellant 

 
Temperature vs Chamber Pressure for  approx. 27 grain charge weight 
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FIG 9 Pressure vs. Temperature @ 27 grains propellant 
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RP vs LS @ 

 -65oF T Test F Test Statement
Pressure 1.9E-04 0.03 RP Peak Pressure is –2462 PSI with less statistical variance 
Velocity 0.08 5.0E-01 RP Velocity is equal with greater statistical variance 

Peak P Time 1.4E-03 0.00 
RP time to P Pressure +127microseconds with greater statistical 

variance 
Action Time 0.38 0.41 RP Action time is equal with equal statistical variance 

 
RP vs LS @ 70oF T Test F Test Statement

Pressure 1.7E-10 0.62 RP Peak Pressure is –2610 PSI with equal statistical variance 
Velocity 0.43 1.8E-17 RP Velocity is equal with greater statistical variance 

Peak P Time 5.0E-09 0.01 
RP time to P Pressure +64 microsecond greater statistical 

variance 
Action Time 0.18 0.34 RP Action time is equal with equal statistical variance 

 
RP vs LS @ 

125oF T Test F Test Statement
Pressure 1.4E-09 0.40 RP Peak Pressure is –2865 PSI with equal statistical variance 
Velocity 0.00 7.5E-01 RP Velocity is +29 FPS with less statistical variance 

Peak P Time 6.5E-03 0.00 
RP time to P Pressure +32 microseconds with greater statistical 

variance 
Action Time 0.41 0.54 RP Action time is equal with equal statistical variance 

TABLE 5 Summary Statistics for P4rimerTM EPVAT at Temperature Comparisons 
 
The P4rimerTM primer consistently produced a lower pressure for equivalent velocity across all 
temperatures. The time to peak pressure was slightly slower, but was without effect on action time of 
the weapon. The P4rimerTM performed superior to other “green” primers previously test at ATK Lake 
City in 2003. The –65oF pressures were not greater than the 70oF pressures. The cartridges using 
P4rimerTM meet the requirements for the military specification without any other modification. (17) 
 
Preliminary Thermal stability testing shows high stability 
 
The thermal stability of the primer composition was tested by exposing the P4rimerTM to a constant 
elevated temperature of 50OC without humidity regulation.  The cased primers were impact tested in 
accordance with Military Specification Mil P 44610 at the all fire height. The P4rimerTM was found to 
have 0% misfire failure rate after approximately 180 days at the elevated temperature.  In contrast, a 
lead styphnate-based primer known as Federal® K75 had 99% misfire failure rate after approximately 
55 days at the same, elevated temperature.  The 99% misfire rate was not determined for the 
P4rimerTM since the experiment used all the primers in the test matrix. 
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Preliminary Hazard Classification Testing shows promise 
 
The activation energy for P4rimerTM is similar to the current FA 956 mixture. A summary of the 
hazard classification tests is presented in table 6. For P4rimerTM detonation did not occur in every test.  
 

Composition Hot Wire 
Ignition 

SBAT Small Scale 
Burn 

No. 8 Cap Test 

FA 956 Explosion w/ 
Detonation 

Explosion Explosion w/ 
Detonation 

Explosion w/ 
Detonation 

P4rimerTM Ignition w/o 
explosion 

Explosion Ignition w/o 
explosion 

Explosion w/ 
Detonation 

TABLE 6 Summary P4rimerTM Hazard Classification Testing 
 
Summary 
 
The P4rimerTM formulation is a “green”, “non-toxic”, “heavy metal free”, “non-corrosive” ignition 
formulation for percussion cap primers. The P4rimerTM formulation provides cartridge and weapon 
performance advantages from its differences to standard lead styphnate formulations like FA 956 or 
Federal K75.  
 
The P4rimerTM formulation appears to be a safer, less expensive, viable, and more robust primer 
composition providing similar performance in cartridges.  
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ABSTRACT 
 
The M117 Flash Booby Trap Simulator is used during maneuvers and in training exercises to 
indoctrinate troops in the installation of booby-traps as well as to assist them in avoiding traps 
set by the enemy.  It produces a bright flash of light and a loud report when activated.  The 
existing flash powder contains potassium perchlorate which has been linked to human thyroid 
impairment.  The EPA has set a safe perchlorate level in drinking water at 24.5 PPB.  This 
paper describes an effort to eliminate perchlorate in M117 Simulator, as part of the US Army 
Research, Development and Engineering Command (RDECOM) Ordnance Environmental 
Program.  Initial work involved a closed bomb model to determine the peak pressure and rise 
time ballistics of potential replacement formulations identified from research and previous 
similar efforts.  From which the load weights of each formulation were determined for further 
investigation of the flash output and sound intensity in a full-size platform at a production 
facility.  The current formulation consists of a dry blended mix of potassium perchlorate, 
antimony sulfide, and magnesium which was used as a performance baseline.  After three 
iterations of testing the proposed candidates were down selected to the two that provided 
equivalent performance with near transparent manufacturing processes.  The two selected 
viable formulations also eliminate the use of toxic antimony sulfide and moisture-vulnerable 
powdered magnesium. 
 
 
 
BACKGROUND 
 
The M117 Flash Booby Trap Simulator is a training device used by soldiers to make them more aware 
of the proper installation, use, and detection of booby traps.  Figure 1 is an overview of all the 
components of a M117.  The main body of the simulator is installed on a vertical surface such as a 
post or a tree 8 feet off the ground.  When the trip wire is pulled a spring is released that pulls the 
scratch composition against an abrasive surface starting the pyrotechnic train.  The scratch 
composition ignites a quickmatch that transfers the flame into flash tube.  Inside the flash tube the 
quickmatch ignites the main flash charge which ruptures the device emitting the desired flash and bang 
effect.  The M117 when tripped is designed to produce a flash and 120dB report.  The item has a 
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surface danger zone of 6 ft.  The main charge consists of a dry blended mix of 50% potassium 
perchlorate, 33% antimony sulfide, and 17% magnesium. 
 
The Federal Environmental Protection Agency (EPA) has identified the perchlorate anion (ClO4-) as a 
ground and surface water contaminant due to its high solubility, persistence, and potential effects on 
human health.  Perchlorate exposure has the potential effect of interfering with iodide absorption by 
the thyroid gland.  A preliminary estimate of the current DOD ordnance inventory indicates that over 
250 different munitions types contain perchlorates.  These ordnances utilize ammonium perchlorate 
(AP) in rocket and missile propellants and potassium perchlorate in pyrotechnic simulator, delay, 
incendiary, illumination, gas generation, and tracer compositions.  In February 2005, the EPA 
followed the National Research Council’s (NRC) recommendation and established an official 
reference Drinking Water Equivalent Level of 24.5 ppb, a daily human exposure level that is not 
expected to cause adverse health effects.  As part of the DOD efforts to mitigate the excessive use of 
perchlorate in munitions systems, the ARDEC Pyrotechnic Research and Technology Branch initiated 
a product improvement program to develop and prove-out a perchlorate free flash composition for use 
in the M117 Booby Trap simulator. 
 
POTENTIAL FORMULATION IDENTIFICATION 
 
The increased desire to remove perchlorates from US ARMY pyrotechnic items has greatly increased 
over the past few years and has yielded an excellent starting point for this project.  The M116A1 Hand 
Grenade Simulator functions like a scaled up version of a M117 with a pull cord ignition systems as 
opposed to the trip wire ignition system of the M117.  Given this similarity the work done for the 
M116A1 perchlorate replacement program (Chen et al., 2006) was directly leveraged as a starting 
point for this program.   
 

Name Ingredient Specification
Potassium Nitrate Mil-P-156B, Class 3, 10-13 Microns
Boric Acid Commercial Grade
Cab-O-Sil M5 Grade
Aluminum Mil-A-512, Type 1 Grade B Class 3
Sulfur Mil-S-487, Grade C
Potassium Nitrate Mil-P-156B, Class 3, 10-13 Microns
Boric Acid Commercial Grade
Cab-O-Sil M5 Grade
Aluminum Mil-A-512, Type 1 Grade B Class 3
Sulfur Mil-S-487, Grade C
Potassium Nitrate
Boric Acid
Titanium Dioxide
Aluminum
GAP Polyol/N-100
Black Powder Mil-P-223, Class 7
Aluminum Mil-A-512, Type 1 Grade B Class 3

Table 1:  M117 Potential Formulations

M74A1 Air Burst Simulator 
Main Charge

M115/116 Perchlorate-Free 
604 Formulation

Modified 604 Formulation

GAP Energetic Binder Base 
Flash Powder

 
 
Four perchlorate free formulations were proposed for this replacement program.  The first is the 
M115/116 perchlorate-free 604 formulation as developed during their replacement programs.  The 
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second is a modified version of that 604 formulation that reflects a minor composition adjustment that 
evolved from further experimentation. The modified version has higher oxidizer and sulfur contents by 
lowering the percentage of aluminum powder to improve ballistics. The third is an energetic binder 
based flash powder co-developed by ATK and ARDEC.  The final is a US Army qualified 
composition that is currently used in the M74A1 Air Burst Simulator that also produces a flash and 
report which should be well suited for the M117. 
 
CANDIDATE SCREENING 
 
A study was conducted using a 50cc closed bomb to determine the suitability and required charge 
weight of the potential formulations needed to replace the current M117 flash charge (potassium 
perchlorate / antimony sulfide / magnesium) designated as the baseline.  Each sample was tested using 
0.75 grams of composition.  Figure 2 shows the pressure versus time trace from the closed bomb test. 
 
This data was then used as the basis for the determination of the sample load weights for each 
potential formulation.  In order to match the 450 psi maximum pressure created by the 0.75 grams of 
the baseline mix the following load weights were suggested to give equal pressures to the 2.5 grams 
charge of the baseline M117. 
 

Table 2:  Pressure Equalizing Load Weights 
Formulation Maximum Pressure (psi) Load Weight (g) 

Baseline 450.4 2.50 
604 380.5 2.70 

604 Modified 459.2 2.45 
GAP 0082 695.1 1.62 

M74A1 729.6 1.55 
 
Since the 604, 604 Modified, and M74A1 formulations are mixed in round the effect of the fill height 
on their ability to become well mixed also needed to be evaluated.  It was then determined that two fill 
weights (heights) would be evaluated for each formulation, 70% and 100% of the equalized pressure 
weights, without exceeding a 90% fill height. 
 
M117 HARDWARE ASSEMBLY 
 
The assembly of the M117 was completed in 3 steps.  The first involved the assembly of the ignition 
system and tubes to hold the flash charge.  Once the assemblies have dried, the flash composition was 
then loaded into the inner tube.  For each formulation the fuels were loaded first followed by the 
oxidizers.  The tubes were then sealed using a water based adhesive and the lower disk assembly.  The 
mounting bracket was then taped into position and the items were packaged for shipping.  During the 
final step each finished box of M117 simulators was tumbled to mix the fuel and oxidizer parts of the 
formulations. 
 
PHASE 1 
 
604 AND 604 MODIFIED FORMULATION LOADING 
 
Initial density estimates suggested that 1.20 and 1.50 grams of the 604 formulation will give the 
desired 60% and 90% fill heights, respectively.  Unfortunately due to the low density of the 604 
formulations the equal pressure load weight of 2.7 grams was unattainable.  Using these new load 
weights the pressure generated by the 604 formulations would be 44% and 56% of the baseline.   
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Given the similarities in the 604 and 604 modified mixes the same load weights will be used for both 
compositions.   
 
GAP ENERGETIC BINDER BASED FLASH POWDER LOADING 
 
The GAP binded material completely filled the flash tube using only 1.50 grams of material, slightly 
less than the 1.62 grams required to equalize the baseline pressure.  Since the GAP binded material is a 
premixed composition and requires no in round mixing a fill height of 100% was deemed acceptable.  
1.00 grams was selected as the second load weight because it would give a fill height of approximately 
70%. 
 
M74A1 FORMULATION LOADING 
 
The pressure equalizing load weight of 1.55 grams gave a fill height of 80% and a second load weight 
of 1.78 grams produced a 90% fill height.  A 90% fill height was deemed appropriated because even 
though this is a two part mix the primary ingredient is black powder which is energetic on its own and 
the added aluminum is of such a small particle size that it is easily mixed in confined spaces with 
minimal void space. 
 
Once each of the M117s were loaded, finished, and given sufficient drying time they were each 
packaged in the standard M117 item box.  These loaded boxes were then packaged in the standard 
M117 shipping crate and mixed using the same procedure as the current M117.  The current mixer 
consists of a flat plate to which a loaded crate is strapped to each side of the plate and then that plate is 
rotated using a compressed air driven motor.  The mixer rotated at 23rpm for 10mins. 
 
The rounds were then tested at an outdoor test range.  For the M117 a passing round is any round that 
produces a flash with a minimum sound level output of 120 dB or greater at 25ft.  The results from the 
first phase of testing can be seen in Table 3. 
 
RESULTS  
 

Table 3:  Summary of Phase 1Testing 
Sound (dB) Formulation # of 

Rounds 
Total 

Weight Avg Stdev % Failing # of  
Flash Delays 

Baseline 10 2.50 144.7 5.6 0% 7 
604 5 1.50 71.4 65.9 80% 5 
604 5 1.20 136.0 4.1 0% 2 
Modified 604 5 1.50 135.9 9.4 20% 1 
Modified 604 5 1.20 139.0 6.0 0% 4 
GAP 5 1.50 105.0 58.7 20% 2 
GAP 5 1.00 78.7 71.9 40% 1 
M74A1 5 1.55 141.9 1.4 0% 1 
M74A1 5 1.78 136.8 7.0 0% 0 

 
This initial phase of testing showed that the current composition is performing well over the 
specification minimum sound level producing 144.7 dB.  Although it was noted that these rounds were 
experiencing what appeared to be a delay in the functioning of the main charge, hence forth called a 
flash delay.  From video review delays of ~1 second were seen from the time the trip cord was pulled 
to the time the main flash charge functioned.  Evaluation of the current round lead the team to believe 
that the length of the quickmatch inserted into the inner tube was causing this delay.  In order to 
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shorten this delay the quickmatch was cut in half, thus reducing the amount of time that the majority of 
the hot particles ejected from the end of the quickmatch normally experiences. 
 
Using a load weight of 1.20 grams the 604 and Modified 604 formulations preformed very 
comparably.  While at a charge weight of 1.50 grams the Modified 604 formulation preformed much 
better.  The high failure rate of the 604 items can be best attributed to the lack of void space and as a 
result poor mixing. 
 
The GAP formulation preformed very poorly during this phase of testing.  These rounds produced a 
small initial flash that would blow off the bottom cap of the M117 and eject a trail of sparks.  
Suggesting that the M117 body did not provide the necessary strength to confine and contain the 
reaction for the desired traditional flash to be seen. 
 
Both load weights of the M74A1 formulation passed the sound specification with the lower load 
weight actually giving a higher average sound than the high load weight.  The 1.55gm load weight also 
had a lower standard deviation and far less flash delays than the current mix.  For the next phase of 
testing a lower load weight will be explored. 
 
PHASE 2 
 
Given the positive results of the first phase of testing the second phase was focused more on the 
verification of the first phase results.  Additionally, the use of a ½ length quick match was evaluated 
for its ability to reduce the number of flash delays.  In this phase M117s were mixed in round using 
the tumbler developed for the M115/116 perchlorate replacement, which mixes the items multi-
dimensionally around the items central axis at a speed of 16 rpm (Chen et al. 2006).  Each sample 
group consisted of 15 rounds.  The results of this phase of testing can be seen in Table 4. 
 
RESULTS 
 

Table 4:  Summary of Phase 2 Testing 
Sound (dB) Formulation Quick Match 

Length 
Total 

Weight 
Fill 

Volume Avg Stdev
% Failing # of  

Flash Delays 
604 Standard 1.20 90% 118.6 8.8 60% 12 
Modified 604 Standard 1.20 77% 116.7 6.9 67% 10 
Modified 604 Standard 1.35 85% 118.6 6.5 60% 8 
Modified 604 1/2 Length 1.20 69% 129.7 9.5 20% 4 
M74A1 Standard 1.20 72% 136.7 3.6 0% 3 

 
The 604 and Modified 604 formulations performed very poorly when compared to the first phase of 
testing.  Given the difficulty seen during the M115/116 development this poor performance is most 
likely attributed to poor mixing (Chen et al. 2006). 
 
During this phase the effect of the quickmatch length was also investigated.  By comparing the 1.20 
gram load weight Modified 604 groups with the standard and ½ length quick matches the number of 
flash delays decreased from 10 to 4.  These results confirm that the quickmatch’s length does play an 
important part in this flash delay phenomenon. 
 
Given the excellent result by the M74A1 formulation during the first phase a lower fill weight was 
evaluated as a cost savings technique.  For this phase the load weight was chosen to be 1.20 grams 
which produced a fill volume of 72% and a sound level well over the 120 dB minimum.    
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PHASE 3 
 
For the third phase of testing the ½ length quick match was standardized for each of the sample groups 
and the tumbler used during the first phase of testing was used to mix the items.  Additionally a 
sample group of preblended 604 and Modified 604 formulations were evaluated to determine the best 
case results when adequate in round mixing is achieved.  Each sample group consisted of 10 rounds. 
 
RESULTS 
 

Table 5:  Summary of Phase 3 Testing 
Sound (dB) Mix Mixing Total 

Weight 
Fill 

Volume Avg Stdev % Failing # of Flash 
Delays 

Baseline In round 2.5 72% 136.2 5.1 0% 0 
604 Preblended 1.2 74% 136.4 2.3 0% 2 
Modified 604 Preblended 1.2 79% 134.4 2.0 0% 1 
Modified 604 In round 1.2 69% 121.5 10.8 50% 2 
GAP In round 1.2 87% 115.4 11.3 70% 0 
M74A1 In round 1.2 66% 138.9 1.5 0% 0 
M74A1 Mod In round 1.2 66% 138.8 2.3 0% 1 

 
By using the ½ length quick match the flash delays in the baselines were eliminated while maintaining 
a level of performance exceeding the specification.  It should also be noted that the results from the 
first phase of testing were louder for all tested groups when compared to their respective groups in 
third phase of testing.  Since this trend was seen across the board and the fact that the testing occurred 
outside the differences were attributed to environmental factors beyond our control.  The first day was 
very windy and sunny while the third phase was tested on a foggy, cool, overcast day, with no wind. 
 
Comparing the in round mixed Modified 604 rounds from phase 2 and 3 show an improvement when 
switching back to the standard production mixer, but no where near as successful as the initial phase of 
testing.  When the compositions were preblended before loading into the round excellent results were 
seen with no failures and minimal flash delays.  The 604 rounds produced a sound of 136.4 dB with a 
very low standard deviation and the Modified 604 rounds behaved similarly with a report of 134.4 dB 
with a low standard deviation.  As seen during the M115/116 replacement program the 604 
formulation will produce the desired effects, but is heavily dependant on the mixing conditions (Chen 
et al. 2006).  The preblended mixes will always work, but in order to gain the advantage of the inert 
two part loading the mixing procedure needs to be developed for each unique production facility. 
 
For completeness an additional group of GAP rounds were made with a 1.2 g charge weight.  These 
rounds performed exactly as in the initial phase producing small flashes with a significant amount of 
trailing sparks. 
 
The M74A1 formulation performed excellently for the third time producing a report of 138.9 dB with 
the lowest standard deviations and no flash delays with the ½ length quick match.  With the intention 
of increasing the flash light output a modified M74A1 composition was tested.  This modification also 
produced excellent results, but showed no improvement over the original M74A1 composition. 
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CONCLUSIONS 
 
Two perchlorate free flash compositions have been developed and presented for a limited quantity 
system demonstration.  The first composition is a modification of the KNO3/Al/S #604 formulation 
first developed for the M115/116 perchlorate replacement program.  This modified formulation 
consists of high surface area flake aluminum as the primary fuel, sulfur as the secondary fuel, and 
potassium nitrate as the oxidizer.  Boric acid and silicon dioxide were added to improve the product 
storage shelf life, processing, and mixture homogeneity.  This composition has the benefit that it can 
be loaded as a two part non energetic system and then mixed in round to create the energetic charge.  
The fuel preblend consists of the aluminum and sulfur, while the oxidizer preblend consists of the 
potassium nitrate, boric acid, and silicon dioxide.  The developmental tests showed that this 
formulation is very sensitive to the mixing conditions, but when properly mixed either in round or 
preblended it will perform at a level above the specification requirement. 
   
The second composition uses the same high surface area flake aluminum and class 7 black powder.  
This composition has proven itself to be very reliable and robust.  During each of the three phases of 
testing it meet the required specification with the smallest standard deviation under a wide range of 
mixing conditions, load weights, and even percent composition variations.  Even though this 
composition is mixed in round the black powder is still loaded manually, exposing the operator to a 
1.1D “live” energetic material.  In the end these two compositions were chosen to give the future 
production contractors the flexibility to choose the composition that they feel most capable and safe 
making. 
 

 
Figure 1:  M117 Booby Trap Simulator System 
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1 ABSTRACT  
 
The Pyrotechnics Research and Technology Branch of Armaments Research, 
Development and Engineering Center (ARDEC) has developed an environmentally 
benign pyrotechnic black smoke composition. This development began with identifying 
potential organic dyes or dye mixes that have desirable physical and chemical 
properties. The dyes that met thermal stability requirement and the stringent health and 
environmental criteria were then analyzed in an iterative process. The first iteration was 
a small scale pellet, followed by a mid scale pellet. Within the mid scale pellet evaluation, 
a matrix experiment to determine the optimal operating ranges of all of the components 
of the formulation was performed. A parallel effort of this experiment was to determine 
a reliable and suitable igniter. The system was developed through the prototype stage 
and has entered demonstration. This system can be integrated into any military or 
commercial smoke signal or grenade.  
 
 
 
2 INTRODUCTION 
 
The Pyrotechnics Research and Technology Branch of the U.S. Army Armaments Research, 
Development and Engineering Center (ARDEC) has developed an environmentally benign 
pyrotechnic black smoke composition to meet an outstanding training requirement for a black smoke 
simulator signature. The program is a directive of the US Army Research, Development and 
Engineering Command (RDECOM) Ordnance Environmental Program (OEP). This program is a 
Pollution Prevention initiative to ensure that the operational ranges and munitions production facilities 
remain available and sustainable in support of the transforming future forces initiative. The 
Pyrotechnics Team at Edgewood Chemical and Biological Center (ECBC) provided technical support 
to the ARDEC Integrated Product Team on this effort. The US Army Center for Health Promotion and 
Preventive Medicine (CHPPM) is conducting a toxicity and environmental analysis of the black smoke 
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components and combustion products. Previous military black smokes are not suitable for use due to 
the health concerns associated with the components and combustion products of the black smoke 
simulators. The ARDEC developed black smoke formulation will meet the training requirement for the 
Battlefield Effects Simulator (BES) training system. The ARDEC developed black smoke simulator is 
currently entering the demonstration phase of systems engineering. A description of this effort through 
the development and initial technology demonstration has been discussed elsewhere. [1] 
 
2.1  BACKGROUND 

 
The U.S. Army is phasing out the previous black smoke simulator, the M26 Target Kill Simulator, due 
to the obsolescence of the firing systems, environmental concerns, and the pre-mature ignition safety 
issue in favor of the BES systems. There are two BES systems in use: the Force on Force and the 
Force on Target systems. The BES systems are vital for simulating battlefield realism. While the initial 
target for integration of the ARDEC developed environmentally benign black smoke formulation is for 
training purposes, the results of this effort are a robust formulation with an operating range that allows 
for multiple applications of this system. The environmental and health concerns of the M26 are 
addressed in the following section. The problems anticipated with other known black smoke 
pyrotechnic formulations is discussed in greater detail in the following sections and subsections. 

 
2.2 ENVIRONMENTAL CONCERNS 
 
The existing M26 Target Kill Simulator is composed of naphthalene (28 weight %), potassium 
perchlorate (62 weight %), and binder Laminac with Lupersol (10 weight %). The components 
naphthalene and potassium perchlorate each pose potential environmental and health concerns. 
Naphthalene is suspected to be a carcinogen as stated by the Environmental Protection Agency (EPA), 
“Using criteria of the 1986 Guidelines for Carcinogen Risk Assessment, naphthalene is classified in 
Group C, a possible human carcinogen.” However, the same assessment using the 1996 Proposed 
Guidelines for Carcinogen Risk Assessment, the carcinogenicity of naphthalene cannot be determined 
at this time. [2] As a suspect carcinogen, naphthalene is prohibited from use in several states. The 
combustion products of naphthalene also may pose as health hazards.   
 
Potassium perchlorate has been linked to the blocking of iodide from entering the thyroid gland, 
leading to interference in production of the thyroid hormones.  Potassium perchlorate is an 
environmental concern due to the persistence of perchlorates in the environment. Recently, the EPA 
has recommended no greater human exposure than 0.0007 mg/kg/day of perchlorate. [3] As 
perchlorates are the efficient and often preferred oxidizers in the pyrotechnics industry, many 
initiatives for eradicating perchlorate from pyrotechnic munitions are also underway.   
 
There are also some health concerns with the Laminac / Lupersol binder system which contains the 
highly toxic materials, methyl ethyl ketone peroxide (MEKP) and styrene monomer.  

 
2.3  DESIGN AND PERFORMANCE CRITERIA 

 
The design-to requirements for the black smoke simulator are 1) to be able to be integrated into the 
BES systems hardware; 2) visible smoke for a to be determined length of time; 3) black in color; 4) 
smoke daytime visibility distance at 1800 meters. While these are the criteria that our research has 
strived to attain, the requirements are static and may change at the discretion of the user. In order to 
satisfy the OEP initiative requirements, the black smoke must also be environmentally benign and pose 
no health hazards to the user. The short term goal of ARDEC was to determine the operating 
capabilities within our black smoke system would perform. Throughout early development of the 
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black smoke simulator, a range was discovered with the optimal performance of one specific system 
investigated.  
 
3 BLACK SMOKE TECHNOLOGY 
 
In Conkling’s book, “Chemistry of Pyrotechnics: Basic Principles and Theory,” the methods of 
producing a black smoke are described. The two most basic principles are the dispersion of solid or 
liquid particles, hereafter referred to as Method A, and the vaporization and condensation of a 
material, hereafter referred to as Method B. Prior technology of black smoke relies on the incomplete 
combustion of an organic fuel. Organic fuels heavy in carbon and hydrogen such as anthracene and 
coal tar were used in addition to naphthalene and function as described in Method A in which the 
combustion of the fuel and oxidizer creates a gas to disperse the partially combusted components of 
the fuel, resulting in a dispersion of soot. However, these organic fuels all possess similar health and/or 
environmental concerns to the naphthalene. Several novel systems of producing black smoke have 
been discovered in the past also functioning as described with Method A; however, the components 
used are too toxic or hazardous for further evaluation. [4]  
 
In order to ensure that the ARDEC developed system met the stringent environmental and health 
design-to requirements, no component that require the cracking of heavy organic fuels were 
considered for evaluation. Organic fuels such as sugar which result in the combustion products carbon 
monoxide and carbon dioxide are still viable as a pyrotechnic base for gas production. Systems 
assessed by ARDEC are described in the following subsections.  
 
3.1 COMBUSTION OF HYDROCARBONS 
 
Several organic fuels containing oxygen were combusted with potassium nitrate to asses the smoke 
produced.  The results are shown in the Table 1. 
 

Table 1: List of organic compounds tested and results 
 

Fuel  Oxidizer Color of Smoke Density of Smoke 
Sugar (Sucrose) KNO3 Grey Medium 

Dextrin KNO3 Grey Thin 
Microcrystalline Wax KNO3 White Very Thin 

Carnuba Wax KNO3 Grey Very Thin 
Camphor KNO3 Grey Very Thin 

 
The smoke is produced as detailed in Method A, in which the expected combustion products are 
carbon monoxide, carbon dioxide, water, and the partially combusted fuel particles. The more 
complete the combustion, the less smoke that is produced as carbon dioxide, carbon monoxide and 
water are all colorless in the gas form. As shown in the table, all of these fuels produce little soot and 
therefore are environmentally desirable.   
 
3.2  COMBUSTION OF FLUOROCARBON  
 
Another system tested was the combustion of the fluorocarbon polytetraflouroethylene (PTFE) as the 
oxidizer with the fuel powdered aluminum. The combination of aluminum and PTFE often appears in 
pyrotechnics as a heat signal producer. Varying of the ratio of fuel to oxidizer, with a PTFE rich 
formulation, was expected to generate black smoke as in Method A. On a small scale, black soot was 
generated, but results were marginally successful at best. This system was removed from consideration 
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due to the poor results as well to EPA documentation stating that PTFE may have serious health 
concerns related to its production and the side product perfluorooctanoic acid (PFOA).  
 
3.3  VAPORIZATION OF ORGANIC DYES 
 
Based on successful and utilized colored smoke formulations, it was determined that the vaporization 
of environmentally benign organic dyes (Method B) was most promising in producing black smoke. 
To reiterate the process designated as Method B, the dye is heated to its vaporization temperature via 
the heat produced by a base pyrotechnic fuel and oxidizer reaction. The same base pyrotechnic 
reaction also produces a sufficient amount of gas to disperse the vaporized dye particles which will 
condense in the atmosphere, forming a cloud. As the color range of dyes in powder form is a broad 
spectrum, so are the possible colors of smoke produced. Some colors are produced with two different 
colors of dye. For example the green M18 Smoke Grenade produces green smoke by the simultaneous 
vaporization of a green and yellow dye. A purple smoke may be achieved with a purple dye directly, 
or by the combination of red and blue dye. ARDEC developed a black smoke by vaporizing a red and 
a green dye simultaneously.  
 
The optimal operating temperature range of dye is very narrow, and unique to the specific dye. 
Generally, at elevated temperatures the dye will combust, act as a fuel, and produce no smoke. At low 
temperatures, the pyrotechnic base reaction may not propagate. When the dye combusts, a flame may 
appear instead of smoke. In order to prevent the undesired flame, a coolant is needed to quench the 
heat created by the pyrotechnic base reaction. A coolant is any chemical that acts as a flame retardant 
or otherwise cools or controls the pyrotechnic reaction. Potassium chlorate is the preferred oxidizer for 
the dye vaporization method as often the reaction temperature of the pyrotechnic base maintains the 
optimal temperature operating range. Potassium nitrate is also a desirable oxidizer as it is 
environmentally benign; however, the reaction temperature of potassium nitrate is often too high and 
will result in combustion of the dye. While potassium chlorate exhibits the desired characteristics of 
the pyrotechnic oxidizer needed for optimal performance, the optimal fuel is not as clear. Several 
standard colored smoke formulations include sulfur as the pyrotechnic fuel. Sulfur is not an 
advantageous component due to the side effect of acid rain when introducing combusted sulfur to the 
atmosphere. A summary of the components included in a successful dye based smoke formulation are 
found in Table 2.  
 

Table 2: Components and their functions 
 

Component Desired Function 
Organic Dyes Color of Smoke 

Sugar (Sucrose) Fuel 
Sulfur Fuel 

Potassium Nitrate Oxidizer 
Potassium Chlorate Oxidizer 
Sodium Bicarbonate Coolant 

Magnesium Carbonate Coolant 
Stearic Acid Lubricant/Mixing Aid 

Vinyl Alcohol Acetate Resin (VAAR) Binder 
Polyvinyl Alcohol (PVA) Binder 

 
Another item of consideration is the toxicity of the dye itself. Some dyes are known irritants or 
hazardous compounds. The mutagenicity and carcinogenicity of several dyes has been documented 
with various health assessments. Special consideration should be given to ensure that the entire smoke 
formulation is safe through the life cycle of the item, from production to deployment. Often, heavy 
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metals can contaminate the dye. However, current manufacturing technology used in organic dye 
production can reduce any amount of an undesired component of the dye to acceptable levels. Another 
design consideration of this method is the integration of a reliable igniter with a relatively low ignition 
temperature to avoid overheating of the contact smoke charge. 
 
4 DEVELOPMENT PROCESS 
 
The development process of the ARDEC developed black smoke began with the selection of feasible 
organic dyes by literature references and/or confirmation with thermal analysis. Selected dyes were 
evaluated in a small scale pellet configuration. Successful dyes from the small scale pellet design were 
then reevaluated in an initial fiberboard prototype design. Several smoke formulations entered the 
development process at this stage due to the inconsistent results of the small scale testing. Based on 
successful results at the fiberboard prototype level, candidate formulations were tested in a system 
cartridge design similar, but not identical, to the expected final system design for the first iteration of 
black smoke as a training simulator.  

 
4.1 DYE SELECTION 
 
After the literature search and initial small scale testing of various organic fuel/oxidizer systems, the 
development effort was focused on producing a viable dye-based black smoke generating system. This 
process began with the selection of the dyes for further study.  Candidate dyes were selected from 
literature sources and availability of domestic sources. Candidate dyes were then characterized with a 
Simultaneous DSC / TGA (Differential Scanning Calorimeter / Thermogravimetric Analysis) to yield 
heat flow and weight loss thermal analysis.  Suitable dyes experience significant weight loss between 
the melting point and boiling point temperatures. The melting points of dyes are also critical. A 
minimum melting point of approximately 200ºC is required to ensure system stability in operating and 
storage conditions (ambient conditions). Of the many types of dyes available, FD&C (Food, Drug and 
Cosmetic) and D&C (Drug and Cosmetic) were tested for suitability. These dyes were promising in 
regards to meeting health and environmental concerns as they are already found in food products and 
cosmetics.  The purity necessary for qualification as a D&C or FD&C dye eliminates most of the 
heavy metals from the unprocessed dye. Unfortunately, none of the FD&C dyes met the thermal 
characteristics necessary for smoke production. A summary of the dyes assessed at this stage is located 
in Table 2. 
 
Also, the nature the dye enters the human body is directly related to the health and safety of the dye, in 
this scenario through oral ingestion or the respiration pathway.  This means that although the dyes are 
already used in the food and cosmetics industries, they may not be acceptable to breathe. Some dyes 
previously used in Army smoke formulations exhibit mutagenic and/or carcinogen properties and were 
not examined. [5] In order to mitigate the health risks of the dyes, special consideration was given to 
the base structure of the dye and any sub-groups present. For example, the same concern with sulfur as 
the fuel is also noted, although to a lesser degree, when a substituent of the dye is sulfur-based. [6] 

 
The prospective dyes were in Table 2 were evaluated in a bench-scale smoke generation test, in which 
the sample dyes or pre-blended dye mixes were placed in a crucible and vaporized by a heat source.  
Dyes that generated a thick cloud in the initial crucible testing were then analyzed with the formulation 
development study. 
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Table 3: Dyes tested for smoke generation 
 

Dye Name Was Smoke 
Generated? Dye Name Was Smoke 

Generated? 
Foodcraft Black Shade Dye Blend NO Spectra Black NO 

Foodcraft FD&C Blue # 1 NO Orco D&C Yellow 11 YES 
Foodcraft FD&C Red # 40 NO Orco Black NO 

Foodcraft FD&C Yellow # 6 NO Orco D&C Green 6 YES 
Foodcraft Yellow 5 High NO Orco D&C Red 17 YES 

Foodcraft FD&C Yellow # 5 NO Orco Smoke Red 3B YES 
Foodcraft Black NO Orcosmoke Violet FS YES 

Koch Black Lake Blend R NO   
 
4.2  ASSESSMENT PROCESS 
 
Once a dye has met initial criteria for selection, it was then analyzed in several larger incremental 
sizes. To analyze a potential black smoke generating system, the dye is mixed with sugar, magnesium 
carbonate, either potassium nitrate or potassium chlorate, stearic acid, and vinyl alcohol acetate resin 
(VAAR). These components were selected for analysis based on previous performance in known 
smoke generating systems.  Sugar is the preferred fuel to use with an oxidizer as a pyrotechnic base for 
generation of heat and gaseous products. Potassium chlorate is the current oxidizer used in most dye-
based smoke formulations. [7] The weight percents of each component varied according to dye 
performance and are unique to each dye or dye combination.   
 
The general mixing procedure for the dye-based mixes was that of a wet, hand-blended slurry mixing 
operation. Stearic acid was added to the VAAR solution (VAAR dissolved in ethyl acetate) and mixed 
until completely suspended in the solution. Stearic acid may also be blended with the potassium 
chlorate to prevent agglomerations of potassium chlorate. The solution of VAAR, stearic acid, and 
ethyl acetate was then mixed with the sugar until no solid agglomerates were visible and its 
consistency was of a wet paste. The dyes were then added to the mixture. Additional ethyl acetate was 
required at this step because the mixture became too dry to mix homogeneously. The last additions 
were the oxidizer and the magnesium carbonate. Once it was determined that the wet mix was 
homogenous, the ethyl acetate was allowed to evaporate away to form moist smoke granules.  
 
Figure 1 is a representation of the small scale pellet configuration which is comprised of a pressed 
igniter and smoke charge. Figure 2 represents the mid scale pellet in which the igniter and smoke 
charge are pressed into a fiberboard tube. Figure 3 was the last increment of the development process, 
in a prototype system. Pellets were presses and assembled as shown in Figure 3. From there, the pellets 
could be inserted into a variety of canisters or cartridges and tested.  
 
4.3  SMALL SCALE PELLET CONFIGURATION 
 
Figure 1 illustrates the small pellet configuration which is a 2.5-gram pellet with a 0.5-inch diameter 
and varying heights.  Approximately 0.5 grams of an igniter was then pressed on top of the pellet.  
Two different igniters, black powder and a boron / potassium nitrate (B-KNO3) igniter, were examined 
during this phase. The pellet testing was sufficient to determine whether or not the compositions would 
burn.  
 
An electric match was initiated against the igniter increment. At this stage, often the igniter would 
burn without sufficient heat transfer to ignite the smoke charge. As the igniters mentioned are well 
documented, it was determined that the igniter was functioning too quickly and without any external 
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device to direct the heat and energy of the igniter reaction to the smoke charge. The only two remedies 
for this problem were to encase the pellet or to investigate a slower burning igniter that would be able 
to ignite the smoke charge. The addition of an intermediate smoke charge in which igniter was blended 
with the smoke charge was also evaluated. Based on the smoke produced when that intermediate layer 
was ignited, ARDEC examined blending the smoke composition with these igniters in varying 
amounts. The results of the boron potassium nitrate blend were poor as the heat generated combusted 
the dye and produced no smoke. However; the blends with black powder were successful in producing 
smoke. Of the blends tested, the ratio 70-30 of smoke formulation to black powder had promising 
results with the oxidizer potassium chlorate and 60-40 was promising with potassium nitrate. 
Subsequent testing confirmed that the heat supplied by the excess igniters at this stage would be too 
great in a closed system.  
 
There were a few drawbacks in blending black powder into the smoke base composition. First, the 
amount of smoke charge was significantly reduced. Secondly, an additional manufacturing step was 
required. Finally, the smoke quality and quantity was not as thick or dense as desired.  Another 
concern present with the blends was that none of the igniters used at this stage proved to be 
consistently reliable. During this effort, some difficulties were encountered in igniting and propagating 
the smoke composition, as well as maintaining smoke production without partial burning or becoming 
too hot to combust the dyes.   
 
Based on the amount of unsuccessful attempts at producing smoke at this level, it was determined that 
the test environment was not similar enough to any final system design that may be used for smoke 
production. As the initial prototype scale fiberboard testing was a logical midpoint from the small 
scale testing to the full-up system design, additional compositions were tested directly in thee 
fiberboard configuration. While the fiberboard was not identical to the expected final system design, it 
was sufficiently similar to readily evaluate smoke formulations. 

 
4.4  MID SCALE FIBERBOARD TESTING 
 
Known colored smoke systems contain a center hole in the pellet design. The small scale pellet design 
did not incorporate this feature. However, the mid scale fiberboard design added this feature to 
simulate the final expected design of the smoke system. The size of the center hole is another variable, 
besides the amounts of fuel and oxidizer, which allows for the adjustment of burn time. As selected 
from the results of the small scale pellet testing, several formulations were repeated in the fiberboard 
design. The approximate weight of the fiberboard pellet is 12 grams with an outer diameter of 1.275 
inches and a center hole diameter of 0.5 inches.  The smoke charge was pressed into fiberboard tubes. 
This center hole pellet configuration is similar to the design of the M18 smoke grenade, though on a 
much smaller scale. Figure 2 shows the pellet with a fiberboard tube.    
 
The testing at this stage evaluated the known relationships of the components in the smoke charge. The 
amount and ratio of the dyes selected were variables in the color, quantity, and quality of the smoke 
produced. If the amount of the dye was reduced, the amount of the pyrotechnic base was increased and 
the expected result of this adjustment was a shorter burn time. The speed of the reaction could be 
controlled by the amount of coolant. The addition of an intermediate smoke charge was also evaluated 
at this stage. It was also noted that altering the weight of composition per pellet also affected the 
smoke burn time and performance. Pellets that weighed approximately 6 grams performed poorly 
overall. However, pellets weighing 10 to 14 grams performed as designed. The most common weight 
evaluated was 12 grams and this amount of smoke composition could easily produce 30-60 seconds of 
smoke. 
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Also within the scope of the mid scale pellet design, ARDEC created a smoke formulation 
optimization DOE (design of experiment) in order to determine the ranges of weight percent for each 
major component of the system.  The same principles regarding the relationships of the components to 
the performance of the smoke formulation were analyzed. The first variable was the amount of dye in 
the system. Based on known dye-based smoke formulations, a reasonable range of operation is 
approximately 30-45 weight percent. The second variable was the total amount of fuel and oxidizer in 
the system. The operating range of this variable is approximately 39-46 weight percent. The third 
variable was the weight ratio of oxidizer to fuel in the system. 
 
The base fuel and oxidizer pyrotechnic reaction is the gas generating portion of the smoke formulation 
and also effect the burn rate and ability to propagate the entire pellet. Generally, these components are 
present in weight percents close to the stoichiometric ratios. However, diverging from the 
stoichiometric ratios allows us to control the reaction rate as well as some burn characteristics.  At the 
stoichiometric ratios, the reaction goes to completion with a minimal amount of undesirable 
combustion products. The remaining components of the smoke formulation, stearic acid and VAAR, 
were held constant throughout this effort. The amount of magnesium carbonate varied along with the 
varying amounts of dye, fuel, and oxidizer. This study was also conducted in parallel with potassium 
chlorate and potassium nitrate as the oxidizer. 

 
The smoke formulation was analyzed with compositions determined by a 3 by 3 matrix with three 
levels per variable. This set of 27 mixes was repeated for each oxidizer.  Each mixture produced 
enough composition to produce five pellets: three pellets weighed approximately 12 grams and the 
additional two pellets weighed 6 grams. Two of the 12-gram pellets and one 6-gram pellet were loaded 
with the charcoal / potassium nitrate/ gum Arabic igniter on felt and the remaining two pellets were 
loaded similarly with the substitution of terry cloth for felt. Each pellet was ignited with an electric 
match.  
 
4.5  PARALLEL IGNITER STUDY 

 
As stated in the preceding sections, the largest hindrance in the development process was the lack of 
an environmentally benign, reliable igniter that would allow the environmentally benign black smoke 
formulation to be used. The igniter must be environmentally benign for the entire system to remain 
environmentally benign. The igniter selected must also generate enough heat with a slow ignition time 
to reliably initiate the smoke formulation and propagate through all of the composition without 
flaming.   

 
Initially with the small scale pellet and the mid scale fiberboard pellet efforts, an increment of igniter 
was pressed on top of the smoke composition. The two igniters evaluated, B-KNO3 and black powder, 
did not reliably ignite all of the pellets. While these igniters are relatively robust, the burn time was too 
short and the energy was not contained in order to propagate to the smoke composition. Both of these 
igniters were also applied as slurries to the surface of the pellet. The igniter slurry also contained some 
binder, which was to help cement the igniter to the pellet as it would dry solid.  The advantage to the 
slurry application was that there was maximum surface area between the igniter and the smoke 
formulation. While the slurry application showed signs of improvement, it was not sufficiently 
reliable.  This led to the development of a slow burning and more robust igniter patch system.  

 
As an initial igniter patch study, seven igniters were saturated into three different kinds of cloth: felt, 
terry cloth, and cheese cloth. It was found that both the felt and terry cloth patches with a specific 
amount of igniter saturated into the cloth were reliable, specifically for the potassium chlorate based 
smoke formulations.  Cheese cloth was too fragile to absorb the igniter. When the igniter was able to 
permeate and bind to the cloth, this allowed the igniter to burn slower than when pressed or applied as 
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a slurry to the pellet.  Of the seven igniters evaluated, only two provided consistent successful results. 
The first successful igniter contained silicon which is an extremely hot-burning fuel. The second 
igniter was charcoal/gum Arabic based on a formula. Of these two igniters, only the latter with the 
gum Arabic binder actually bonded well to the cloth. When the igniter patch was dried, the gum 
Arabic solidified the igniter to the fabric. The other igniters had a tendency to dry and detach from the 
fabric, which was a highly undesired property. 
 
Subsequent testing of multiple fabric patches helped to determine that the gum Arabic based igniter 
would perform well with all of the fabrics. For the simplicity of construction and consistency of size, 
felt was chosen as the optimal cloth to use. However, acute differences in performance between terry 
cloth and felt were negligible. 
 
4.6  PROTOTYPE TESTING 
 
The final iteration of system development on the black smoke formulation and design was to integrate 
a prototype pellet into an existing BES cartridge.  The pellets were pressed with a center hole design. 
Initial testing at this stage included varying the diameter of the center hole. Multiple configurations 
with the igniter patch were assessed. The most robust design is illustrated in Figure 3. This design 
shows two pellets of the same size in which they are fused together by the binder in the igniter slurry 
used to saturate the patches. This system was ignited with either an electric match, a quick match, or 
black powder throughout the iterative process to appraise the final design.  
 
Figure 3 is a picture of the ARDEC developed environmentally benign black smoke formulation 
prototype pellet. Figure 4 is a successfully functioning prototype pellet in the system hardware.  
 
5 CONCLUSIONS 
 
In summary, an environmentally benign black smoke composition has been developed using an 
organic green and red dye mix with a sugar and potassium chlorate pyrotechnic base.  The composition 
is initiated with a reliable igniter patch system in which the fabric patch burns generates the heat 
necessary for a quality black smoke cloud to be formed by vaporization and condensation of the dyes.  
This technical approach will significantly reduce the environmental and health hazards of the 
combustion species compared to the existing and other experimental methods.  The developed black 
smoke prototype design is currently being transitioned to a production environment for a full-up 
system prove-out and demonstration.  The ultimate program goal is to integrate it into the BES system 
to provide our troops with effective pre-deployment training. The technology developed in this system 
is versatile and can be applied to other smoke producing systems. 
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Figure 4: Prototype Smoke Pellet
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1 ABSTRACT 
 
The detonating cords and linear shaped charges (LSC) provided by PyroAlliance for 
space applications are currently loaded with hexogen (RDX) and lead sheathed. 
The use of lead was originally motivated by the high density and ductility of this metal. 
These 2 characteristics allow the detonating cords to be cold formed at very low 
diameter and to be very flexible, while providing to the shaped charges a high 
penetration performance and the ability to be implemented on curved frames. 
Nowadays, the concern for the emission of toxic substances in the environment has 
raised and the use of lead becomes less relevant. 
It is then necessary to find alternative solutions which bring benefits that could easily 
balance the loss of flexibility induced by the replacement of lead by another material. 
This paper describes some lead-free item that could be used in place of the lead-RDX 
hardware existing in the space industry today : 

- The HNS – aluminium detonating lines, 
- The RDX(HMX) – aluminium detonating cords, 
- The HNS - silver shaped charges (width<10 mm), 
- The cast-PBX – copper shaped charges with high loads (width 17 to 80 mm), 
- The evaluation of a RDX-copper shaped charge (width=18mm). 
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2 THE PRESENT SITUATION 
 
2.1 The historical heritage 
 
A significant proportion of pyrotechnical components in the European space industry use lead for 
sheathing the linear explosive charges (LSC). 
Actually, detonating cords and linear shaped charges are composing the most important part of the 
pyrotechnical components of the European space launchers, especially speaking in terms of mass. 
The mass of lead is assessed to be about: 

- In ARIANE 5 : 90 kg (considering 40 LSCs and 180 detonating lines), 
- In VEGA : 12 kg (in similar products). 

The choice of lead was historically motivated by the physical characteristics of this metal: 
- A high density, needed to confine the explosive (cords) or to penetrate targets (LSCs), 
- A high ductility, which allows low work forming with very high deformation rates, and 

provides a high fatigue resistance to torsion and bending. 
The lead is a pure metal, corrosion resistant, and was widely used in the industry for various 
applications (i.e. lubrication, batteries, mass balancing, radiographic absorption) at relatively low 
prices. PyroAlliance traditionally uses a 95-5 lead-antimony alloy to manufacture the RDX-lead 
detonating cords and linear shaped charges. The antimony adjunction slightly rises the hardness and 
strength of the alloy which are too low with the pure material. 
The manufacturing process consists in filling a length of a relatively large diameter lead tubing with a 
granular energetic material, and subsequently reducing the diametrical cross-section by metalworking 
such as swaging, drawing or rolling. 
 
2.2 The environmental concern 
 
With the increasing awareness of environmental contamination and human health concerns regarding 
lead poisoning, the use of lead-based products becomes progressively prohibited. 
As a lubricant in fuel, as pigment or additive in paintings, the suppression of lead has contributed to 
the most important reduction of the atmospheric emissions. 
In the military field, the use of small arm ammunition has resulted in the contamination and 
suspension of training ranges due to high lead levels in the soil and surroundings areas. The initiative 
to eliminate lead-antimony projectile cores has already started for many years. 
The lead is prohibited for any electronic equipment in Europe since the 1st of July 2006 (RoHS – 
Restriction of Hazardous Substances - directive). 
The automotive industry is today the main user for lead as a component for the batteries ; but with a 
high level of recycling (~ 95% in France) and is now investing in the development of lithium-ion 
batteries for hybrid vehicles first, for the rest of the vehicles then. 
The REACH initiative, now identifying all chemical risks for new substances, will probably declare 
lead as a prohibited substance end of 2010; giving full responsibility for the industry to use it. 
 
2.3 The industrial concern 
 
Consequently to the environmental reasons, some industrial concerns are rising: 

- Supplying of the lead-antimony alloy is now dependant to the automotive industry and more 
specifically to the recycling of the batteries (the lead comes from the refinement of recycled 
batteries) ; therefore it is not a sustainable situation, 

- The space activity requiring a high level of inspection, the number of the destructive tests 
performed during the production phase (~ 10 % of the production batch) is a substantial source of 
lead emission in the atmosphere. Precautions to limit them are heavy cost contributors. 
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3 LEAD-FREE ALTERNATIVES FOR SPACE APPLICATIONS 
 
3.1 INTRODUCTION 
 
Accordingly, it is desirable to present alternative lead-free equipments suitable for space applications. 
The replacement of lead by another metallic material has to be considered differently according to the 
type of equipment: 

o For the detonating lines, the choice of the metal sheath is mainly driven by the metalworking 
properties of the metal more than its density ; aluminium is a good candidate in that case. 

o For the Linear Shaped Charges, the density and the behaviour under shock compression 
waves are the main drivers; copper and silver are then good candidates. 

Hereunder are presented some solutions of replacement for each type of equipment and with different 
maturity status and qualification levels. 
 
3.2 HNS-AL DETONATING CORD 
 
PyroAlliance already manufactures lead-free flexible detonating cords, confined or not confined, for 
the military industry (missiles). The primary component is a HNS / aluminium detonating cord. 
The CS0413 detonating line is an example of a confined detonating line, operated by a recent tactical 
missile. 
 
3.2.1 Description of the CS0413 detonating line 
 

 

 

Aluminium sheath
Polyethylene & Kevlar 
layers confinement

HNS 

 
3.2.2 Main characteristics 
 
o Detonating cord :  Ø 1,5 mm, loaded with about 0,5 g/m of HNS (Ø 0,6 mm). 
o Detonation velocity : 6500 m/s. 
o Confinement :  1 polyethylene coat + 5 layers of Kevlar braid. 
o End booster charge : 65 mg of HNS encapsulated in a stainless steel cap. 
o Mass :   linear mass is ≤ 30 g/m + 2 x 10 g (ends). 
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3.2.3 Equipment suitability for space applications 
 
Compared to the RDX/lead technology, the HNS/aluminium lines bring benefits in terms of mass, 
mechanical characteristics and stability: 

- Mass: 
The linear mass is 12 g/m lower, saving 6 kg, with a launcher like ARIANE 5. 

- Mechanical characteristics: 
The outer diameter of the line and the minimum bending radius are lower, while the 
tension/torsion strength capabilities are improved, as well as the flexibility and resistance to 
friction of the external layer. 

- Stability: 
The HNS is less sensitive to thermal aggressions than the RDX and can be used to 
temperatures up to 260°C; temperature at which the HNS degradation rate is similar than the 
RDX one at 120°C. Some mass savings for the thermal protections can be expected then. 

 
The HNS-made boosters have a transmission capability very close to the RDX ones; nevertheless, the 
pyrotechnical interfaces with all the pyrotechnical train components (detonators, safe & arm, end item) 
have to be qualified. 
This point being acquired, an HNS/Aluminium detonating line like the CS0413 is fully compliant for 
use in the space activity. 
 
3.3 RDX (HMX) - AL  DETONATING CORD 
 
An alternative way to avoid lead is to simply replace the lead by aluminium. 
The dimensions of the detonating cord are unchanged, as well as the explosive core diameter. 
The manufacturing process is different from the process used for the manufacturing of the RDX/lead 
cords but is the same as the HNS/AL cords. 
The replacement of lead by aluminium has the following consequences: 

- Flexibility : 
The ability to be bent, and consequently, the fatigue resistance to bending is lower with an 
aluminium sheath; but this has no impact for the space industry: the routing of the pyrolines 
already takes into account a bending radius not lower to 35 mm, which is not a constraint for 
aluminium-made cords of small diameters as the Ø 1,5 mm. Moreover, the flexibility of a 
confined detonating cord is mainly driven by the definition of the confinement and can be less 
flexible than the detonating cord itself. 

- Mass : 
The mass is reduced by about 10 g/m. 

- Critical diameter: 
The RDX or HMX critical diameter to detonate could be increased with an aluminium 
confinement, compared to a lead one, which can be unfavourable to the transmission 
reliability. But this point is compensated by the process change. 
Actually, with the HNS/AL-like process, the explosive load is first compressed at the 
maximum density, or close to it, before implementation in the aluminium tube. 
Then, elongation of the primitive tube (high Ø, low L) to reach the final cord geometry (low 
Ø, high L) is obtained with a small loss of density of the explosive load. 
With such a process, the quality of compression of the explosive ensures the transmission 
reliability. 
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To illustrate these considerations, 2 extreme designs of RDX or HMX / aluminium cords, which were 
recently developed by PyroAlliance are now presented: 
 

1) A Ø 1,5 mm Hexocire* / Aluminium cord was manufactured in the frame of a civil application. 
 The physical characteristics that were recorded are compared with the lead version of the cord: 
 

 Ø 1,5 mm Detonating cord 
 RDX – Aluminium 

(prototype) 
RDX – Lead 
(production) 

Linear mass  (g/m) 4,3 15 
Explosive mass  (g/m) 0,55 0,50 
Detonation velocity (m/s) 7800 7000 
Ultimate tension strength (daN) 25,50 ~ 0 
Ability to be bent R=13 mm, 10 times, no decrease 

of the detonation velocity. 
Not recorded, but a higher 
capability is known. 

Max. batch length (m) 330 50 
 
The above table shows that the aluminium version is better for all aspects except the number of 
cycles to be bent at a given radius. 
 
(*) RDX 0-800 μm, inert binder (95%-5%) 
 

2) In a different way, a highly loaded cord (11 g/m of HMX), aluminium sheathed, was 
manufactured and qualified in the frame of a military application. The main design driver was 
here to limit the mass budget of the metallic sheath to the possible lowest value (< 6 g/m). 
In addition, a certain flexibility of the cord was needed to allow its implementation around a 
cylindrical frame. 
PyroAlliance took the option to set up a new manufacturing process leading to a 0,2 mm thick 
aluminium envelope. 

 

Ø 3,45 
Øext 1,5 
Øint 0,6 

 
 1) Low RDX load 2) High HMX load 
      Thick AL sheath       0,2 mm AL sheath 
 

Extreme geometries tested with RDX (HMX) / Aluminium detonating cords 
 
 
These 2 extreme designs of AL-sheathed detonating cords demonstrate that a RDX-aluminium mild 
detonating cord can be envisaged for the space industry today with a high degree of confidence. 
The interest of such a design, compared to the HNS-aluminium design, is the possibility to keep the 
definition of the end booster charges of the present detonating lines, and consequently, keeping 
unmodified the pyrotechnical interfaces between all the pyrotechnical components. 
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3.4 HNS (RDX) -SILVER LINEAR SHAPED CHARGES 
 
In a same way as for the development of the HNS detonating lines, the search for wide temperature 
range (-196°C – 260°C) components lead to the development of HNS –silver linear cutting charges. 
The design driver here is to keep the geometry and the manufacturing process of the present RDX-lead 
linear charges and replace the lead by silver and RDX by HNS. 
 

HNS 

Silver 

Dimension: N x N mm 

 
 

The first tests were performed in the 70’s by SNPE with different sizes of charges showing that the 
cutting performance of a HNS-silver charges is about 15% upper than a RDX-lead one: 
 

Dimensions Linear mass Linear charge Mild steel cutting  
(mm) (g/m) (g/m) capability (mm) 
3x3 36 2,3 1,2 
5x5 90 6 2,3 

7,5x7,5 185 11,5 4 
10x10 345 21,6 5,6 

 
Due to the similarity of the manufacturing process with the present RDX-lead products, PyroAlliance 
is today able to manufacture HNS-silver charges of different size. 
As an example, HNS-silver charges (dimensions 4x4 and 5x5) were recently manufactured to equip 
the prototype of a system which pyrotechnically open a solid rocket motor and is able to withstand 
high temperatures (550°C). The choice of HNS was here important to minimize the thickness of the 
thermal protections. 
 
Equipment suitability for space applications 
 
The use of HNS, as for the detonating lines, is more convenient for space applications than RDX due 
to higher levels of safety, chemical stability in vacuum conditions and wide temperature range. 
The use of silver do not has any significant impact on the production cost despite the raw material cost 
difference with the lead. 
Actually, the raw material cost represents a small budget line compared to other ones : loading, 
forming, inspection and destructive tests. 
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3.5 COPPER LINEAR SHAPED CHARGES 
 
3.5.1 Scope 
 
The current neutralisation charges are mostly equipped with RDX-lead charges (For example : 
ARIANE 5 uses 55 meters of a charge sizing 17x17 mm), weighing about 1,35 kg/m, with a linear 
geometry, and dedicated to cut different metallic skins (Aluminium at cryogenic temperature, carbon 
fiber, high strength steel thickness) with a high reliability. In such an application, the destructive 
acceptance tests are important cost contributors. 
Therefore, to the search for a lead-free design, an improvement of the performance of the LSC will be 
appreciated in order to decrease the destructive tests sampling size and reduce overall costs. 
2 types of copper charges are then available for such applications: 

o Charges loaded with a cast plastic bonded explosive (PBX) ; 160g/m and upper, 
o Charges loaded with a press-formed explosive; 50 to 150 g/m. 

 
3.5.2 Cast PBX – copper linear shaped charges 
 
Cast-PBX copper charges are used when high load of explosives are needed, for a high performance, 
when a high level of safety is required. 
PyroAlliance and EURENCO France, world leader in the field of cast PBX compositions, cooperate to 
provide such charges which are typically used in the dismantling of industrial structures, initiated by 
detonators and lines used in the mining industry. 
10 different dimensions are available within the following range: 
 
Reference H 

(mm) 
L 

(mm) 
Load 
(g/m) 

Mass 
(g/m) 

Mild steel 
penetration (mm) 

CDL-151 13,3 17,1 160 590 17,5 
CDL-753 62,5 81,3 3970 10170 89,0 

 
These products are still under evaluation; among them the CDL-151 reaches the ARIANE 5 and 
VEGA neutralisation performance requirements. 
 
3.5.2 RDX – copper linear shaped charge 
 
In an other way, a more classic RDX-pressed charge has been recently designed taken into account the 
entire set of requirements of the ARIANE 5 neutralisation charges: the environmental, industrial and 
technical ones. 
 
Description 
 
The destructive charge is made with a copper sheath and loaded with a pressed RDX composition 
(Hexocire 98/2/1 CH: RDX 0 – 800 μm -inert binder , 98%-2%).   See picture 1. 
Its physical characteristics are: 

o Width : 18 mm 
o Height : 14 mm 
o RDX charge : 135 g/m 
o Mass : 560 g/m 

The manufacturing process consists in loading a pressed-granular explosive (RDX, HMX, or HNS) in 
a copper tube which profile is preliminary obtained by drawing and remain unshaped during the 
loading process. 
This new process allows a high control of the liner geometry and explosive density. 
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Performance evaluation 
 
A RDX-inert binder (98-2) loaded charge was tested at a distance of 9 mm versus 2 types of target: 
 

a) A mild steel (Rm=460 MPa A=30%) bulk target :  
The charge penetrated 15,6 mm of this target     See picture 2. 
 

b) An ARIANE 5 SRB skin sample, including the inner thermal protection. 
The steel layer has high mechanical properties: Rm=1550 MPa, K1c = 120 MPa √m 
The target was cut and an additional penetration was measured below it, demonstrating 
functional margins.        See pictures 3 & 4. 

 
Equipment suitability for space applications 
 
The RDX-copper that has been designed can easily be implemented in an aluminium holder in charge 
of the mechanical interfaces with the detonating lines and holding points on the launcher. 
The mass saving is 0,79 kg/m compared to a RDX-lead LSC. 
 

 
LSC implemented in a charge holder 

The overall production cost is estimated to be lower than the present one with a RDX-lead charge, the 
investment of a development program being able to be returned after a production batch of about 30 
launchers. 
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4 CONCLUSION 
 
The review of some technical solutions already operated or evaluated shows that PyroAlliance is today 
able to substitute the lead from each pyro-equipment still present in the European space industry. 
The lead can be replaced by aluminium for sheathing the detonating cords, providing mass savings, 
improved mechanical properties and similar pyrotechnical properties. 
The loss of ductility induced by the substitution of lead is not a blocking point for space applications. 
For some specific equipment like the confined severance tubes, where a modification of the shock 
impedance of the confinement may be a concern, the explosive material and density of the detonating 
cord can be triggered if necessary, as PyroAlliance did it for some specific applications. 
The linear shaped charges, on their side, can be designed with copper or silver, depending on the size, 
instead of lead. 
PyroAlliance has recently designed a RDX-copper LSC dedicated to a space application, moreover 
providing some mass saving and a performance improvement. 
On an industrial point of view, the initiative of using lead-free equipment in the space industry now 
requires only an organisation effort which is needed to reach a sustainable and environmentally 
friendly situation. 
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PICTURES 
 
 

 

Copper sheath 

Hexocire 98/2/1 CH 

Picture 1:  Section view of the LSC 

 

 
Picture 2: Mild steel penetrations 

 

  

High strength steel

Thermal insulation 

Pictures 3 & 4: ARIANE 5 EAP tank skin cutting 
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ABSTRACT 
 
The present work investigates the imaging of different nitrocellulose grades and some of 
their interactions with plasticizer molecules by Atomic Force and Scanning Tunneling 
Microscopies (AFM/STM). 
Different studies in the past showed that the understanding of the working mechanism 
of propellant with low temperature coefficient, needs to characterize the interaction 
between plasticizer molecules and nitrocellulose [1],[2]. Until now, these interactions 
were essentially investigated by DSC, which is a macroscopic technique. This work is the 
first attempt to study the nitrocellulose behaviour at the molecular scale.  
The samples are deposited on atomic flat supports like Highly Oriented Pyrolitic 
Graphite (HOPG) in ambient conditions. The deposition was performed with a droplet 
or a spray technique. The concentrations of nitrocellulose and plasticizer in the 
deposited solutions are between 10-2 to 10-8 g/l. The solutions are shaken during one to 
ten days before being deposited on the flat support.  
 
The two techniques used are complementary due to the fact that AFM gives the real 
topography whereas STM is used to resolve structures at molecular level by showing 
electronic densities for molecules that are not higher than 1 to 1.5 nm. The atomic force 
microscopy is used in the tapping mode which allows the observation of the polymer 
without destroying it during imaging.  The obtained images allow to compare both 
deposition techniques used. The high nitrocellulose concentrations in the case of the 
droplet technique lead to a deposition which is governed by nucleation and diffusion. 
This results in big clusters whereas the spray technique for the same concentration 
results in molecularly individual chains. The nitrocellulose polymer chains, for the very 
low concentrations are resolved by the AFM technique. The elementary celloglucan 
rings composing the chains, which cannot be resolved by AFM are imaged by STM. The 
interactions between nitrocellulose and plasticizer molecules like dinitramines, NENA or 
azido compounds are also studied by this technique.  
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1.         INTRODUCTION 
 
The imaging of nitrocellulose with scanning probe microscopy was not reported yet.  A three-
dimensional simulation of the molecular structure of a single chain, gives a helical structure. Each 
periodic pattern measures longitudinally and laterally about 2.5 nm. Until yet, no imaging of the 
structure with molecular resolution has been performed. The attempt of this study is to use atomic 
force microscopy and scanning tunnelling microscopy to characterize the deposition on flat supports 
of nitrocellulose chains and to image them with the highest spatial resolution. In a second step, STM is 
used to observe the influence of the addition of different plasticizer molecules on the shape of the 
nitropolymer. 
 
2.         OVERVIEW ABOUT SCANNING PROBE MICROSCOPIES 
 
2.1        ATOMIC FORCE MICROSCOPY (AFM) 

 
Atomic force and scanning tunnelling microscopies are called scanning probe microscopies. They are 
also called near field microscopies. The atomic force microscopy invented in 1986 by G. Binnig et al. 
[3] gives the topography of a sample with atomic or nanometric spatial resolution. It measures 
attractive and repulsive forces with pico-Newton sensitivity. The principle of the measurement can be 
compared with the acting of a blind person. This person slides and pats the ground with a stick to feel 
where the ground is lower and higher, harder and softer or rougher and smoother. By using this 
method, AFM is able to analyze the surface topography and to measure the interaction forces between 
the tip and the sample. Figure 1 gives the principal pieces of the AFM set-up.  
 

 
Figure 1: Scheme of the principal devices of an Atomic Force Microscope 

 
The sample is scanned by a very small tip fixed on a micrometric cantilever which is driven with 
fraction of nanometer precision by a piezoelectric device. AFM can be used essentially in two 
scanning modes which are the contact mode and the tapping mode. The contact mode is used for hard 
samples like metals whereas the tapping mode is likely used to image soft samples because the 
cantilever oscillates and comes into contact with the sample only when it is on the lowest point of its 
oscillation. As the nitrocellulose is a rather soft material, this method is used here.  
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2.2         SCANNING TUNNELING MICROSCOPY (STM) 

 

Scanning Tunneling Microscopy (STM) is in fact the first SPM technique invented by G. Binnig et al. 
in 1981 [4]. The theoretical concept of the quantum tunnel effect was known since the end of the 
twenties but the first experimental applications appeared in the eighties. This became possible due to 
the advances made on the manipulation of macroscopic objects with a precision of fractions of 
Ångstrom and on the electronics to detect current variations in the scale of pico-amperes.  

The tunneling effect occurs when two conducting electrodes are brought together so that they are 
distant of only about one nanometer. Their electronic orbitals overlap and the tunneling electrons can 
go through the interatomic insulated space. When an electrical tension is applied between two 
electrodes, a macroscopic current can be measured. In the STM, one of the electrodes is a very sharp 
tip with atomic dimension on the apex, and the other electrode is the sample. STM is still now the 
most discriminating microscopy that has ever been invented. This high resolution has its origin in the 
exponential dependence of the tunnel current on the distance between both electrodes. From an 
experimental standpoint, when the distance between the sample and the tip increases of about 1 Å, the 
tunnel current is lowered by a factor ten. So atomic resolution becomes possible, as only the most in 
front atom of the tip contributes to the tunnel current (Figure 2). 
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Figure 2: Scheme of a Scanning Tunneling Microscope 

 
3.         SCOPE OF THE STUDY 
 
The present study was performed on different nitrocellulose samples provided by the Société des 
Matériaux Energétiques (SME). Their physico-chemical characteristics are given in Table 1 below.  
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NC (% N) Viscosity 
(Bergerac) 

Substitution degree (S), 
(0<S<3) 

Molar weight
(g/mol) 

Monomers per 
chain 

Total molar 
weight 
(g/mol) 

NC A 11.9 D 7.5 2.23 262.25 330 86543 
NC B 12.5 D 12.7 2.42 270.70 500 135350 
NC E 13.49 D 20 2.75 285.89 520 148663 

 
Table 1: Characteristics of the nitrocellulose grades  

 
For the imaging of the pure nitrocellulose grades, the samples are dissolved in different solvents like 
acetone, ethyl-acetate, 2-heptanone and dimethylsulfoxide (DMSO). Most of the AFM study and the 
total STM study  are performed with acetone.  
 
The plasticizer-nitrocellulose interaction study was carried out for different plasticizer molecules. 
DNDA6 (2,4-Dinitro-2,4-diazahexane),  DN3 (1-Azido-2,4-dinitrazapentane), Methyl-NENA          
(N-Methyl-N-(2-nitratoethyl)-nitramine), Ethyl-NENA (N-Ethyl-N-(2-nitratoethyl)-nitramine). Table 
2 gives physico-chemical characteristics of these compounds. The interaction study was only done yet 
with the 12.5 %N nitrocellulose. 
 

                

Compound Name Molar 
weight 
(g/mol) 

Melting 
point 
   (°C) 

Melting 
enthalpy 
(J/g) 

DNDA6 2,4-Dinitro-2,4-diazahexane 178.14 31.6 108.2 
DN3 1-Azido-2,4-dinitrazapentane 205.13 60.5 110.9 
Me-NENA N-methyl-N-(2-nitratoethyl)-

nitramine 
165.08 36.2 151.4 

Et-NENA N-ethyl-N-(2-nitratoethyl)-
nitramine 

179.13 4-5.5 115.0 

  
Table 2: Characteristics of the plasticizers 

 
4.         SAMPLE PREPARATION AND TIPS 
 
As a general rule, to reach the maximum spatial resolution and even atomic or molecular resolution, 
one of the key points is the preparation of the sample. So for both AFM and STM, it is important to 
prepare a sample with a minimal roughness and a minimal height. Different sample preparation 
techniques can be used. Two deposition methods were experimentally tested in this study: the droplet 
and the spray technique. For the pure nitrocelluloses, both methods were performed. In the case of the 
mixtures plasticizer-nitrocellulose, only the spray technique was employed. Table 3 reports the 
operating modes used to deposit the nitrocellulose. The deposition in both techniques is performed 
after a given shaking time that ranges from one to ten days. This is an important factor as it will be 
seen.  
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Sample Name Concentration (g/l) Deposition method Number of chains per 4 
µm2 

Start solution 1.04 10-2 Droplet 370000 
1. Dilution 1.04 10-3 Droplet 37000 
2. Dilution 1.04 10-4 Droplet 3700 
3. Dilution 1.04 10-5 Droplet 370 
4. Dilution 2.08 10-5 Spray 740 
5. Dilution 2.08 10-6 Spray 74 
6. Dilution 1.04 10-6 Spray 37 
7. Dilution 2.08 10-7 Spray 7.4 
8. Dilution 2.08 10-8 Spray 7.4 10-1 
9. Dilution 2.08 10-9 Spray 7.4 10-2 

 
 Table 3: Deposition methods and concentrations used to deposit nitrocellulose  

 
4.1         THE DROPLET TECHNIQUE 

 
The sample is dissolved at a given concentration in the highly pure solvent. After the shaking duration, 
a droplet of 0.05 cm3 is deposited on an atomic freshly cleaved Highly Oriented Pyrolitic Graphite 
(HOPG). As this support is an electrical conductor, it can be used in AFM and STM. Then, the sample 
is kept at ambient air for at least one hour in order to evaporate the solvent. After this step, it is placed 
on the microscope for the observation.   
 
4.2         THE SPRAY TECHNIQUE 

 
The droplet technique does not allow controlling the solvent evaporation and the nitrocellulose 
distribution at the surface of the support. The spray technique was chosen to overcome these 
drawbacks. The spray deposits were experimentally performed by using the spray gun shown on  
Figure 3. 
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Figure 3: Scheme of the spray deposition device 
 
The gun sprays an aerosol of very small droplets of the solvent/nitrocellulose solution on the support. 
With this system the separated small droplets evaporate with minimal coalescence. The resulting 
deposition in the case of the less concentrated solutions is very homogeneous with minimal roughness. 
For these reasons, this technique was widely used in this study to prepare the samples for the AFM 
and STM observations. In most cases the sprayed volume was about 0.02 cm3.  
 
4.3         THE SAMPLE SUPPORT 

A very important condition to reach high resolution with the SPM techniques is to use very flat 
supports to depose the sample. The most classical supports are atomically-flat graphite (HOPG) and 
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mica. Mica is an aluminosilicate with the formula KAl2(AlSi3O10)(OH)2. Its structure is given on 
Figure 4.  
  

 

1 nm 
 

 
Figure 4: Crystalline structure (left) of mica and its AFM observation (ISL) (right) 

 
Mica is an interesting support for AFM because its cleavage produces atomically-flat surfaces of 
several hundreds of square micrometers. But as it is an insulator, it cannot be used for the tunneling 
microscopy.  
 
Contrary to mica, the cleavage of Highly Oriented Pyrolitic Graphite (HOPG) does not give large 
atomically flat surfaces insofar as atomic steps are often observed. However HOPG is of particular 
interest because of its good electrical conductivity. Figure 5 (left) gives the HOPG structure and its 
observation (right) performed by STM. Most experiments were done with graphite. Mica was used in 
some cases to corroborate some AFM-observations made on HOPG. In the future, other metallic 
oriented supports like for example gold will be used to study the effect of the support on the 
nitrocellulose adsorption. The support is glued on a metallic plate by a conductive glue. The metallic 
plate is put on the magnetic scanner head for the imaging.  
 

 

0.5 nm 
 

Figure 5: Crystalline structure (left) of graphite and its STM observation (ISL) (right) 
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4.4         THE AFM/STM TIPS 

 
All the AFM studies were made in the tapping mode. In the case of AFM, the couple tip / cantilever is 
important. For the observations made with AFM, two different kinds of tips were used:  
- The first tip was used to optimize the concentration of nitrocellulose in acetone. For this purpose, the 
tip was rather big. It is the “RTESP” (for Rotated Tip Etched Silicon Probe) produced by Veeco. The 
scanning electron micrographs of the tips used for AFM are shown on Figure 6.   
 

 
 

Figure 6: RTESP (left) and DLCS Tips (right) (Informations from Veeco International) 
  
This tip is composed by a silicon cantilever having a length of 125 µm, a width of 35 µm and a 
thickness of 4 µm. The resonance frequency ranges from 200 to 400 kHz and the spring constant is 
between 20 and 80 N/m with a mean value of 40 N/m. The tip is made of silicon. Its radius of 
curvature is about 10 nm. The spatial resolution of the imaging depends on the size of this tip. The 
resolution obtained with it is between 5 and 10 nm.  
- The second tip used is the “DLCS” (for Diamond Like Carbon Spike). In this case, the cantilever is 
also a silicon one. The dimensions are a length of 125 µm, a width of 35 µm and a thickness of 1.5 to 
2.5 µm. The resonance frequency ranges from 110 to 220 kHz and the spring constant is between 1.8 
and 12.5 N/m with a mean value of 5 N/m. The total height of the tip is about 15 to 20 µm. On this 
principal tip, some spikes of amorphous carbon are grown by chemical vapour deposition (CVD). 
Their height is between 100 and 200 nm. The advantage of these spikes is their low radius of curvature 
(2 nm) which enhances the spatial resolution, compared to the RTESP. The engage setting and the 
parameters of the microscope must be carefully adjusted in order to have only one spike interacting 
with the sample. Multi-spikes interactions would result in a significant decrease of the spatial 
resolution. In the future, other tips having less than one nanometer radius of curvature will be used to 
enhance the spatial resolution. DLCS-tips were the most frequently used in this work.   
 
The only kind of tip used for the tunnelling microscopy was a platinum-iridium one (90/10) purchased 
from Veeco (Figure 7). 

 
 

Figure 7: Pt-Ir-Tip for STM imaging 
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5.          RESULTS 
 
5.1        AFM ON PURE NITROCELLULOSES 
 
The different nitrocelluloses studied in this work were mainly dissolved in acetone. Some experiments 
were additionally done in ethyl-acetate, 2-heptanone and DMSO to investigate the influence of the 
solvent. 
 
5.1.1      Effect of the shaking duration  
 
To depose the nitrocellulose samples, the solutions are shaken during one to ten days. The influence of 
the shaking duration was studied. This was done for two nitrocellulose grades with a concentration of 
10-5 g/L deposited with the droplet method. Figures  8 and 9 below give the results obtained for the 
11.9  and the 13.49 %N nitrocelluloses respectively. In the case of the 13.49 %N nitrocellulose a 
higher concentration of 10-4 g/L was also studied (Figure 10). 
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Figure 8: NC 11.9 %N, concentration: 10-5g/L,  A.: 1 day, B.: 2 days, C.: 8 days 
 
In the case of the 11.9 %N nitrocellulose, after one day shaking duration, the resulting clusters have a 
mean height of 13.5 nm and a mean diameter of 142 nm. The mean height of the cluster interlinking 
filaments is 1.4 nm. These values decrease when the shaking duration increases. After eight days 
shaking, small clusters of only 1.1 nm height are observed.  
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Figure 9: NC 13.49 %N, concentration: 10-5g/L,  A.: 1 day, B.: 8 days 
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Figure 10: NC 13.49 %N, concentration: 10-4g/L,  A.: 1 day, B.: 10 days 
 
 
In the case of the 13.49 %N nitrocellulose, after one day shaking duration, the resulting clusters have a 
mean height of 17 nm and a mean diameter of 174 nm. The mean height of the cluster interlinking 
filaments is 1.5 nm. These values decrease then with the shaking duration to obtain small clusters of 
only 1.7 nm height after 8 days. For the higher concentration of the 13.49 %N nitrocellulose (10-4 g/L), 
after one day, the clusters have a mean height of 17.5 nm and a mean diameter of 158 nm. The mean 
height of the cluster interlinking filaments is 3.2 nm. These values decrease then with the time to 
obtain small clusters of only 1.8 nm height after ten days. These experiments show that the shaking 
time is of great importance to obtain well dispersed molecular chains even with a solvent like acetone 
in which the nitrocellulose has a high solubility. 
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5.1.2      Nitrocellulose/acetone deposited with the droplet technique 
 
All the concentrations of nitrocellulose given in table 3 were studied in acetone. The AFM 
observations were conducted with a J-Scanner. The RTESP-tips were used in the case of high 
roughness whereas the DLCS-tips were employed with a maximal roughness of about 5 nm to prevent 
their destruction during imaging. The images were often scanned in different scanning directions to 
verify their reproducibility and to avoid false interpretation. Figure 11 shows a set of topographic 
views obtained with the 11.9 %N nitrocellulose by varying the scanning angle (all other parameters 
being constant). 
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Figure 11: NC 11.9 %N, A.: 0°(scan angle), B.: 45° (scan angle), C.: 90 ° (scan angle) 
 
In these topographic views, scanned respectively with 45 ° angle steps, one can see that the images of 
the nitrocellulose fibres are still conserved and just rotated by an angle equal to the scanning angle.  
 
The three nitrocellulose types were deposited with the droplet technique in relatively high 
concentrations. Figure 12 gives for the three nitrocelluloses, the topographic images for these 
nitrocelluloses with the concentration of 1.04.10-2 g/L. Under each topographic view, one represents 
the profilometric curve to quantify the surface roughness and the cluster height. 
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Figure 12: A.: NC 11.9 %N, B.: NC 12.5 %N, C.: NC 13.49 %N, concentration: 1.04.10-2g/L 
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Figure 13 gives for all the three nitrocellulose grades the topographic image for a concentration one 
hundred times lower (1.04 10-4 g/L). 
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Figure 13: A.: NC 11.9 %N, B.: NC 12.5 %N, C.: NC 13.49 %N, concentration: 1.04.10-4 g/L 
 
In the case of the high concentrated samples, for each nitrocellulose type, due to the macroscopic 
droplet deposition, the relative slow evaporation of the droplets results into the nucleation of different 
evaporation sites. This leads to the formation of big clusters of several tens of nanometers large and 
with a rather low height of about 2 nm. The lateral form is not depending on the nitrocellulose type. It 
depends rather on the opportunity for the sample to follow or not preferential orientations on the 
atomic flat support. So in some case, when there are not preferential orientations, the formed 
nitrocellulose clusters are circular whereas for preferential orientations, there are rather linear. In the 
case of the 1.04.10-2 g/L concentration, a mathematical treatment gives for the mean cluster size, 58 
molecular chains per cluster for the 11.9 %N nitrocellulose, 290 molecular chains per cluster in the 
case of the 12.5 %N nitrocellulose and 64 molecular chains per cluster for the 13.49 %N 
nitrocellulose. In the case of the 12.5 % N nitrocellulose, as the imaging was done with “RTEPS” tips, 
the lateral dimensions and so the chain number per cluster can be overestimated (Figures 12 and 13).  
It must be noticed that the droplet deposition technique, compared to the spray deposition technique, is 
a rather slow process, which is governed by the diffusion of elementary species. That is why big 
clusters are observed when high concentrations are used. 
 
In the case of the lower concentrated solution, the clusters become smaller with mean heights of about 
0,7 nm (11.9 %N nitrocellulose), 2 nm (12.5 %N nitrocellulose) and 1,8 nm (13.49 %N nitrocellulose) 
and lateral dimensions of respectively 16 nm, 75 nm and 27 nm. This corresponds respectively to 
mean chains numbers per cluster of 3, 8 and 5.  
 
The influence of the deposition technique is given on Figure 14. The comparison is made in the case 
of the high nitrated nitrocellulose (13.49 %N) with a concentration of 10-2 g/L.  
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Figure 14: NC 13.49 %N, concentration: 10-2 g/L, A.: Spray deposition, B.: Droplet deposition 
 

In the case of the spray technique, one obtains a nanostructurated network in which the individual 
nitrocellulose chains are clearly visible whereas for the droplet technique, due to a deposition 
governed by the diffusion process, the clusters are bigger. The result is that for the droplet method, the 
sample has a roughness of about 2 nm, whereas in the case of the sample obtained by spray deposition, 
in which the individual molecular chains are visible, the roughness is equal to the molecular height of 
about 0.5 nm. This result is very significant because it demonstrates that a spray process, 
independently of the nature of the support, generates nanostructured or even molecular structured 
patterns. 
 
5.1.3      Nitrocellulose/acetone deposited with the spray technique 
 
A systematic investigation was carried out to study in the case of each nitrocellulose type (Figures 15, 
16 and 17), the height evolution of the clusters and nitrocellulose fibres depending on the 
nitrocellulose concentration in acetone and that for each nitrocellulose type. As the height is obtained 
in AFM with a precision of about 0.1 Å, its measurement is a good indicator of the interaction of the 
sample with the support. As the lateral dimension of the cluster is depending on the radius of curvature 
of the tip, its precision is lower. In the experiments, a lateral precision of 1.5 nm was reached. This 
precision corresponds to about one nitrocellulose chain width. To prevent the diffusion phenomenon 
during the solvent evaporation, the spray technique was used. The height was systematically 
determined and the following figures give the results.  
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Figure 15: NC 11.9 %N, Height of adsorbed aggregates  versus concentration 
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Figure 16: NC 12.5 %N, Height of adsorbed aggregates  versus concentration 
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Figure 17: NC 13.49  %N, Height of adsorbed aggregates  versus concentration 
 
The former figures give respectively for the three nitrocellulose types the height evolution 
versus the concentration. Next figure gives (Figure 18) a topographic view in the case of the 
12.5 %N nitrocellulose for the concentration that corresponds to a minimum height. This 
height is a single molecule height. It is obtained for a nitrocellulose concentration of    
2.08.10-7 g/L. 
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Figure 18: NC 12.5  %N, Molecular deposition for the 2.08.10-7 g/L concentration 

 
For the 11.9 %N nitrocellulose, the optimal concentration for monomolecular deposition, was 
found to be about 2.06.10-8 g/L. In the case of the highly nitrated nitrocellulose, the optimal 
concentration for monomolecular deposition is about 2.12.10-8 g/L. From these observations, 
one can see that the middle nitrated nitrocellulose has a monomolecular adsorption for a 
concentration that is ten times higher than for the two other nitrocelluloses.   
 
5.1.4      Nitrocelluloses deposited in different solvents 
 
As the evaporation of a solvent depends on different parameters like its boiling temperature, and its 
ability to interact with the nitrocellulose, various solvents were used for all the nitrocellulose grades. 
To simplify, the results are given only for one nitrocellulose grade. The results are reported in the case 
of the 11.9 %N NC with acetone, ethyl acetate and 2-heptanone. Figure 19 gives the topographic 
images and the corresponding profilometric curves. All the observations were made on samples 
prepared with a concentration of nitrocellulose of 10-3 g/L by using the droplet technique.  
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Figure 19: NC 11.9 %N, concentration: 10-3g/L,  A.: Acetone, B.: Ethyl-Acetate, C.: 2-heptanone 
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On these views, it is clear that the nature of the solvent influences mainly the deposition of the 
nitrocellulose. So, in the case of acetone, for which the evaporation is fast due to a high vapour 
pressure, the remaining topography of the sample is the highest. By using ethyl acetate, which has a 
higher evaporation temperature than acetone, the evaporation process has a slower kinetic which leads 
to much lower topographic heights and even to monomolecular height deposition. This states the fact 
that for imaging purpose at high spatial resolution, ethyl acetate is a more adapted solvent than 
acetone. This was also observed with the droplet deposition technique for higher concentrations for 
which the obtained clusters are bigger in the case of acetone than for ethyl acetate. The case of the 
slow evaporating solvents like 2-heptanone or DMSO is different. Figure 16 C. which relates the case 
of 2-heptanone shows that the solvent is still present in the sample. This is confirmed by the fact that 
successive scans do not lead to stable and reproducible imaging. The sample is very soft and the 
scanning itself destroys the sample. The samples prepared with these solvents, need to be outgased for 
a long time before a stable imaging is possible.  
   
 
5.1.5      CHAIN LENGTH MEASUREMENT 
 
The interpretation of monomolecular height individual chains leads to the chain length determination. 
The results obtained are 120 ± 10 nm for the 11.9 %N nitrocellulose, 242 ± 20 nm for the 12.5 %N 
nitrocellulose and 89 ± 8 nm for the 13.49 %N nitrocellulose. These measurements were made on 
about ten chains for each nitrocellulose grade.  These measurements  are for the 11.9 %N and the   
12.5 %N nitrocellulose grades in good agreement with the values obtained from the viscosity 
parameter.  
 
 
5.2         STM ON PURE NITROCELLULOSE 
 
Until now the STM studies were only done on the 12.5 %N nitrocellulose.  
 
In order to study the nitrocellulose with STM, it is necessary to prepare the sample so as to obtain 
spread chains whose thickness does not exceed 1 to 1.5 nanometer. This last condition is required to 
have a convenient conduction between the tip and the atomically-flat support. The sample has been 
prepared using the same spray technique and the same HOPG support as for the AFM observations. 
Acetone-nitrocellulose solutions used to this purpose had a concentration of 2.08 10-7 g/l and had been 
shaken during more than ten days.  
 
From STM images it can be inferred that pure nitrocellulose adsorbs onto the graphite in two ways:  
 
- The first one corresponds to nitrocellulose adsorption at amorphous state. On Figure 20 non 
crystallized nitrocellulose polymeric molecular chains are observed.  
 
As shown on Figure 20, the nitrocellulose molecular chains adsorb on the graphite support. These 
micrographs and the 3D-simulation allow to understand how the polymer is fixed on the support. The 
adsorbed entity has a maximal height ranging from 300 to 400 picometers. The experimentally 
observed zig-zag structure exihits a periodicity of 5 to 6 monomeric units which is in good agreement 
with the simulation results.  
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Figure 20: STM imaging of amorphous nitrocellulose and comparison with three-dimensional simulation 
 
- The second one corresponds to crystalline nitrocellulose adsorption (Figure 21). The celloglucan 
rings appear distinctly along the chain of the nitropolymer. Their size can be evaluated to about        
0.6 nm.  
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Figure 21: STM imaging of crystalline nitrocellulose 
 
5.3         PLASTICIZER-NITROCELLULOSE INTERACTION STUDIES 
 
Until yet, not enough spatial resolution was obtained with AFM to study the interaction between 
plasticizer molecules and nitrocellulose. The higher resolution obtained by scanning tunnelling 
microscopy made this technique as a potential candidate to investigate the interaction, in fact the 
deformation of the nitrocellulose chain due to the interaction with the plasticizer. The deposition 
technique used is the spray technique. In a first step the relative concentration nitrocellulose to 
plasticizer was optimised. For the STM imaging, two concentration ratios plasticizer/nitrocellulose 
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were used. The first one corresponds to one plasticizer molecule for one hydroxyl-group of the 
nitrocellulose. The second one corresponds to three plasticizer molecules for one nitrocellulose 
monomer. As in the case of the pure nitrocellulose, the mixtures were dissolved in acetone and shaken 
more than ten days long. After this, they were sprayed on the freshly cleaved atomic flat HOPG 
support. Table 4 gives all the concentrations ratio used. The used 12.5 %N nitrocellulose contains 0.58 
hydroxyl-group per monomer.  
 

 Number of plasticizer 
molecules/4µm2 

Number of nitrocellulose 
chains/4µm2 

DNDA6/NC   
1 DND6-molecule/1 OH NC group 2,1 103 7,1 
3 DNDA6-molecule/monomer 7,4 103 4,9 
DN3/NC   
1 DN3-molecule/1 OH NC group 2,1 103 7,6 
3 DN3-molecule/monomer 7,4 103 4,9 
Me-NENA/NC   
1 Me-NENA-molecule/1 OH NC group 2,3 103 7,6 
3 Me-NENA-molecule/monomer 7,7 103 5,1 
Et-NENA/NC   
1 Et-NENA-molecule/1 OH NC group 3,5 103 76 ? 
3 Et-NENA-molecule/monomer 7,5 103 4,9 

 
Table 4: Ratios nitrocellulose to plasticizer 

 
The study made clear, that excepted for a few cases, the ratio one plasticizer molecule for one 
hydroxyl-group (called in the next 1/1-ratio), was to small to detect the interaction. 
 
5.3.1      DNDA6/Nitrocellulose 
 
For this mixture, it was possible to detect a deformation of the nitrocellulose chain even for the       
1/1-ratio. The nitrocellulose chain, which is solvated by the plasticizer molecules, adsorbs onto the 
graphite with a mean height of about 0.4 nm. The celloglucan rings solvated by DNDA6 show a mean 
length of about 2.0 nm and a width of about 1.7 nm. This enlargement confirms, as it was measured by 
DSC, the interaction between this plasticizer and the nitrocellulose (Figure 22). The size of the 
enlargement also confirms that there are more than one molecule plasticizer for each celloglucan ring.  
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Figure 22: STM imaging of DNDA6/NC (NC 12.5 %N) A.: 1/1, B.: 3/1 
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In the case of the concentration ratio three plasticizer molecules for one nitrocellulose monomer (next 
called the 3/1 ratio), the interaction is also detectable with a better geometrical defined pattern.  
 
5.3.2      DN3/Nitrocellulose 
 
In the case of the DN3/Nitrocellulose mixture, for the 1/1 ratio, no solvation was noticed yet. The 
interaction is detected in the case of the 3/1 ratio.  Figure 23 shows this interaction precisely by 
comparing the spatial deformation due to the interaction to pure crystallised nitrocellulose. This 
comparison, made on the same scale, makes it clear that the interaction between the plasticizer and the 
nitrocellulose leads to the geometrical extension of the nitropolymer.  
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Figure 23: A.: STM imaging DN3/NC (NC 12.5 %N) 3/1, B.: pure nitrocellulose (NC 12.5 %N) 
 

As shown on figure 23, the interaction between the plasticizer and the nitrocellulose is a strong one 
with a well defined geometric form. The comparison between the plasticized and the pure 
nitrocellulose, make the interaction evident. In the case of the DN3/Nitrocellulose mixture, the 
celloglucan environment is about three times bigger than for the pure nitrocellulose. This confirms the 
strong solvation of the celloglucan ring by the plasticizer molecule.  
 
5.3.3      Me-NENA/Nitrocellulose 
 
In the case of the Me-NENA/Nitrocellulose mixture, no interaction between the plasticizer and the 
polymer was detected yet for both concentration ratios (Figure 24). In all the experiments done, no 
enhancement of the celloglucan vicinity was observed.  
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Figure 24: STM imaging of Me-NENA/NC (NC 12.5 %N) (3/1) in two scan angles, A.: 0°, B.: 90° 
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5.3.4       Et-NENA/Nitrocellulose 
 
The influence of this plasticizer on the nitrocellulose is detected in the 1/1 ratio (Figure 25) and is also 
observed in the 3/1 ratio.  
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Figure 25: STM imaging of Et-NENA/NC (NC 12.5 %N), A.:1/1, B.: 3/1 
 

 
 
 

 
6.         CONCLUSION AND OUTLOOK 
 
In this study, different nitrocellulose types were imaged by atomic force and scanning tunneling 
microscopies. Atomic force microscopy was used to observe samples containing nanosized clusters 
and individual chains. The maximum spatial lateral resolution by using AFM ranges from 2 nm which 
allows the imaging of individual polymer chains without resolving their internal details. With AFM 
different parameters where studied like the influence of the shaking time to separate completely the 
chains to image them individually. It was also noticed, that acetone and ethyl-acetate are solvents that 
leave rapidly the nitrocellulose whereas 2-heptanone and DMSO need to be outgased for a long time 
to allow a stable imaging. Two different deposition techniques were also analysed. The result is that 
the spray technique allows deposing molecularly fine structures whereas the macroscopic droplet 
technique, leads to the formation of big clusters. With the spray technique it was possible to analyse 
the deposition process of each nitrocellulose type according to its concentration. 
 
Scanning tunnelling microscopy was used to observe deposits obtained from low concentrated 
nitrocellulose solutions. This microscopy allows obtaining a higher resolution than atomic force 
microscopy. It resolves polymeric chain internal details such as nitrocellulose celloglucan rings. 
Moreover, STM allowed to demonstrate that nitrocellulose adsorbed onto HOPG is either amorphous 
or crystallized. 
 
The potential interaction between nitrocellulose and different plasticizers was exclusively investigated 
by scanning tunnelling microscopy. This field is new and will need additional work in the next time. 
The measurements performed showed that for the plasticizers DND6, DN3 and Et-NENA, an 
interaction with the 12.5 %N nitrocellulose existed. This was not the case between nitrocellulose and 
the Me-NENA plasticizer. 
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The next work will focus the effort on the interaction study by developing first the spatial resolution 
obtained by AFM. That will be done by employing smaller tips to try to enhance the spatial resolution 
to be able to compare with the STM experiments.  
 
Another study purpose will be to investigate the adsorption of the pure nitrocelluloses and their 
mixtures with the plasticizers on different atomic flat supports like gold or platinum. For all these 
studies, the deposition techniques described herein as well as other techniques will be used to 
elaborate depositions with high quality in order to enhance the spatial resolution of the imaging. 
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ABSTRACT 
 
The objective of this study is to propose a predictive model of the flow time of a 
concentrated suspension through a nozzle located at the bottom of a tank. Similarly to 
our industrial process, the suspension is made out of insensitive energetic materials and 
flows under gravity. Experimental results are compared to three models (Quemada, 
Krieger-Dougherty, and Mooney) predicting the viscosity μ  of a suspension as a 
function of the solid volume fractionφ , the maximum packing density φm and the 
viscosity 0μ  of the interstitial liquid. De Larrard’s model is used to calculateφm . The 
value of viscosity measured for the pure liquid is near the one predicted by the Bernoulli 
theorem, where liquids are considered as incompressible and perfect. In the end, it turns 
out that the Quemada’s model gives a fair agreement between predictions and 
experiments. 
 
1 INTRODUCTION 
 
The purpose of this article is to propose a predictive model of the flow time necessary for emptying a 
reactor filled with a concentrated suspension through a nozzle situated at the bottom.  Similarly to our 
industrial process, the suspension is made out of insensitive energetic materials and flows under 
gravity. Experimental results are compared with three viscosity models largely used in the field of 
concentrated suspensions (Quemada [1], Krieger and Dougherty [2] and Mooney [3]). These models 
give the dynamic viscosity of a concentrated suspension as a function of the viscosity 0μ  of the pure 
liquid, the volume fraction φ of the solid included in the paste, and the maximum packing density φm. 
These parameters will be used as a basis to establish our model. First, a relationship between the 
viscous and flow time terms starting from Navier-Stokes equation is needed. Secondly, evaluations of 
some characteristics of the granular phase in concentrated suspensions will be obtained and inserted in 
our flow time equations. With solid volume fractions higher than 50% and different morphologies and 
sizes, insensitive energetic materials carried out by melt cast process nicely compare with fresh 
concretes. So calculations of granular arrangements will be developed with scientific tools used 
satisfactorily in the civil engineering sector [4-5-6]. In particular the De Larrard’s model for the 
calculation of the maximum packing density φm [7] will be considered. The study of the dependence of 
the casting time upon weak variations of the formulation and upon the choice of raw materials will 
make possible to compare the experimental results and those given by our model. Melt casting 



energetic formulations are established for use in a cylindrical tank of a total volume of 5700 cm3. The 
experiments for flow time determinations are all performed in this container.  
 
2 MODEL DESCRIPTION 
 
2.1 RHEOLOGY OF CONCENTRATED SUSPENSIONS 
 
Since the publication of Einstein analysing the viscosity of dilute suspensions of rigid spheres in a 
viscous liquid, numerous equations have been developed to try and extend Einstein's formula to 
suspensions of higher concentrations [8]. The various resulting formulas differ considerably from each 
other. In this study, three relationships have been selected to express the dynamic viscosity of 
dispersions of spherical particles as a function of the dynamic viscosity of the interstitial fluid 0μ , the 
volume fraction of solids φ and the maximum packing density of the solids φm. Others equations are 
given in the literature, but the three retained hereafter seem to be the most encountered, discussed and 
reliable, and this is the reason why they have been chosen in this study. These equations are given in 
Tab. 1. 
 
2.2 MODEL DESCRIPTION 
 
2.2.1 Relationship between Dynamic Viscosity and Flow Time  
 
Because of the high solid content and the low flow velocity, it is assumed here that Reynolds number 
is not too important, although greater than unity. The inertial term of the Navier-Stokes equation is 
supposed to be small enough with respect to the viscous term. The momentum equation takes the 
following simplified form: 
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As the suspension flows during a relatively long time (over one minute), the state can be regarded as 
quasi-stationary and one can write at any time: 

.μ ρΔ = ∇ −
rrv p rg            (2) 

Eq. (2) implies that, for a given pressure gradient, the flow rate of a fluid is inversely proportional to 
its viscosity. This can be applied to the two fluids considered, the suspension with a viscosity μ  and 
the interstitial fluid with a viscosity 0μ Therefore, for a given volume, the flow time τ  is directly 
proportional to the viscosity: 

0 0

τ μ
τ μ

=             (3) 

Where 0τ represents the flow time for the interstitial fluid. 
 
2.2.2 Calculation of 0τ  by Bernoulli’s approach 
 
The interstitial fluid is a mixture of trinitrotoluene TNT and additives, presenting viscosities of 11 and 
48.6 mPa.s respectively. Such values are rather small, and the interstitial fluid can be assimilated to a 
perfect fluid: this allows us to use the Bernoulli relationship in the tank described on Fig. 1. 
Where V [m3] is the suspension volume;  and  [m/s] are the fluid velocities;  and  [Pa] are the 
top and bottom pressures;  and  [m] are the diameters of sections 1 and 2;  [m] is the 
fluid height; g [m/s²] is the acceleration of gravity equal to 9.81 m/s². 
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The Bernoulli relationship can be written: 
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Where ρ  represents the fluid density [kg/m3].  
The mass balance gives: 
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The integration of Eq. (6) between t=0 and τ=t , where the liquid heights are respectively  and 0h ( )τh  
leads to Eq.7: 
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At 0τ , the tank is empty and 0( ) 0τ =h . Finally, 0τ is given by Eq. (8) 
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With Eq. (3), Eq. (8) and one of the rheological equations given in Tab. 1, three relationships, Eq. (9), 
Eq. (10) and Eq. (11), allow us to calculate the flow time for our energetic concentrated suspensions. 
These relationships depend on the solid volume fractionφ , the flow for the interstitial fluid 0τ  and the 
maximum packing densityφm . 
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2.2.3 Calculation of the Maximum Packing Density 
 
Many studies aim at improving predictions of viscosity by refining the methods of calculation of the 
maximum packing density [9-10-11]. Many strong similarities appear between concrete and explosive 
made by casting process as the great number of granulometric scales, and the range of the component 
morphologies. In this kind of approach, the model developed by De Larrard seems very attractive [12]. 
This model predicts the maximum packing density of a polydisperse mix, from three parameters: the 
particle size distribution of the mix, its true density and the experimental packing density of the solid 
species. The use of software is required to determine the maximum packing density. In this study, the 
RENE-LCPC software developed by De Larrard and T. Sedran [13] has been selected. The details of 
the algorithm will not be described here but the interested reader may refer to some of the associated 
publications [14-15-16]. 
This model deals with grain mixtures in which linear combinations of packing densities allow to 
predict the packing density of a mixture of monosized particles di (d1<d2<…<dn) from: 

1

1 1
1 (1 )

β
φ

β α α
−

= = +

=
− − −∑ ∑

i
i i N

i ij i ij
j j i

a b j

          (12) 

Where φi is the packing density of class; αi is the volume fraction of belonging to class i; βi is the 
residual packing density i.e. when the class i is alone and fully packed. To compute the packing 
density of the overall mixture, one considers that the bulk volume of the class i fills the porous space 
around the coarser grains; moreover, the volume of finer classes inserted in the voids of class i must be 



added. Two interaction effects must be taken into account in this calculation: the wall effect, aij, 
exerted by the coarser particles and the loosening effect, bij, exerted by the finer particles. Finally, φm 
is given by Eq. (13). 
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3 RAW MATERIALS AND EXPERIMENTAL SET-UP 

 
3.1 RAW MATERIALS 
 
The compounds used in this study are listed in Tab. 2. 
 

3.1.1 Rheology of the Liquid Phase 
 
The liquid phase is composed of TNT and a fusible additive A. The dynamic viscosity of the additive 
is measured by a viscometer presenting a “Couette” geometry (Rheomat 30, Contrave). A thermo-
regulated bath is used to control the temperature. Results show that the additive has a newtonian 
behaviour and its dynamic viscosity is equal to 48.6 mPa.s at 85°C. The TNT dynamic viscosity μTNT  
is calculated with Eq. (14) established by [17] on temperature as follows: 
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Where T is the absolute temperature in Kelvin and  and * 75.41 10 .μ −= ⋅ Pa s 3570=Q K . 
With these parameter values, 11 .μ =TNT mPa s  at 85°C. 
 
3.1.2 Solid Phase Characterization 
 
The solid phase is made out of two species: NTO and aluminium. Four batches of NTO, labelled NTO 
1, NTO 2, NTO 3, NTO 4 and two batches of aluminium, Al 1, Al 2 are used. They differ by their 
packing densities (Tab. 3) and morphologies (Fig. 2). 
The experimental packing density C is calculated from the true and bulk densities. The true density ρt  
is measured with a helium pycnometer from Micromeritics and the true bulk density ρb  with a 
volumenometer. C is defined by Eq. (15): 

ρ
ρ

= t

b
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Average sizes of NTO particles reach 350-400 µm and 13 µm for aluminium particles. SEM analysis 
shows spherical morphology for Al 2. Grain morphologies are determined by scanning electron 
microscopy  

3.2 EXPERIMENTAL SET-UP 
 
Nine insensitive explosive formulations are elaborated with different volume fractions of raw 
materials. These formulations are given in Tab. 4. The flow time of 5700 cm3 of each suspension has 
been measured and the texture of these energetic pastes has been observed. For the energetic 
formulations exhibiting a high apparent viscosity, the measurements of the flow time has been made 
several times to get significant results. The measurement precision decreases when explosive 
formulations are highly concentrated. In this case, we repeated twice the measurement of the flow 
time. 
As in our industrial process, suspensions flow through a nozzle situated at the bottom of a tank under 
gravity. The dimensions of the cylindrical tanks are represented on Fig. 3. 



4 RESULTS AND DISCUSSION 

 
4.1 EXPERIMENTAL RESULTS 
 
The flow time and texture of each formulation is reported in the right hand side of Tab. 4 and depicted 
on Fig. 4. The last formulation (Formulation 9) represents the interstitial fluid, composed of TNT and 
additive only. 
The maximum packing densityφm  and the ratio between the maximum packing density and the solid 
volume fraction φ  are given in the left hand side of Tab. 5.  
Theoretical flow times are calculated Eq. (9), Eq. (10) and Eq. (11). Final results are listed in the right 
hand side of Tab. 5. Results from Eq. (10), which are a direct application of Quemada’s model, are in 
agreement with our experimental results. 

 
4.2 DISCUSSION 
 
We assumed that the interstitial fluid can be considered as perfect; this seems to be quite realistic since 
the experimental flow time (11 s) for 5700 cm3 corresponds to the theoretical time (13 s) calculated by 
Eq. (8). Moreover, the fair agreement between our experimental results for concentrated suspensions 
and the theoretical predictions from Quemada’s model seems to support our second, intuitive, 
assumption that the loss of energy due to viscous effects remains negligible. The ratio of the maximum 
packing density to the solid volume fraction (left hand side of Tab. 3) gives an interesting information 
to be compared with the texture of insensitive energetic pastes (Fig. 4). When it is close to 1 
(Formulations 3 and 4), i.e. near the jamming of the structure, the texture is very pasty. On the 
opposite side, when φ /φm decreases (Formulations 1, 2 and 5) or far from 1, energetic pastes present a 
more liquid behaviour.  
As shown on Fig. 5, theoretical values of the flow time resulting from Eq. (9) and Eq. (11) show 
significant deviations from experimental results. We find that Eq. (10) derived from Quemada’s model 
reflects our experimental results more nicely. 

5 CONCLUSIONS 

 
For suspensions of different formulations, various experiments of casting under gravity have been 
carried out and the time required by a given volume to pass through a nozzle has been measured. 
Considering that the suspension flow proceeds under conditions where the inertial term of the Navier-
Stokes equation is negligible compared to the viscous term, we find the suspension flow time to be 
directly proportional to its viscosity. Consequently, the cast time can be calculated from the 
suspension viscosity. Three models, frequently used in rheology, make possible to calculate this 
viscosity as a function of the interstitial fluid dynamic viscosity and the ratio φ/φm where φm is 
calculated with De Larrard’s model. The relatively low viscosity of the interstitial fluid allows us to 
consider perfect fluids and apply the Bernoulli relationship. Comparison between theoretical values 
and experimental results shows that Quemada’s model gives a satisfactory modelling. In the 
configuration studied, the flow time can be estimated by the following relationship: 
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FIGURES AND TABLES 
 
FIGURES 
 

 

 
Figure 1. Tank geometry 

 



 
Figure 2.  NTO and Al morphologies 

 
Figure 3. Left: Industrial process; Right, scheme of the tank with some key dimensions 

 

 
Figure 4. Texture of insensitive energetic pastes 
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Figure 5. Comparison between theoretical and experimental results 

 
TABLES 

Table 1: Rheological equations 

Authors Rheological equations

Krieger-Dougherty [2]

Quemada [1]

Mooney [3]
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Table 2: Studied compounds 

 
 
 
 
 
 
 
 
 
 



Table  3 NTO and Al experimental packing densities 

 
 
 

Table  4.Composition and flow time of each insensitive energetic formulation 

 
 

Table  5 Characteristics of each formulation and comparison between theoretical and experimental results 
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1 ABSTRACT 
  

To calculate the performance of energetic salts applying thermochemical codes, new 
theoretical tools were required to predict density and formation enthalpy. The density of 
salts was evaluated using new models based on volume additivity. The first technique 
developed was an extension to ionic crystals of an existing group additivity method for 
neutral compounds. Then, a more general approach was parametrized. The solid-phase 
formation enthalpy ΔfHo was evaluated using two distinct calculations for the contribution 
ΔfHo(g) of isolated species, and the lattice energy Elatt. 
A procedure previously parameterized for neutral molecules and based on density 
functional theory (DFT) led to a satisfactory evaluation of ΔfHo(g) for  simple isolated ions. 
Moreover, the lattice energy of organic ionic crystals was shown to be approximately equal 
to the coulomb contribution Ecoul. For nitrate salts, a simple two-parameters equation was 
used to correlate theoretical Ecoul values with SCC-DFTB Mulliken charges. Alternatively, 
the lattice energy may be derived from a systematic packing of salt crystals. 
 
 
 
2  INTRODUCTION 

 
The first phase in the design of new energetic materials for explosives or propulsion systems is the 
selection of a chemical structure that meets safety and performance requirements, thus ensuring the best 
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compromise between safety and performance specifications. We use molecular modeling to predict 
densities and formation enthalpies required for the thermochemical evaluation of explosive and propulsive 
performances [1-6]. Deviations from experimental data below 3% for densities and 0.5 MJ/kg for 
formation enthalpies are desirable.  
The need for high performing explosives and propellants has guided research towards high nitrogen 
heterocyclic structures. So far, studies have focused on molecular crystals made up of neutral molecules. 
Ionic crystals, despite the fact they may exhibit high densities, have not been so much studied. Indeed, as a 
result of the strong attractive coulomb interactions between the ions, the lattice energies of such crystals 
are large, thus implying inherently low formation enthalpies. However, starting from ammonium nitrate, 
this effect can be minimized by appending a large organic group to the cation in order to increase the 
distance between opposite charges. Using this approach, organic salts with satisfactory performance 
criteria might be identified, despite the large coulomb interactions. For this purpose, new predictive 
models were needed for density and formation enthalpy, since popular methods have been mainly 
developed for materials made of neutral molecules [1,2]. In this article, suitable models for salts are 
described. 
 
3  DENSITIES 
 
Two simple models were developed to estimate the densities of salts: a straightforward extension of a 
standard group contribution method and a smarter approach based on geometrical considerations. 
 
3.1  EXTENSION OF A STANDARD GROUP CONTRIBUTION METHOD  
 
To evaluate the density of neutral organic compounds, the additive scheme of Ammon and Mitchell, 
which amounts to a group contribution method, is quite successful [1]. On the basis of group volumes 
derived from an extensive crystal database, it yields crystal densities with an average error close to 2%. In 
its original form, this method cannot handle molecular salts. Thus, using 1132 salt crystals from the 
Cambridge Structural Database (CSD) standard volumes were derived for charged groups of practical 
interest, in order to extend the scope of the method [3].  
 
Such additive approaches are of special interest for design purposes. Indeed, they allow one to define 
group densities that are extremely convenient to assess the interest of specific chemical groups. For 
instance, using the group densities reported in Table 1, it may be observed that such groups as –COO–, –
O– or >N+< are especially useful in view of designing high density compounds [3,4]. Obvious trends may 
be noted from the group densities. For instance, the density of a group with a tetravalent nitrogen increases 
with the number of non-hydrogen neighbours, owing to the enhanced overlap between them.  
The approach proves quite reliable, except for crystals characterized by low-density packing modes. Such 
low densities usually arise owing to unfavorable shapes. For instance, the cation and zwitterions shown on 
Fig. 1 (their names are in fact the reference codes used in the CSD database for the corresponding crystals) 
exhibit non-parallel rings. Such features lead to open structures of low densities, which are severely 
overestimated by additive schemes assuming that the close-packing principle is obeyed. 
 
This approach is a direct extension of standard group contribution methods. As such, it exhibits two main 
drawbacks. First, the dramatic increase in the number of parameters makes further extension to new 
groups usually difficult, considering the scarcity of experimental data for unusual groups. Secondly, the 
partition of the molecule into groups derives from a chemical perspective – since the notion of a functional 
group relies on reactivity – and not directly from their influence on density. As a consequence, a novel 
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approach involving fewer parameters and taking into account the role of structural features on the crystal 
volume is described below. 
 
3.2  NEW ARH MODEL BASED ON ATOMS, RINGS AND HYDROGEN BONDS  
 
This new approach [4] starts from the assumption that the contribution Vw

k of the volume occupied by an 
atom k to the van der Waals volume of the molecule depends on: 

• the van der Waals radius rk of atom k, 
• the number n of neighbouring atoms, 
• the van der Waals radii of the neighbouring atoms. 

Taking into account the specific size of H atoms in comparison with all the other heavier elements, it is 
assumed that atomic volumes V(Z, n, nh) depend on the atomic number Z of the atom, the number n of the 
neighbours and the number nh of the neighbours which are H atoms, as illustrated on Fig. 2. For a primary 
amine NH2, N is bonded to three neighbours including 2 H atoms, thus its volume is V(N,3,2) as shown on 
Fig. 2a. On going from this primary amine to a secondary amine, its volume decreases to V(N,3,1) as 
shown on Fig. 2b. This volume may also decrease on increasing the atom coordinence, e.g. for the 
ammonium nitrogen shown on Fig. 2c. Finally, V(N,3,2) can be effectively decreased, albeit to a lesser 
extent, if the N atom is involved in a hydrogen bond, as illustrated on Fig. 2d. In fact, in the ARH scheme, 
the volume of hydrogen atoms is included into the volume of their neighbour. This avoids the need to 
define a volume for H atoms. In addition, to better describe the influence of structural features like rings 
and H-bonds, nine other parameters are introduced, six for the size of the rings (from three atoms to eight 
and higher), two for planarity corrections and one for H-bond correction [4].  
 
For 17359 neutral CHONF compounds from the CSD database, this ARH model led to an average value 
of the difference δ between the density from the ARH model and the density from the experimental cell 
parameters equal to 2.02% (close to the 2.04% obtained by Ammon and Mitchell, but with fewer 
parameters). Focusing on the 1519 CHONF salt crystals in the dataset, the ARH model led to δ=2.41%. 
This result is consistent with the value δ=2.38% obtained on a slightly restricted database of ionic crystals 
using the extension of the Ammon method. These systematically larger errors on density calculated for 
salts can be explained by the squeezing effect due to the strong coulomb interactions prevalent in ionic 
crystals, which might be difficult to describe with additive models. It is interesting to note that the present 
approach is not restricted to density predictions in standard conditions. Indeed, the densities of the low 
temperature structures compiled in the CSD database can be estimated with a similar accuracy (δ=2.09%) 
provided an average thermal expansion coefficient α=1.7.10–4 K–1 is introduced [4].  
 
In most cases, densities obtained using the ARH method are satisfactory, especially for high density 
compounds of practical interest in the field of energetic materials. However, in view of the squeezing 
effect of strong coulomb interactions between groups bearing opposite charges, significant errors might be 
expected in some cases, especially for small ions. Systematic investigations remain to be carried out in 
order to establish the limitations of such additive models for salts. 
 
4  FORMATION ENTHALPIES 

 
A procedure based on DFT calculations led to a satisfactory estimation of gas-phase formation enthalpies 
for some inorganic isolated ions [5]. To evaluate lattice energies, it was assumed that the electrostatic 
energy Eelec is the main contribution to Elatt [5,6]. As NO3

– is a very often used oxidizer in explosives and 
propellants, we focused on nitrate salts. For the latter, a simple equation was obtained to correlate atomic 
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charges with theoretical Elatt values [6]. A more general approach to Elatt – not limited to nitrate salts – 
might be provided by the systematic packing of ions [5]. 
 
 
4.1  SEMI-EMPIRICAL MODEL FOR LATTICE ENERGIES OF NITRATE SALTS  
 
46 organic nitrate salts from the Cambridge Structural Database were used to parameterize the model [6]. 
The correlation between Elatt and structural descriptors was obtained taking into account that the 
electrostatic energy decreases when the cation becomes larger and increases with the atomic charges of the 
ions. Elatt correlates with the descriptor δ2: 

δ2 = (1/N)Σiqi
2 

where N is the number of atoms in the ionic pair and qi is the charge of the atom i. To calculate δ2, 
Mulliken charges of the SCC-DFTB model [7] were used. The final expression of Elatt depending on 
atomic charges is: 
                                                  Elatt = e2/R0 + δ2/R1                       (Eq. 1) 
where e2 is the squared electron charge, while R0 and R1 are empirical distances. e2/R0 may be viewed as 
the contribution to Elatt of two opposite unit charges separated by R0, and δ2/R1 as the contribution of two 
charges ±δ separated by R1. The parameters e2/R0 and 1/R1 were obtained from a fit against theoretical Elatt 
values approximated as the coulomb energy of potential-derived atomic charges and calculated on the 46 
nitrate salts from the database. The charges were obtained at the B3LYP/6-31G* level using the CHELPG 
algorithm. 
 
As expected, an increase in the size of the cation in the crystal leads to a decrease of the coulomb energy 
due to the larger distance between charges. The simple model defined by Eq. 1 accounts for this effect as 
it is specifically designed for this purpose. In fact, as shown on Fig. 3, beyond this qualitative trend, it 
does reproduce theoretical lattice energies within 0.5 kJ/g from the point charge values.  
 
In contrast to the point charge model, Eq. 1 is of significant practical interest as it can provide lattice 
energies in the lack of x-ray data, i.e. before the actual synthesis of the compound. The results thus 
obtained may be associated with theoretical formation enthalpies ΔfΗο(g) of the isolated species in order to 
obtain solid-state values ΔfH° from ΔfH°=ΔfH°(g)-Elatt-2RT with R the ideal gas constant and T the 
temperature [8].  
 
Some results derived from this approach, using a density functional theory based procedure to compute 
ΔfH°(g), are listed in Table 2. Most estimated values of ΔfH° are within 0.5 kJ/g from experiment. 
Nevertheless, a systematic overestimation in the calculation of ΔfH° is observed, presumably as a result of 
the point charge approximation for the coulomb energy. Therefore, this approximation would tend to 
systematically underestimate the crystal cohesion, as observed for crystals made of neutral molecules [9]. 
 
Finally, although it is restricted to nitrate salt crystals, this semi-empirical approach yields lattice energies 
that meets requirements on accuracy for estimation of formation enthalpies without any knowledge of the 
crystal structures. The parameters are simply derived from first-principle calculations on experimental 
data. To predict the cohesion of any molecular ionic crystal, a much more costly approach based on the 
systematic packing of ions is currently under investigation. 
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4.2  FORMATION ENTHALPIES DERIVED FROM THE SYSTEMATIC PACKING OF 
IONS  

 
The lattice energy is clearly a consequence of the potential between the species in the crystal. Therefore, 
crystal simulations based on classical force fields might provide a more direct approach to Elatt. However, 
crystal structures are required as input to the simulation. While routine prediction of observed crystal 
structures is still hopeless, it may be noted that any structure whose stability is close to that of the real 
crystal is suitable as far as only Elatt prediction is concerned. Because so many packing modes exhibit a 
similar cohesion, estimating Elatt through systematic packing of virtual crystals should be much easier than 
the problem of crystal structure prediction.  
 
Preliminary work along these lines was carried out for ammonium nitrate, taking advantage of a classical 
force field fitted against experimental crystal data [5]. Even in this case, the reliability of Elatt values thus 
obtained proved affected by the deviation of the crystal structure optimized with this ad hoc potential from 
the observed structure. Since  Elatt predictions are most useful for new compounds for which no x-ray data 
is available, the force field employed should be transferable, i.e. applicable to compounds not used for its 
parameterization. We designed such a potential, denoted MM3-Q, in an attempt to extend the MM3 force 
field to ionic species [8]. MM3-Q was then used to generate crystals in the most common crystallographic 
space groups with the help of the UPACK program [10]. Those crystals were ranked according to their 
lattice energies approximated as the coulomb energy of potential-derived atomic charges. 
 
The approach was demonstrated for methyl ammonium nitrate H3C-NH3

+.NO3
–, a salt whose crystal 

structure is available. Virtual structures were generated in the P21/c, P212121, P21 and P-1 space groups. 
The distributions of their lattice energies is shown on Fig. 4. The most stable structure, i.e. the one with 
the largest cohesion, was found in the P-1 space group. For this structure, Elatt=6.43 kJ/g. This value is 
close to the one calculated for the experimental structure, Elatt=6.49 kJ/g. However, the crystal density was 
found to be severely underestimated: 1.14 g/cc instead of 1.42 g/cc. This underestimation of the density 
proved to be a systematic deficiency of MM3-Q. A relaxation of the most stable virtual structure with the 
SCC-DFTB force field yields a structure in better agreement with experiment, as reflected by the value of 
1.36 g/cc for the density. The persistent underestimation by 4% of the density may be explained by the 
lack of dispersion forces in the standard SCC-DFTB model. Despite this 4% deviation, the SCC-DFTB 
structure seems to be well-suited for Elatt prediction since it yields a value Elatt=6.54 kJ/g, still reasonably 
close to the point charge value obtained on the observed structure. 
 
Lattice energies derived from virtual structures optimized at the SCC-DFTB level were combined with 
theoretical ΔfH°(g) data to estimate solid-state formation enthalpies. The value for H3C-NH3

+.NO3
– (-3.60 

kJ/g)  was in better agreement with experiment (-3.75 kJ/g) than the value obtained using Eq. 1 (-3.40 
kJ/g). In contrast, the value obtained through the packing procedure for NH3

+.NO3
– (-5.23 kJ/g) was 

significantly lower than experiment (-4.57 kJ/g) while Eq. 1 yields ΔfH°=-4.49 kJ/g [8]. 
 
Assuming that the ΔfH°(g) value calculated for NH3

+.NO3
– is reliable, the low value obtained for ΔfH° 

with the packing procedure points to deficiencies of the potential used. This error could be the result of a 
rotation of the NH4

+ group during the relaxation of the experimental structure. On the other hand, the fact 
that values obtained for the most stable virtual crystals are close to the values derived from relaxed 
experimental structures shows that the identification of structures with similar lattice energy can be 
obtained with a limited sampling of crystal structures. Although the packing of ions is a valuable approach 
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to estimate lattice energies of molecular salts, the main difficulty is the development of a potential 
appropriate to the relaxation of the trial structures. 
 
5  CONCLUSION 
 
In the last few years, molecular salts received much interest from the energetic materials community. 
Since their densities and solid-state formation enthalpies could not be estimated using popular approaches 
[1,2] new methods were developed. For densities, after the derivation of specific volume increments for 
charged groups [3] a general additive model was established [4]. The prediction of densities using such 
approaches proved somewhat less reliable than for crystals made of neutral molecules, presumably as a 
result of the stronger coulomb interactions in salts. Concerning the solid-state formation enthalpies, the 
contributions from isolated ions were estimated using a procedure developed for neutral molecules, with 
surprisingly good results for simple inorganic salts. On the other hand, two approaches were developed for 
lattice energies, relying either on an exploration of virtual packing modes for the ions [5] or on a simple 
empirical equation fitted against theoretical values derived from a point charge model [6]. Much work is 
still needed to assess the limitations of these procedures. 
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Charged group            Volume (Å3)        Density (g/cc) 
=NH2

+    25.742    1.03  
 >NH+    16.272    1.53  
 >N+<      8.975    2.59  
 >NH+    16.522    1.51  
 >NH2

+    21.453    1.24  
 ─NH3

+    25.128    1.12 
 NH4

+    36.868    0.81  
 ─O─         6.445    4.12 
 ─COO─   30.395    2.40 
 NO3

─    46.888    2.20 
 Cl─    27.834    2.12 
 Br─    39.396    3.37 
 

Table 1: Group volumes and densities designed to extend the Ammon method to salts [3]. 

 
 
 
 

 
 
 

 
 
 

 
Figure 1: Chemical unit cells of YUWMOS, BABDAJ and ZOGSOD. 

 



Predicting and evaluating performance of energetic salts: models and theoretical tools 

 
 
 
 
 

Figure 2: Different values for the volume occupied by a nitrogen atom, depending on its immediate environment. 
 
 

 
 
 
 
 

Figure 3: Comparison of the lattice energies estimated using Eq. 1 with theoretical values approximated as coulomb energies 
derived from experimental crystal structures and SCC-DFTB Mulliken charges calculated on the isolated species.
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cation    ΔfH°(g)           ΔfH° (calc.)      ΔfH° (obs.) 
NH4

+    +3.93  -4.49  -4.57  
H3C-NH3

+   +3.09  -3.40  -3.75 
HC(CH3)2-NH3

+  +1.70  -2.90  -3.39 
O2NO-CH2-CH2-NH3

+  +1.35  -2.27  -2.77 
2-aminopyridinium  +2.40  -1.14  -1.57 
3-aminopyridinium  +2.50  -1.04  -1.58 
3-aminopyridazolium  +3.51  -0.43  -1.16 
 

Table 2: Theoretical values of the formation enthalpies of isolated ions, along with calculated and observed values of the 
formation enthalpies of the corresponding nitrate crystals (kJ/g) [6]. 

 
 

 
 
 

Figure 4: Distributions of the lattice energies of H3C-NH3
+.NO3

– crystals. 
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ABSTRACT 
For many years, the design of high energy density materials takes advantage of 
predictive tools to estimate densities and formation enthalpies for new compounds of 
potential interest. 
However, further progress is needed to obtain more reliable methods, applicable to new 
materials presently under consideration, such as salts or polynitrogen compounds. In 
addition, methods to estimate stability criteria are still lacking. 
Models recently introduced to predict densities and heats of formation of energetic salts 
are presented at this conference by Simonetti et al. The present paper is rather focussed 
on recent models improving the prediction of these properties for systems made of 
neutral molecules, and on preliminary steps towards the evaluation of more complex 
properties such as decomposition temperatures, explosivity and mechanical sensitivities. 
For densities, approaches based on geometrical considerations prove more reliable than 
earlier methods, either purely empirical or based on the chemical groups present in the 
material. With regard to decomposition temperatures, a kinetic model based on the 
trigger linkage assumption is presented. While it is fairly sucessful for nitroalkanes, 
nitramines and nitric esters, it meets with difficulties for nitroaromatic compounds. 
Finally, while the explosivity and sensitivities of energetic materials depend in principle 
on kinetic factors, such 
as activation energies, the Hammond postulate suggests that the latter may correlate 
with thermodynamic data. Thus, taking advantage of efficient approaches to estimate 
formation enthalpies, extensive calculations are carried out for inert organic crystals and 
explosives. 
The densities ρ and energy densities u (derived from computed heats of formation, 
assuming simple decomposition rules) are plotted on a graph in an attempt to identify 
the border between explosive and inert compounds on the (ρ,u) plane. Such 
investigations suggest a new approach to impact sensitivities. 
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1 ABSTRACT 
 
Pyroshock sources generate strong constraints in the design of equipments on satellite 
structures, which leads to a growing interest for « low shock » pyrotechnic devices. In 
the frame of CNES contracts, LACROIX has developed a low shock release nut called 
PYROSOFT™. In this device, the actuation results from the burning of a gasless 
thermite pyrotechnic composition which induces the melting of a structural brazed joint. 
This operation releases a piston which moves under the action of a motorization spring 
and then achieves the opening of a segmented nut and releases the threaded bolt. The 
reliability of this pyrotechnic device depends on the reproducibility of the melting of the 
brazed joint for the mission environments: either under gravity for ground tests and in 
orbit conditions with microgravity influence. To prove a reliability of 0.9999 at 95% 
confidence level as required by CNES, LACROIX has proposed a demonstration based 
on a theoretical approach and a test program to achieve this demonstration. FMECA 
and thermal simulations with experimental correlations were used to identify the key 
parameters and the margins to be applied for testing. 

 
 
 
2 INTRODUCTION 
 
Satellite programs require more and more equipments to be integrated on satellite structures to fulfill 
more and more complex and sophisticated missions. This leads to a higher proximity between these 
equipments and on-board pyrotechnic devices which, when they are fired, usually generate high 
shocks. The observed acceleration levels are dominant by comparison with vibrations and shocks 
generated during the launch phase. The equipments must support these pyrotechnic shocks without 
any damage. Consequently, their design needs reinforced parts to filter the damaging frequencies and 
amplitudes or resist to these solicitations. It leads to heavier and bigger equipments than necessary in 
most of their operational life. 
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Likewise, satellite structures are also submitted to the same pyrotechnic shocks and may amplify them. 
 
Given the economic importance of the ratio of the operational payload to the total mass of the satellite, 
it is not long acceptable that the mass of structures and equipments are dimensioned by shock events 
which happen only on a very short duration compared to the life of the satellite. 
 
This requires the development of “low shock” pyrotechnic devices. Their use will have a direct and 
profitable effect on mass management of satellites, giving a capability to increase significantly the 
operational payloads. In addition the shock requirements and qualification levels applicable for the 
development of satellite equipments may be released with a significant consequence on development 
costs. 
 
3 LOW SHOCK SPECIFICATION 
 
In order to promote research and development activities in the field of “low shock” pyrotechnic 
devices, CNES Toulouse (Centre National d’Etudes Spatiales) has laid down a set of requirements for 
a “low shock” release nut with a view to replace the present pyrotechnic devices used to release 
antennas and solar panels. 
 
The main requirements have been stated as follows: 
 

• The pyrotechnic device shall hold down M6 x 100 bolt tensions in the range: (1) 3000 N to 
12000 N (Flight conditions) and (2) 2500 N to 15000 N (Qualification conditions) 

• Mechanical interfaces shall be interchangeable with existing release nuts. 
• Reliability shall be 0.9999 with 95% confidence level. 
• Life duration shall be 10 years, including one year under tension and 15 days in orbit. 
• Firing temperatures shall be + 120°C and – 120°C for qualification tests. 
• Thermal cycling shall correspond to 15 days in orbit, that means 15 cycles [-120°C, +120°C] 

per day x 15 days = 225 cycles. 
• The bolt shall be released with a “low shock” level under the upper limit given in figure 1 

(Tolerance 0, +6dB in the frequency range 6 kHz to 10 kHz) 
 
4 PYROSOFT™ CONCEPT 
 
Within the scope of CNES contracts and in the frame of the above requirements, LACROIX Co. has 
co-financed, developed and qualified a “low shock” release nut called PYROSOFT™. In this device, 
the actuation is performed as the result of the burning of a gasless thermite pyrotechnic composition 
which induces the melting of a structural brazed joint. This operation releases a piston which moves 
under the action of a motorization spring and achieves the motion of the mechanism and the release of 
the threaded bolt. Figure 2 shows a cross-sectional view of the device. 
 
All Pyrosoft™ devices work in the same sequence as illustrated in figure 3. 
 
When the initiators are fired, they release hot gases and particles which ignite the pyrotechnic 
composition in the “thermite” charge. Then, this composition generates a high amount of heat by and 
during its combustion (See figure 3, Step 1). 
 
Heat generated by combustion of the “thermite” charge is transferred by thermal conduction through 
the lateral wall of the “thermite” container and melts the brazed joint (See figure 3, Step 2). 
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Submitted to the bolt tension and the motorization spring, the threaded ring and the piston move 
together along the axis of the “thermite” charge, enter in contact with the threaded segments and push 
them (See figure 3, Step 3). 
 
Still pushed by the piston, the threaded segments move and, after a 2 mm course, are free to open with 
the help of two springs. This opening releases the bolt (See figure 3, Step 4). 
 
Shock measurements have been made on the ESA/CNES Shock Testing Bench in Toulouse to check 
that the Pyrosoft™ Concept meets the required “low shock” levels. Several Pyrosoft™ M6 release 
nuts have been fired, in the most severe configuration from the point of view of shock generation: 
 
• a 12000 N tension has been applied to the bolt, corresponding to the maximum value in flight 

conditions, 
• the two initiators have been fired simultaneously. 
 
Figure 4 shows the acceleration levels which have been recorded. It appears that these levels are 
significantly less than the “low shock” requirement, except at frequencies above 6500 Hz. However, 
the recorded levels remain within the [0, +6dB] tolerance in the frequency range 6 kHz to 10 kHz. 
 
5 RELIABILITY DEMONSTRATION 
 
The reliability of 0.9999 at the 95% confidence level required by CNES has lead LACROIX to 
propose a demonstration based on a theoretical approach and followed by experiments to achieve this 
demonstration. 
 
The following methodology has been applied step by step: 
 
• Failure Modes Effects and Criticality Analysis (FMECA): An exhaustive analysis of the possible 

failure modes has been completed, leading to the elimination of those which may be solved by 
product design or quality control on the production line. The remaining failure modes have been 
taken in account at the following step. 

 
• Functional Analysis: The various functions which contribute to the good functioning of the 

product, their key operative parameters and their connection to the remaining failure modes have 
been identified. 

 
• Evaluation of the probability of good functioning for each function: as far as possible, the “stress / 

strength” method has been applied to the key operative parameters; a good knowledge of their 
dispersion has arisen from statistical processing of the available experimental data of the 
development phase. 

 
• A more detailed statistical approach has been necessary to evaluate the probability associated to 

functions which needed a more comprehensive study than the global “stress / strength” method. 
 
This methodology has been applied to all the functions which contribute to the functioning sequence 
of Pyrosoft™ release nut. In the present paper, a complete presentation of the various functions is not 
developed, but we will focus on the main functions which involve directly pyrotechnic mixtures or are 
governed by their reaction process. From that point of view, the functional analysis has identified five 
so-called “pyrotechnical” functions: 
 
• F01.1 : Initiation 
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• F01.2 : Ignition of the priming composition 
• F01.3 : Ignition of the intermediate composition 
• F01.4 : Full combustion of the “thermite” composition 
• F01.5 : Melting of the brazed joint 
 
These five “pyrotechnic” functions cooperate in a direct sequence which leads to the release of the 
threaded ring. Then the sliding motion of the threaded ring and piston becomes possible, followed by 
the other “mechanical” functions leading to the release of the bolt. 
 
To demonstrate the required reliability of 0.9999 at the 95% confidence level, a maximum failure 
probability of 10-5 has been allocated to each “pyrotechnical” function as a necessary target. To 
compensate all possible uncertainties attached to the thermal models, this target has been stated to be 
fulfilled at a temperature of -160°C. With a firing temperature range between -110°C and +110°C in 
nominal flight conditions, this value corresponds to a hardened situation. On another hand, it has 
allowed to prepare the contractual reliability tests which were intended to be fired in such hardened 
configurations: identification and evaluation of the possible failure risks at this low temperature have 
lead to improvements of the design of the “thermite” charge. 
 
6 DESIGN OF THE “THERMITE” CHARGE 
 
FMECA has helped to detect, among all the possible failure modes, a very critical one relating to the 
reproducibility of the heat transfers through the lateral wall of the “thermite” charge container. These 
heat transfers have a direct effect on the reliability of the melting of the brazed joint. So it was 
essential to develop a technical solution which would improve significantly the thermal behaviour of 
the concerned interface. 
 
Originally, the “thermite” charge has been designed as a simple bulk of pyrotechnic composition, 
compressed in a cylindrical container as shown in figure 5.1. Firing tests at ground level has quickly 
demonstrated that, after and possibly during combustion, the melted reaction products flew out of the 
container of the pyrotechnic charge under the influence of gravity. Figure 5.2 gives an X-ray image of 
this phenomenon. 
 
This flow of melted reaction products has been considered as a critical failure mode, because it leads 
to a strong dissymmetry in the conductive heat transfers through the wall of the “thermite” container, 
then in the melting of the brazed joint. More seriously, physical contact between these melted products 
and the wall of the “thermite” container are locally broken and the brazed joint may not melt (or melt 
very late) in the corresponding areas. 
 
If the ground level tests are not representative of flight conditions from that point of view, they will be 
the only possible conditions for the acceptance tests of the future manufactured Pyrosoft™ release 
nuts. On another hand, the behaviour of the melted reaction products is difficult to foresee under 
microgravity. 
 
To solve this problem, LACROIX has developed an innovative design of the “thermite” charge, in 
which the melted reaction products are trapped and unable to flow. (See figure 6) In this design, the 
“thermite” charge is composed of five layers of pyrotechnic composition. Each layer is obtained by 
compression of the pyrotechnic composition in a metal cup. Transmission of the combustive process 
from a layer to the next one is obtained through two holes drilled in each cup and filled with 
pyrotechnic composition. 
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The first layer is composed of a priming mixture, then an intermediate composition, to assure the 
correct ignition of this multi-layered “thermite” charge. Two perforated disks are placed above the 
first layer to accelerate the ignition gases (disk 1) and prevent from the flow of the reaction products of 
the priming and intermediate compositions (disk 2). 
 
The metal cups not only prevent the reaction products from flowing, but also increase the heat 
exchange interface and drive more reliably the exchanged heat towards the wall of the “thermite” 
container. 
 
Tests have been performed at various temperatures and various orientations regarding gravity. They 
have quickly proven the efficiency of this improved multi-layered “thermite” charge under ground 
level conditions. Finally, six Pyrosoft™ release nuts fitted with this improved charge have been fired 
under microgravity conditions, during parabolic flights of the NOVESPACE Airbus A300 Zero G. 
Examination of the reacted “thermite” charges have shown a very similar aspect of the trapped reacted 
products for ground as well as microgravity tests (See figure 7) Similar values of the bolt release times 
have been observed, which confirms the independence of the new multi-layered “thermite” charge 
from gravity. 
 
7 INITIATION 
 
According to user’s requirement, Pyrosoft™ release nuts can be equipped with different initiators, 
mainly ESA Standard Initiators (ref. Dassault 1TAPWH40) or NASA Standard Initiators (ref. Hi-
Shear NSI-1). The reliability of function F01.1 “Initiation” results directly from the reliability of these 
initiators. 
 
For example, in the case of NASA Standard Initiators, the reliability value given in the manufacturer’s 
data sheet is > 0.999 at 95% confidence level, when fired at 25°C with a 3.5A firing current. This 
value is less than the reliability of 0.9999 at 95% confidence level required by CNES for the 
Pyrosoft™ release nut itself. For that reason, Pyrosoft™ release nuts are nominally equipped with two 
initiators to create a redundancy, which solves this difficulty. 
 
8 IGNITION OF THE PRIMING COMPOSITION 
 
8.1 PRELIMINARY TECHNICAL CONSIDERATIONS 
 
Until now, two variations of the Pyrosoft™ release nut have been developed. They differ from one 
another by the type and location of the two initiators. 
 
In a first variation, called Pyrosoft™ “H” type, two NASA Standard Initiators are located at the top of 
the device, in a parallel position to its axis (See figure 8.1) A second variation, called Pyrosoft™ “L” 
type, is equipped with two ESA Standard Initiators which are also located at the top of the device, but 
in a perpendicular position to its axis (See figure 8.2) 
 
NASA Standard Initiators and ESA Standard Initiators have different pyrotechnic charges: given their 
respective types and masses, the first initiators are more powerful than the second. Consequently, the 
volume of the gas expansion chamber has been adapted to compensate these differences and assure 
that the temperature and pressure levels in this chamber have similar values for the “H” and “L” types. 
Then the aerodynamic flow of gases generated by the initiators which impact the free surface of the 
priming composition is not very dependant on Pyrosoft™ type and the resulting convective heat 
transfers have the same order of magnitude. 
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However, Pyrosoft™ “L” type represents the less favourable configuration. Every time it has been 
necessary to test Pyrosoft™ devices in limit conditions (e. g. cold temperatures), this “L” type has 
been chosen and only one initiator has been fired. Likewise, probability calculations have been made 
in this more severe configuration, that is: “L” type + only one initiator + temperature -160°C. 
 
8.2 THE “STRESS / STRENGTH METHOD” 
 
Every time it was possible to apply directly classical methods to evaluate the probability of good 
functioning of a given function, this way to proceed has been preferred. This has been the case of 
every function, as this function F01.2 “Ignition of the priming composition”, which is fully described 
by only one dominant parameter. The same probabilistic method has been applied to such functions: 
the “stress / strength” method. Generally speaking, this method – originally developed to evaluate 
reliability in structural mechanics – consists in comparing the statistical distributions of two 
components of the same key parameter, respectively called “stress” and “strength” (See figure 9). 
 
On one hand, the “stress” component characterizes an external input which is necessary to initiate and 
run the considered function. On the other hand, the “strength” component deals with an internal 
characteristic which must be exceeded (or not) by the “stress” component for the function to run 
correctly. 
 
Practically, it is often easier to define the “strength” as a lower (or upper) limit corresponding to 100% 
success of the considered function (See figure 10) 
 
8.3 APPLICATION TO FUNCTION F01.2 
 
This “Simplified Stress / Strength” Method has been applied to Function F01.2 “Ignition of the 
priming composition”. As illustrated in figure 11, hot biphasic (mainly gaseous) products generated by 
the initiators flow through the holes in disk 1 and 2 towards the free surface of the priming 
composition. As a consequence of convective heat transfers, the temperature at this free surface 
increases. When its auto-ignition temperature is reached, the priming composition starts burning and 
combustion propagates through the first layer of the “thermite” charge: during a short period the burn 
rate increases and then stabilizes when the quantity of heat generated by the combustive reaction per 
unit of time reaches the level at which the combustion process self maintains. 
 
The key parameter which has been considered as relevant to characterize this function is the quantity 
of heat which is necessary to ignite the priming composition at its free surface (the “strength”) and the 
quantity of heat which is transferred by convection to the free surface of the priming composition 
through the holes of disks 1 and 2 (the “stress”) In that case, the “strength” is known as a minimum 
value derived from physicochemical analyses. The mean µ of the “stress” distribution law has been 
calculated by using a simple convective model applied to the more severe configuration described in 
paragraph 8.1. Its standard deviation σ results from the application of a ratio CV = σ/µ equal to 0.15, 
which is often a good upper limit in pyrotechnics (See ref. [1]). 
 
With a mean stress at 8.51.10-2 cal and limit strength at 2.37.10-2 cal, the reliability margin proves to 
be high. Even with such a pessimistic CV ratio, it leads to a very low probability of failure, P (no 
initiation), equal to 7.6 x 10-7 (See figure 12) 
 
This excellent result is confirmed by all the firing tests of Pyrosoft™ devices which have been 
performed at very low temperatures (mainly -160°C, and some tests at -180°C): the good 
reproducibility of the ignition delays gives a complementary proof of this calculated value. 
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9 IGNITION OF THE INTERMEDIATE COMPOSITION 
 
The “Simplified Stress / Strength” Method has also been applied to Function F01.3 “Ignition of the 
intermediate composition”. The thermal model is quite simple, since the interface between the priming 
and the intermediate compositions spreads on the full cross section of the “thermite” charge and the 
physical contact between the two compositions is intimate as the result of the manufacturing process: 
the priming and intermediate compositions are pressed together in cup Nr 1 during the same 
compression phase. 
 
The thermal model considers that the complete layer of priming composition must produce the 
quantity of heat which is necessary to ignite an elementary layer of intermediate composition having a 
thickness equal to the size of its granules. The “stress” is then the quantity of heat generated by 
combustion of the total mass of priming composition. The “strength” is the quantity of energy which 
heats the elementary layer of intermediate composition up to its auto-ignition temperature. To cover 
the full range of firing temperatures, this “strength” has been evaluated at -160°C in connection with 
the temperature of the contractual reliability tests (See chapter 11) 
 
Even in that severe case, with a mean stress at 51.9 cal and limit strength at 0.95 cal, the reliability 
margin is very high. It leads to a very low probability of failure, P (no initiation), equal to 3 x 10-11. 
 
10 FULL COMBUSTION OF THE “THERMITE” CHARGE. 
 
Function F01.4 “Full combustion of the thermite charge” includes two sub-functions which have been 
treated simultaneously: (1) ignition of the first layer of “thermite” composition and (2) propagation of 
the combustion of the “thermite” composition in the multi-layered “thermite” charge. This results from 
noticing they involve similar thermal conductive exchanges at similar interfaces. Figure 13 illustrates 
the typical interfaces to be taken in consideration to evaluate the probability of good transmission of 
the combustive process through the holes of the cups. 
 
10.1 FAILURE MODE 
 
When the priming composition has ignited the intermediate composition, the failure mode to be 
considered is the interruption of the combustion process at each interface between two layers. It 
happens when the quantity oh heat which is transferred by combustion of layer N to the downstream 
layer N+1 through the holes of the cup N is too low. For that reason, this quantity of heat has been 
selected as the key parameter governing this function. 
 
The “stress / strength” method has also been used to evaluate the failure probability of the combustion 
of the “thermite” charge. In that case, it has been necessary to apply this method at every interface. 
The same calculation has been made at interfaces L2→L3, L3→L4 and L4→L5, where combustion 
propagates from a “thermite” layer to another “thermite” layer and which are strictly identical. A 
specific calculation has been necessary for interface L1→L2 where an “intermediate” layer initiates a 
“thermite” layer. 
 
At every interface, the “strength” is the quantity of heat which is necessary to ignite the “thermite” 
composition of layer N+1 immediately at the output of the holes in cup N. The “stress” is the quantity 
of heat which is transferred by conduction from the combustion of layer N to layer N+1 through the 
holes of cup N. As for functions F01.2 and F01.3, the “strength” is known as a minimum value derived 
from physicochemical analyses. 
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The mean µ of the “stress” distribution law has been calculated by using a simple conductive model. 
But, difficulties have arisen from the complexity of obtaining reliable data to determine the heat losses 
through the metal cups which act as heat sinks by design. Moreover, while using preliminary data, if 
the probability results were encouraging for interfaces L2→L3, L3→L4 and L4→L5 (P>1-10-5), an 
insufficient value (P>1-10-4) was obtained for the combustion propagation between the intermediate 
and “thermite” compositions at L1→L2 interface. 
 
This preliminary result has led to investigate improvements of the design of the multi-layered 
“thermite” charge. 
 
10.2 IMPROVEMENT OF THE MULTI-LAYERED “THERMITE” CHARGE 
 
Because of the encouraging results obtained for the “thermite / thermite” interfaces, the first way to 
solve this problem has been to modify the “intermediate / thermite” interface in a “thermite / thermite” 
interface. This has been obtained by including a third layer of “thermite” composition in cup Nr 1 
under the layer of “intermediate” composition as shown in figure 14. Evaluation of the probability of 
good transmission of combustion between these two layers has followed the same model as used for 
the “priming / intermediate” interface (See chapter 9), leading to a result of the same order of 
magnitude. 
 
Firing tests have been performed to finalize this modification of L1→L2 interface. Taking into 
account that propagation of combustion at this interface, as well as L2→L3, L3→L4 and L4→L5 
interfaces, is governed by heat transfers, the firing temperature has been set at -160°C for all these 
tests in the purpose of a better knowledge of the propagation process in limit conditions. 
 
During these tests, some – but not all – “thermite” charges have shown a break of transmission of the 
combustion process at different interfaces: L1→L2, L2→L3 and L3→L4. In every case, combustion 
has stopped immediately downstream from the holes of the cup. The aspect of the unburnt “thermite” 
layer in the areas where combustion has stopped is typical of a burning process which slows down and 
runs out for lack of transferred heat (See figure 15) 
 
For L1→L2 interface, this scenario worsens from the fact that the “thermite” reaction products are 
more fluid than those of the priming and intermediate compositions and partially flow out of cup Nr 1. 
 
An attempt has been made to solve these problems by increasing the compression pressure applied to 
the priming, intermediate and “thermite” compositions during the manufacturing process. Against all 
expectations, firings tests at -160°C have shown that this solution increased the frequency of 
combustion failures! This result has been attributed to differential thermal dilatations which may have 
a more penalizing effect on more stiffened compositions: gaps may open between the layers and 
cracks may appear in the composition material in the proximity of the holes. 
 
Finally, a comparison of the thermal characteristics of the intermediate and “thermite” compositions 
have led to another way to solve the combustion breaks. From this comparison, it appears that: 
 

• the auto-ignition temperature of the intermediate composition is much lower: 475°C compared 
to 900°C, that is a significant difference of 425°C; 

• the specific quantity of heat generated by reaction of the “thermite” composition is higher by a 
factor of 18% (856 cal/g compared to 728 cal/g) 

 
Then, taking into account these characteristics, the interfaces between the layers have been modified: a 
thin layer of intermediate composition has been added above each “thermite” layer (See figure 16). 
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This modification has the following advantages: 
 

• Because of its much lower auto-ignition temperature, the intermediate composition will react 
more quickly when the combustion front will come out of the holes of the cups: this will 
consume less thermal energy. Consequently, the more favourable energy balance will 
reaccelerate the burning rate. 

• The addition of a thin layer of intermediate composition has been preferred to an alternative 
solution in which it will replace a thin layer of “thermite” composition. In that second case, 
the global energy balance will have been reduced by 10%, which would have decreased the 
reliability margin of function F01.5 “Melting of the brazed joint” (See chapter 11). Contrary to 
that case, the preferred solution increases this global energy balance by 10%. 

 
For reliability as well as cost efficiency reasons in the manufacturing process, the intermediate and 
“thermite” compositions are pressed together in each cup during the same compression phase in order 
to obtain an intimate contact between the two compositions. Moreover, the particle size of the 
intermediate composition has been specified and checked to assure the presence of a sufficient number 
of its granules in the cross section of every hole of the cups (See figure 17). These granules act as 
redundant reactive nuclei which reinforce locally the heat energy balance. 
 
Finally, remembering the fact that the “thermite” reaction products are more fluid than those of the 
priming and intermediate compositions and partially flow out of cup Nr 1, it has been decided to come 
back to the initial design of the first layer where cup Nr 1 contains only two sub-layers of priming and 
intermediate compositions (See figure 16). Actually, this first design has proved to be more efficient to 
contain the flow of melted reaction products. 
 
10.3 PROBABILITY EVALUATION 
 
Evaluation work has been resumed to determine the reliability of the combustion of this improved 
multi-layered “thermite” charge. It has needed to solve a second aspect of the problem which had been 
previously noticed, namely the difficulties which have arisen from the complexity of obtaining reliable 
data to determine the heat losses through the metal cups which act as heat sinks by design (See 
paragraph 10.1). 
 
To solve this problem, the improved design has been subjected to high-severity tests at low 
temperatures (-160°C and -180°C) to estimate the temperature level under which a failure in the 
transmission of “thermite” combustion between the layers can appear. Two design parameters have 
been taken into account in the test plan: 
 

• diameter of the holes of the cups, 
• compression stress applied in the manufacturing process to the “thermite” composition, which 

governs its density at every cup interface. 
 
Figure 18 shows a 3D representation of the results of these tests. The grey planes illustrate where can 
be located the failure / no failure limit of the transmission of combustion in the multi-layered 
“thermite” charge. 
 
From these results, an estimate of the thermal losses at each “cup” interface has been evaluated. At 
last, mean values have been deduced for the quantity of heat which is transferred from each layer to 
the next one. With these mean values of the “stress” and standard deviations determined by application 
of a ratio CV = σ/µ equal to 0.15 according to reference [1], failure probabilities has been evaluated, 
giving the following results: 
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P (no transmission) L1→L2 = 6.2 x 10-7

P (no transmission) L2→L3 = 1.52 x 10-7

P (no transmission) L3→L4 = 1.52 x 10-7

P (no transmission) L4→L5 = 1.52 x 10-7

 
These values include the probability of no transmission of combustion between the sub-layers of 
intermediate and “thermite” compositions in each layer. This probability has been evaluated in the 
same manner as for function F01.3 “Ignition of the intermediate composition” (See chapter 9), leading 
to a value of 2.3 x 10-11. 
 
11 MELTING OF THE BRAZED JOINT 
 
Taking into account the complexity of the problem, the “stress / strength” method has not been applied 
to evaluate the failure probability of the melting of the brazed joint. It has needed a different and 
progressive approach which has directly determined the contractual reliability tests and can be 
described in three steps as follows. 
 
In a first step, a thermal model has been developed to determine the temperature which is reached 
along the brazed joint as a function of the firing temperatures. This model has been correlated with 
temperature measurements from various tests performed at -110°C and -160°C on: 
 

• the pyrotechnic charge only, 
• the pyrotechnic charge + threaded ring, 
• the pyrotechnic charge + threaded ring + piston. 

 
Figure 19 shows the test configuration and typical test results obtained for the pyrotechnic charge + 
threaded ring + piston at -160°C. 
 
The thermal model takes into account the thermal transfers by conduction between the various 
mechanical parts and by conduction + radiation with the external environment of the device and within 
the internal volumes of the device itself. It has been adjusted to give representative results for firings 
under vacuum. 
 
In a second step, thermal calculations have been made with the thermal model to determine the 
temperature of the complete Pyrosoft™ release nut at which the brazed joint fully melts for firing 
temperatures lower than -110°C. Figure 20 gives a typical result corresponding to a firing temperature 
equal to -160°C. 
 
In a third step, high-severity (or “severized”) tests have been performed using the firing temperature as 
the “severization” parameter. As can be deduced from thermal calculations, this parameter is 
predominant to size the reliability margin corresponding to the risk of no-melting. 
 
The following methodology has been used to determine the firing temperature for these “severized” 
tests: 
 

• a law giving the maximum temperature of the brazed joint at its coldest point as a function of 
the firing temperature has been derived from the previous thermal calculations, 

• the number of “severized” tests have been fixed to 10 for economical reasons, 
• a “severization” factor Kd has been determined from the charts of the GTPS document Nr 11F 
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All the other parameters have been fixed at their most pessimistic value within the technical 
specifications: 
 

• worst orientation of the Pyrosoft™ device regarding gravity influence, 
• ignition with only one initiator. 

 
GTPS document Nr 11F (See figure 21 and reference [1]) gives a method enabling to determine, for a 
required reliability level, a factor Kd to be applied to the value of the key functional parameter of a 
pyrotechnic device. Then, the device shall function successfully within application of the “severized” 
functional parameter. 
 
For Pyrosoft™ application, the maximum temperature of the brazed joint at its coldest point is the 
functional parameter, and its value C corresponds to the calculated value at the minimum flight firing 
temperature (-110°C). The statistical law corresponds to the dispersion of the melting temperature of 
the eutectic alloy of the brazed joint: it has been determined from the observed dispersion of the 
relative percentages of the two components in the eutectic alloy. The eutectic phase diagram has been 
used to convert this dispersion of percentages in a dispersion of melting temperatures. 
 
Although it has been applied to determine the necessary conditions to assure a reliable melting of the 
brazed joint, the “severized” tests of Pyrosoft™ devices involve all the functions which work in 
sequence to release the bolt. Considering that: 
 

• the firing temperature is a “severizing” factor for every “pyrotechnical” function, 
• all evaluations of failure probabilities have been made at -160°C and lead to low values, all of 

them being less than 10-6, 
 
it has been demonstrated that the “severized” tests of complete Pyrosoft™ devices from the point of 
view of the “no melting of the brazed joint” will also be “severized” tests for these other 
“pyrotechnical” functions. Consequently, these “severized” tests globalize the reliability 
demonstration of the full sequence of the five “pyrotechnical” functions. 
 
This can also be extended to the “mechanical” functions as far as the values of the related 
“mechanical” parameters are suitably chosen for these “severized” tests, that is: 
 

• Bolt tension: 2000 N 
• Application of an external torque to the bolt which remains applied after bolt tension release. 

 
These considerations have led to determine the “severization” factor Kd to demonstrate a no-failure 
probability > 0.9999 with 95% confidence level. Although this value corresponds to the full sequence 
of “pyrotechnical” and “mechanical” functions, then including – but not only – function F01.5 
“Melting of the brazed joint” which is dominant and governs the evaluation of this Kd factor, its 
choice reflects the globalization effect of the “severized” tests on the reliability demonstration of the 
complete Pyrosoft™ release nut. Statistical calculations according to GTPS document n°11F has then 
recommended performing the 10 “severized” tests at a firing temperature of -152 ± 3°C. 
 
These 10 tests have been fired successfully by CNES Toulouse under thermal vacuum environment. 
Bolts have been released and the recorded release times were compliant with the calculated values. 
 
Complementary work has been done to evaluate the failure probabilities of the “mechanical” functions 
and determine the necessary conditions to be fulfilled in manufacturing Pyrosoft™ devices and 
applying tension to the threaded bolt to assure the reliability target. 
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12 CONCLUSION 
 
This step-by-step methodology and the related experimental work have demonstrated their efficiency 
to prove reliability higher than 0.9999 at the 95% confidence level required by CNES in the range of 
use defined by satellite designers. 
 
On one hand, FMECA and preliminary reliability calculations have led to a successful evolution of the 
initial design of Pyrosoft™ release nut. On the other hand, the more precise approach which has been 
completed for the more complex functions has confirmed the capability of the improved multi-layered 
“thermite” charge to fulfil the reliability requirement. 
 
This reliability analysis will be continued as new experimental data will be progressively deduced 
from destructive and non destructive inspection tests, lot acceptance tests, ground tests as well as flight 
records. 
 
Pyrosoft™ release device proves that reliable “low shock” pyrotechnic devices are now available, 
leading to the possibility to improve strongly the ratio of the operational payload to the total mass of 
the satellites and, consequently, draw economical profits. 
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Figure 1 – SRS “Low Shock” requirement 

 

 
Figure 2 – Pyrosoft™ Concept (Patents: FR 99 1517 8 and FR 00 0381 S) 
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Figure 3 – PyrosoftTM functioning sequence 

 

 
Figure 4 – Shock Response Spectrum (Q=10 – 1/12 octave) 
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Figure 5.1 – Initial design of the “thermite” charge Figure 5.2 – Flow of melted reaction products (X-ray image) 

 

 
Figure 6 – The improved multi-layered “thermite” charge (V1) 

 

 
Figure 7:  Microgravity Tests – Aspect of a multi-layered “thermite” charge after reaction 



RELIABILITY DEMONSTRATION OF THE PYROSOFT™ RELEASE NUT 

 
 Figure 8.1 – Pyrosoft™ “H” type Figure 8.2 –  Pyrosoft™ “L” type 

 

 
Figure 9 – The “Stress / Strength” Method 
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Figure 10 – The “Simplified Stress / Strength” Method 

 

 

 

 

 

 
Figure 11 – Initiation of the priming composition 
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Figure 12 – Application of the Simplified Stress / Strength Method to function Nr 10.2 

 

 

 

 

 

 
Figure 13 – Transmission of the combustive process through the holes of the cups 
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Figure 14 – Evolution of the multi-layered charge (V2) 

 

 
Figure 15 - Aspect of the unburnt “thermite” layer in the areas where combustion has stopped 
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Figure 16 – Final design of the improved multi-layered “thermite” charge (V3) 

 

 

 

 

 

 

 
Figure 17 – Particle size requirement at every interface between two layers 
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Figure 18 – Results of “severized” tests performed to estimate the failure probability 
of the combustion of the “thermite” charge. 
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Figure 19 – Test of a “thermite” charge + threaded ring + piston at -160°C. 
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Figure 20 – Thermal calculations at -160°C. 
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ABSTRACT 
 

An analysis and discussion on determination and assessment of physicochemical  
stability and compatibility by means of standardized test methods for propellants, 
explosives and pyrotechnic compositions are presented on the basis of current Polish 
Standards (signed in abbreviation as PN), including standards implementing European 
Standards (signed as PN-EN), standards relating to national defense and security      
(PN-V), standards dealing with chemistry (PN-C) and national military standard       
NO-13-A505 concerning test methods on chemical stability for solid homogeneous 
propellants. It is also conducted short analysis and discussion on chemical compatibility 
of high explosives on the basis of only one Polish Standard i.e. PN-V-04011-22. 

From above mentioned analysis and discussion, it appears urgent necessity to 
continue research and analytical studies including works in standardization terms in 
order to obtain better arrangement and improvement in specification and selection of 
scope of tests and properties/parameters characterizing physicochemical stability and 
compatibility of above high energetic materials and also in order to develop their 
stability and compatibility assessment criteria and/or requirements.  
 
 
 
INTRODUCTION 
 

Review and analysis of Polish Standards on tests and methods for determination and 
assessment of physicochemical stability and compatibility of high energetic materials used in 
ammunition, i.e. propellants such as solid gun propellants, solid homogeneous and heterogeneous 
rocket propellants, explosives - mainly high explosives, and pyrotechnic compositions including black 
powder, appear from the need to continue research and standardization works in order to obtain better 
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arrangement and improvement in specification and selection of scope of tests and methods measuring, 
determining and assessing properties, parameters and characteristics more efficient describing 
physicochemical stability and compatibility of above materials. Such approach should help to rise  
level of safety usage of these high energetic materials in  civilian and military areas. 
 
TESTS ON PHYSICOCHEMICAL STABILITY OF PROPLLANTS 
 

In the range of tests on physicochemical stability of propellants, reported in Polish Standards, 
there are solid gun propellants, solid rocket propellants and black powders. 

Polish Standards PN-EN 13938-1[1], PN-EN 13938-7 [2], PN-C-86203 [3] and PN-EN 
13631-2 [4]  describe above physicochemical stability tests  on the base of isothermal heating at  75 oC  
for 48 h. These tests are in agreement with 3(c) group of tests recommended by UN for dangerous 
materials designated for transport [5]. Due to UN conditions, stability testing at 75 oC  can be realised 
in two stages. The first stage should show if tested material is thermally stable or unstable, 
respectively on the basis of  absence or presence of symptoms of its physicochemical decomposition 
in the form of  colour changes, ignition, burning (even explosion) and evolution of  mainly gaseous 
products of decomposition as a result of heating at  75  oC  up to 48 h. 
If before  period of 48 h  heating at 75 oC tested sample does not burn or explode, it is calculated 
percentage mass loss of the sample corresponding in significant degree to its mass of volatile 
substances. In the first stage of the test, the sample is assessed as thermally unstable if it ignites, burns 
or explodes. Above criteria are in agreement with UN recommendations in the part of non-
instrumental stability tests originating from group 3(c) [5]. 

The isothermal test at 75 oC for 48 h in its instrumented version i.e. with usage of 
thermocouples, can be realised independently or it can be conducted as the second stage of isothermal 
heating at 75 oC for 48 h if it is impossible to exactly conclude about thermal stability or instability of 
tested material after completion of the first stage of heating i.e. in the frame of the non-instrumented 
test. In the second stage of the test, it is determined  by thermocouples the temperature difference 
between tested and reference sample, usually being  thermally inert,  heated  under the same 
conditions i.e. at 75 oC for 48 h. After the second stage the tested sample is approved as thermally 
unstable if it ignites, burns, explodes or if the growth of  its temperature in relation to temperature of 
the reference sample is not less than  3 oC. These criteria are in agreement with UN recommendations 
in the part of instrumental stability tests from group  3(c) [5].  
  Three from above mentioned Polish Standards i.e. PN-EN 13938-1 [1], PN-EN 13938-7 [2] 
and PN-EN 13631-2 [4] introduce also upper limit of acceptable pressure of gaseous products 
evolving from the propellant sample, which is 60 kPa. This limit is in accordance with UN 
recommendations relating to the propellants stability testing in the frame of  instrumental stability tests 
from group  3(c) [5]. 

In the group of materials comprising black powders, there are implemented relatively detailed 
requirements on thermal stability for blasting black powder in Polish Standard PN-C-86203 [3]. 
According to these requirements, the blasting black powder sample is  thermally stable if there is not 
any rising of gaseous  decomposition products from the tested sample, mass loss of  the  sample is not 
larger than 2 % of its initial mass, and acidity factor of water solution extracted from the sample aged 
at 75 oC for 48 h does not change more than ± 1,0 as a result of  its heating. 
As a parameter beyond physicochemical stability, thermal decomposition temperature of black powder 
is given in above standard [3]. The temperature of its thermal decomposition should not be less than 
180 oC. Despite that above parameter is not classified in discussed standard [3] as stability property, it 
seems that decomposition temperature is a very important parameter determining physicochemical 
stability or compatibility taking into consideration that according to other Polish Standards i.e. PN-V-
04011-21 [6] and PN-V-04011-22 [7] this temperature, obtained on the basis of DTA (Differential 
Thermal Analysis) and TGA (Thermogravimetric Analysis) thermograms, is one of the most 
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characteristic property of stability for other relatively large group of materials like high (brisant) 
explosives.      
 For solid gun propellants and solid homogeneous rocket propellants being propulsive 
materials containing in their compositions nitroesters, usually nitrocellulose, nitroglycerine and 
ethylene glycol dinitrate as main components, characteristic parameters for determination and 
assessment of their physicochemical stability, are: volume of nitrooxides – catalytic products of 
propellants decomposition, evolving from the propellant during its  heating, time of heating after 
which nitrooxides are detectable by means of indicator papers, and at last - an state of advance of  
chemical reactions process of stabilizers – diphenylamine (DPA) and 1,3-diethyl-1,3-diphenylurea 
(ethylcentralite-EC) – chemical compounds retarding propellants decomposition through formation 
with nitrooxides non-catalytic products, usually nitro- and/or nitroso derivatives of DPA and EC, such 
as N-nitroso-DPA, 4- and 2-nitro-DPA and  4-nitro-EC. 

Determination of physicochemical stability for solid homogeneous propellants, on the  base of 
duration after which intensive rise of nitrooxides detected by the indicator-papers goes on, is described 
in Polish Standard PN-C-86202 [8] by two test-methods - one using litmus indicator-paper (also well 
known as Vieille test) and second one using methylviolet paper. The Vieille test  relies on duration of 
measurement of propellants heating at  106.5 oC or 115  oC. Time of test duration ends when 
nitrooxides evolved from the propellant sample cause change of litmus indicator-paper colour from 
blue to red. In the case of lack of litmus indicator-papers,  the propellant sample heating is interrupted 
when brown (red) fumes of nitrooxides appear. In the option of heating at  106.5 oC whole Vieille test 
duration is divided into 7-h cycles of thermostating. At 115 oC  maximum time of  heating is 2.5 h. 
This latter temperature option of Vieille test does not comprise multicyclic process of heating. Total 
time of heating is a measure of physicochemical stability according to Vieille test. For this test, masses 
of propellant samples of the same lot  are 2 x 10 g. Duration of Vieille test at 115 oC  is usually 2.5 h 
and at 106.5  oC  the test  lasts 7h or 70 h for one-cycle or 10-cycle heating, respectively. 
 Propellants stability testing with usage of methylviolet indicator-paper is based on 
measurement of time of heating at 120 oC after which nitrooxides evolved from the tested sample of 
homogeneous propellants placed in test-tube, at the presence of the indicator-paper,  cause change of 
its colour from violet to pink-salmon. Maximum time of heating is 5 h. During the test, 5 samples of 
mass 2.5 g each of the same propellant lot are used. Longer duration of indicator-paper tests, more 
stable are tested propellants. 
Disadvantage of the test methods applying indicator-papers, is inaccuracy of measurement resulting 
from subjective reading of colour changes of the indicator-papers. Such disadvantage was eliminated 
by usage of titration method of nitrooxide analysis  based on quantitative determination of nitrooxides 
evolved from the propellant sample by mans of titration of nitrooxides water extract with 0.05 normal 
solution of sodium thiosulphate at the presence of solution of potassium iodide and potassium iodate. 
Time of the propellant sample heating is 4 h at 120  oC  for double-base propellants (main propellant 
components are nitrocellulose and optionally nitroglycerine or ethylene glycol dinitrate)  and - 4 h at 
132 oC  for single-base propellants (main propellant component is  only nitrocellulose). 
Larger volume of titrated nitrooxides obtained, lower stability propellant has got. This stability method 
with  application of nitrooxides titration under above isothermal conditions of propellants accelerated 
ageing, is described in National Defence Standard  NO-13-A505 [9] as a first reported method for 
physicochemical stability of  homogeneous propellants. An important requirement to obtain repeatable 
and as much as possible precise results by means of the test methods applying indicator-papers or 
titration for detection and/or for  determination of nitrooxides, it is reproducible way of  material 
samples  preparation to tests, especially their way of grinding. 
 Determination of physicochemical stability of homogeneous propellants on the basis of 
advance of stabilizers chemical reactions going on in the propellants, is described in Polish Standard 
PN-C-86202 [8] as the first test method and in National Military Defense Standard NO-13-A505 [9] 
reported in it as a second test method. These both methods use chromatographic analytical techniques 
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– thin layer chromatography (TLC) [8] and high performance liquid column chromatography (HPLC) 
[9] respectively to determine content of the stabilizers and their reaction products. 

Stability test methods with TLC use [8] rely on determination of content change of the 
stabilizer and its main reaction product in the propellant sample before and after its heating at  120 oC 
for 1 h. In the case of DPA usage as stabilizer, it is determined sum of contents of DPA and N-nitroso-
DPA and in the case of EC usage, it is determined sum of contents of EC and 4-nitro-EC, calculated in 
relation to initial stabilizers i.e. DPA and EC. Stability factor due to these TLC methods, is a value of 
ratio of the sum of above contents of stabilizers and their reaction products after heating to the  sum of 
the stabilizers and their reaction products contents before heating. Closer to 1.00 this ratio is, higher 
stability propellant possesses.  
 Stability test methods with HPLC usage [9] rely on determination of content  changes of 
starting stabilizers (DPA and/or EC) in the propellant sample before and after its heating at 120  oC  
for 1 h. Stability parameter of tested material, is  a  mass content difference of initial stabilizer or 
stabilizers and its or their final content respectively in the sample caused by isothermal heating under 
above conditions. Larger this difference is, lower stability tested material has got. 
 Advantage of chromatographic determinations of stabilizers and their reaction products in 
comparison with methods of detection and - with quantitative methods of nitrooxides analysis 
respectively represented by paper-indicators methods and titration method, is less influence of  a 
manner of sample preparation on test results because each sample is in high degree extracted or even 
dissolved (especially in TLC option) independently on shape and size of propellant grains. Detailed 
way of  homogeneous propellant samples preparation to chromatographic TLC and HPLC analyses 
and their realization conditions are given in above both standards on stability determination of 
homogeneous propellants [8,9]. For chromatographic quantitative analysis of stabilizers there are also 
useful TLC methods for analysis of DPA  and EC in homogeneous propellants, described in Polish 
Standards PN-C-86201 [10] and PN-C-86200 [11] respectively. Very helpful chromatographic method 
for determination of above both stabilizers in homogeneous propellants by means of GC,  is  given in 
Polish Standard PN-V-04012-11 [12]. Additionally the standards PN-C-86201 [10] and PN-C-86200 
[11] present titration methods to determine DPA and EC in homogeneous propellants, respectively. 
These titration methods should be treated as auxiliary analytical methods in relation to TLC and HPLC 
methods because titration techniques have less ability to distinguish (separate) DPA , EC and their 
nitro- or nitroso- derivatives being in mixture. 
Disadvantage common for all chromatographic methods, it is their limited area of application i.e. 
comprising only solid homogeneous propellants containing in their compositions above mentioned 
stabilizers. 
     
TESTS ON PHYSICOCHEMICAL STABILITY AND COMPATIBILITY OF HIGH 
EXPLOSIVES   
 

Taking into consideration that high explosives have got generally higher physicochemical 
stability than the rest of high energetic materials discussed herein, it is a little bit surprising that these 
explosives as a material group has quite large number of standardized methods on their stability.  
 Polish Standards dealing with the physicochemical stability of  explosives are: PN-C-86013 
[13] (Abel test), PN-EN 13631-2 [4] comprising high explosives for civil uses and PN-V-04011-21 [6] 
addressed to high explosives for military uses. Only one Polish Standard deals with high explosives 
material compatibility. It is Polish Standard PN-V-04011-22 [7].  
 The Polish Standard PN-C-86013 [13] concerns measurement of stability of explosives 
according to Abel test, such as nitroglycerine, ethylene glycol dinitrate, their mixtures, plastic bonded 
explosives on the base of nitroglycerine, bulk and semiplastic explosives, dynamite nitrocellulose and 
also trinitrotoluene and dinitrotoluene.  Their stability is measured on the base of test time duration 
after which it goes on change to brown of potassium – iodide indicator paper (KI – paper) saturated to 
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its half length by glycerine at the demarcation line determined by head of glycerine  front on the 
indicator paper. 
The Abel test similarly like other above mentioned test methods on physicochemical stability applying 
the indicator-papers, has got disadvantage coming from the subjective reading of the indicator-paper 
color change. This test also has advantage because of its relatively short duration (usually between 10 
and 30 minutes). 

The Polish Standard PN-EN 13631-2 [4], similarly as in the case of propulsive materials [1-3], 
reports that high explosives show thermal stability if the following phenomena do not appear as a 
result of heating at 75 oC  for 48 h:  

- acoustic and visual effects like noise, cracks, sparks, flame, ignition, burning, explosion, 
release of gaseous reaction products of decompositions causing breakage of the rupture disc 
sealing the test-tube containing the sample or pressure rise above 60 kPa; 

- self-heating of the substance under test conditions in relation to reference sample heated under 
the same conditions, resulting temperature rise at least 3 oC above the temperature of the 
reference substance. 

The Polish Standard PN-V-04011-21 [6] reports that due to first presented method in it, the tested 
high explosive is thermally stable if temperature difference between tested material and reference 
material heated under the same conditions i.e. at 75 oC for 48 h does not exceed 3 oC. So, this standard 
accepts  3 oC  difference  between tested and reference sample unlike the standard PN-EN 13631-2 [4] 
considering in the case of  3 oC  difference, the tested sample as unstable. In addition mass loss of high 
explosive thermally aged under above conditions should not be higher than 0.3 % of its initial mass i.e. 
just before the heating, unless other standard or technical specifications relating to such explosive 
material decide unlikely. 

The second method on stability originating from standard PN-V-04011-21 [6],  is based on heating 
of tested high explosive sample at 100 oC  twice for 48 h within each stage of heating. Then, mass loss 
of the sample after each stage of heating and cooling to ambient temperature, is determined. After the 
first stage of heating, the sample mass loss should be diminished by mass content  of humidity of the 
tested sample, measured before its heating. Another sample of the same tested material is continuously 
heated at 100 oC for 100 h in order to determine if the tested material is able to be ignited, or is able to 
burn and/or even explode.  
So, requirements/assessment criteria on stability for above both methods show that the high explosive 
sample is assessed as stable if its determined mass loss  at 75 oC or 100 oC is not more than 0.3 % of 
its starting mass, unless specifications concerned high explosives are different from above 
requirement. Hence, the admissible, identical mass loss i.e. 0.3 % mass loss of initial mass sample is 
required under distinctly different conditions of accelerated  ageing as it concerns  temperatures and 
periods of heating  i.e. at 75 oC or 100 oC for 48 h or 96 h.  

The third method on high explosives stability presented  in standard PN-V-04011-21 [6] relies on 
determination of changes of enthalpy of tested material as a function of temperature which increase is 
programmed as constant by means of DTA with simultaneous TGA (with option of DTG) 
measurements. As a result of high explosives stability measurement by DTA/TGA, the temperature of 
exothermal decomposition of tested material is established. This temperature is determined by  DTA 
peak and additionally confirmed by parallel  step of mass loss of TGA plot. The tested sample is 
considered as thermally stable if courses of DTA and TGA curves for the tested sample are covered by 
calibrated DTA and TGA  plots of standard specimens corresponding to the stable sample material. 
Advantage of these above methods on physicochemical stability, is their wide scope of tested 
materials. Disadvantage of DTA and TGA methods, is usage to thermal analyses relatively small 
masses of tested samples. The small masses of the tested samples have got negative influence on 
reproducibility of measurement results especially in the case of heterogeneous substances. This 
implies that test samples should be prepared with high accuracy for thermal analyses with 
simultaneous respect to achieve high homogeneity of the samples. On the other hand above 
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disadvantage has got positive feature because application of small quantities of high explosives to 
thermal analyses rises the level of safety conditions during the tests on stability. 

Above mentioned only Polish Standard on physicochemical compatibility (chemical reactivity) of 
high (brisant) explosives i.e. PN-V-04011-22 [7] describes three methods for testing of such 
compatibility.  
The first two methods presented in above standard [7] are based on thermostating of tested explosive 
and contact material samples at 75 oC for 48 h. So, the above high explosive samples are isothermally 
aged under the same conditions which are given  in UN Recommendations on The Transport of 
Dangerous Goods [5] and in Polish Standards  PN-EN 13631-2 [4] and PN-V-04011-21 [6]. 
According to the first method presented in Polish Standard on compatibility [7], it is measured mass 
loss of the tested samples caused by exothermal decomposition reaction. On the basis of the second 
presented method, it is determined growth of temperature of  tested sample in relation to temperature 
reference material sample (inert one). Within both above methods, it is compared range of changes of 
above measured characteristics caused by the presence (influence) of contact material. According to 
the first method, the tested high explosive is assessed as compatible with  contact material if the 
difference of mass loss of the sample being mixture (composition consisted of  the high explosive and 
contact material) and sum of mass losses of these individually (separately)  heated materials, is not 
more than 0.5 % (m/m) i.e. in relation to whole mass of the sample.  Due to the second method,  the 
tested explosive is treated as compatible with contact material if the temperature rise of this separately 
heated explosive and its mixture with contact material as a result of possibly self-heating, is not more 
than 3 oC in both cases in comparison with temperature of reference (inert) sample heated under the 
same conditions.     
The third method on compatibility testing of high explosive with contact material given in Polish 
Standard PN-V-04011-22 [7] relies on determination of thermal decomposition course of tested high 
explosive and its mixture with contact material. This test is realized by means of DTA (optionally 
combined with TGA). For assessment of compatibility of tested material samples, DTA plots of their 
thermal decomposition are compared, especially their  temperatures of decomposition confirmed by an 
intensive, relatively violent loss mass of the tested materials. The tested materials are compatible if the 
decomposition temperature of their mixture is larger than the temperature of high explosive 
decomposition or if the decomposition temperature of this mixture is less than high explosive 
decomposition temperature but not more than 10 oC. In this place of our analysis and discussion, it is 
worth to mention criterion for compatibility assessment of explosives with contact materials reported 
in basic NATO standard document on this subject i.e. NATO Standardization Agreement – STANAG 
4147 [14]. According to this criterion, the explosive and contact material  are compatible if shift of 
thermal decomposition DSC (Differential Scanning Calorimeter) peak for mixture composed of the 
explosive and contact material towards lower temperatures, is not greater than 4 oC in relation to 
decomposition temperature of individually (separately) heated explosive material sample. 
Then, comparing these last two criteria assessment on compatibility i.e. the first one originating from 
Polish Standard PN-V-04011-22 [7] and the second one reported in NATO STANAG 4147 [14], the 
criterion given in Polish Standard [7] seems to be not strict enough because admissible temperature 
shift for thermal decomposition peaks to lower temperatures  due to Polish Standard [7] i.e. up to      
10 oC, seems to be too large. This observation is supported by Chinese literature reference [15] 
according to which if  DTA peak for tested mixture consisted of  explosive and contact material, shifts 
towards lower temperatures in comparison with DTA peaks of  individually, separately heated  
explosive samples, optionally in the range 0-2 oC, or  3-5 oC, or 6-15 oC or more than 15 oC, tested 
materials are qualified  respectively as: compatible, indicating certain degree of reactivity 
(incompatibility), incompatible, or dangerously incompatible.   
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TESTS ON PHYSICOCHEMICAL STABILITY OF PYROTECHNIC 
COMPOSTIONS 
 

Parameters describing and/or measuring physicochemical stability of pyrotechnic 
compositions can be distinguished as follows: 

- hygroscopicity [16]; 
- content of active metal(s) (Al, Mg and their alloys)  [17-19]; 
- comparison of physicochemical properties admitted in scientific and standardization  

understanding as stability parameters of tested material, before and after its multicyclic 
accelerated ageing at adverse temperatures  i.e. at  -50 oC  for 6 h, at  20 oC for 18 h  and at   
50 oC for 6 h in each cycle of ageing [20].  
Hygroscopicity  as a parameter of stability for all types of pyrotechnic compositions, is given 

in Polish Standard PN-V-04002-2  [16]. This parameter allows to assess ability of  water adsorption by 
pyrotechnic mixture. Hygroscopicity  is calculated on the basis of  a percentage increase of mass of 
pyrotechnic mixture as a function of  water adsorption at the temperature of  (20 ± 2) oC,  after the 
periods of water action which are: 4 h, 8 h, 24 h,  48 h,  120 h and 240 h. 

Another standard parameter determining physicochemical stability of pyrotechnic 
compositions containing active metals as burning components, such as aluminium, magnesium or 
alloy of both metals (called “magnalium”), is content of the active metal in pyrotechnic mixture i.e. 
metal content capable to participate in the reaction of  pyrotechnic mixture burning [16-18]. The 
content of an active metal in pyrotechnic mixture is calculated on the basis of measured volume of 
hydrogen formed as a result of reaction of metal with water.   
 
CONCLUSIONS  

On the basis of analysis of some important aspects concerning methods dealing with 
physicochemical stability of propellants, explosives and pyrotechnic compositions, it appears that 
there are several standardized methods describing and/or determining this stability in Polish 
standardization system. 

Physicochemical stability of these high energetic materials is determined through: changes of 
mass of the  tested samples, temperature including temperature of thermal decomposition, quantity, 
volume, pressure, intensity of evolution of gaseous decomposition products originating from tested 
material. The stability is also expressed by time after which it takes place change of colour of 
indicator-papers, by  active metal content, by hygroscopicity and through the degree of advance of 
chemical reactions of stabilizers inhibiting autocatalytic decomposition processes going on in  
homogeneous propellants. 

In addition, about physicochemical stability presence or absence, observed acoustic and visual 
phenomena accompanying accelerated ageing testify, such as: material sample ignition, its burning, 
even explosion, evolution of decomposition gases, fumes (eg. nitrooxides), changes in appearance of 
tested sample e.g.  in its shape, surface, colour and existence of material stratification.   
 The most common parameters and phenomena characteristic for physicochemical stability, 
comprising whole scope of analysed high energetic materials are:  

- mass loss of tested sample during its accelerated ageing; 
- temperature rise of tested sample in relation to the reference sample; 
- temperature of  thermal decomposition of the sample; 
- release of gases, fumes from the heated sample; 
- ignition and/or burning and/or even explosion of the sample. 

Measure of physicochemical stability, characteristic only for relatively small group of high 
energetic materials, but very important ones i.e. homogeneous solid gun and rocket propellants, is 
range of chemical reactions of  stabilizers (usually DPA and EC). Chemical changes of stabilizers are 
very sensitive to physicochemical decomposition processes starting and going on in propellants at 
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ambient and lifted temperatures, thus this stability property is comparable under different 
environmental conditions, so it is very useful in terms of safety and reliability functioning of these 
materials, especially in ammunition. 
 Characteristic methods for assessment of physicochemical stability of larger group of 
materials i.e. comprising solid homogeneous propellants and high explosives containing in their 
compositions nitro- and/or nitroso-groups, are detection  and/or quantitative determination of 
nitrooxides forming during thermal decomposition of these substances.  
 The most often referenced in Polish Standards conditions of accelerated ageing on the base of 
which it is determined physicochemical stability of above discussed high energetic materials, come out  
from isothermal heating at 75 oC for 48 h, but these conditions regard only propellants and high 
explosives. So, these conditions do not comprise pyrotechnic materials as general because these 
conditions in terms of pyrotechnics, are limited to use only for black powders [2,3]. Hence, in 
connection with above mentioned fact, it appears urgent necessity to implement isothermal heating at 
75 oC for 48 h to test stability for whole large group of pyrotechnic materials.  
 For the group of pyrotechnic materials, their characteristic stability parameters are obviously 
connected with humidity action i.e. hygroscopicity and active metal content because these substances 
are very sensitive to water action which has serious influence especially on their functioning 
reliability, particularly in relation to their output efficiency. 
 There is only one Polish Standard PN-V-04011-22 [7] on material compatibility of high 
energetic materials. This standard deals with important but only one group of explosive materials i.e. 
high (brisant) explosives. 
 There are not any Polish Standards on physicochemical stability and compatibility for very 
important group of explosives i.e. primary explosives comprising most commonly mercury fulminate, 
lead azide, lead trinitroresorcinate and tetrazene applied in ammunition operation/action initiators like 
fuses, igniters, firing cups, detonating cups, squibs, delayers. Such standards for this type of explosive 
materials should be urgently worked out or implemented in Poland on the base of NATO methods 
especially gathered in STANAG 4147 [14].   
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ABSTRACT 
 
The main characteristics of a modern goal-orientated quantitative risk-based safety as-
sessment concept are introduced and its potential is illustrated. According to this con-
cept the state of the hazards of the case in question are described quantitatively by indi-
vidual and collective risks which will be evaluated applying quantitative safety criteria. 
This allows to realise safe and, at the same time, economic solutions. This concept was 
developed for the military handling of ammunition and explosives in Switzerland and 
has successfully been applied for 35 years; it has also been used for the handling of civil-
ian explosives, pyrotechnics and propellants in cases the regulation (such as the explo-
sives law, the major hazard regulation and the operational safety directives) required 
risk analyses.     
 
 
 
1  INTRODUCTION 
 
The Swiss Explosives Law [1] releases the military forces and the military administration from its 
substantive contents but commits the Government to issue its own concepts and regulations for this 
area who assigned this duty to the Chief of the Armed Forces. In the former military regulations, the 
safety of persons from the accidental explosions and fires during manufacture, storage, transport etc. 
of ammunition and explosives, pyrotechnics and propellants were "assessed" according to the common 
prescriptive rule-based concepts: Safety was given when all the requirements (such as e.g. safety dis-
tances, limited quantities, protective clothing etc.) are complied with which were listed in the regula-
tions and directives. E.g. the Swiss Directive on Explosives [2] says in Art. 73 concerning fireworks:  
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Par 1:  ...finished products have to be stored in single-storey buildings located remote, in a distance 
of at least 15 m from the hazardous operation area and 20 m from neighbouring property ....... 

Par 5: ... In a storage building with a lightweight construction only 2000 kg are allowed to be stored, 
in a heavily constructed earth-covered building ... a maximum of 5000 kg ... 

(freely translated from German). 
 
The deterministic prescriptive-rule-based approach has got disadvantages, however: The actual state of 
safety in a specific case is not explicitly and quantitatively expressed, and it is not distinguished be-
tween the endangered individuals and the whole exposed group. As a result, the effects of the precau-
tions cannot be measured. This is why uneconomical and in the worst case useless safety measures 
cannot be avoided. In addition, waivers are difficult to negotiate, meaningful and sound arguments 
being lacking.  
 
Indeed, after a while the former military regulations could no longer be applied reasonably and, in 
particular, economically. For that reason the Risk-Based Safety Assessment Concept (RBSAC), which 
will be outlined in the following, was developed. It has successfully been applied for more than 35 
years, now. Gradually, it has also been used in the field of handling of civilian explosives, pyrotech-
nics and propellants in cases the regulations (such as the Explosives Law, the Major Hazard and the 
Operational Safety Directives) required risk analyses. The concept gave a significant impetus to 
NATO and US to also introduce quantitative risk assessment models in their military explosives han-
dling. Also in the civilian area in several European countries quantitative risk analyses are nowadays 
applied in the field of explosives, especially with regard to the major hazard legislation.   
 
 
 
2 CHARACTERISTICS OF THE SWISS RISK-BASED SAFETY ASSESSMENT 

CONCEPT 
 
2.1 THE THREE MAIN POINTS OF VIEW (Fig. 1) 
 
As many discussions show, the term of safety is not always understood definitely and clearly. Current 
deterministic safety concepts leave open which safety they are good for. But three important points of 
view can be distinguished and have to be considered according to the Swiss RBSAC: 
1. The first viewpoint is that of the endangered individual. He is focusing his primary interest on his 

own hazard, judging it based upon his own standard, regardless of how many other people are en-
dangered and how. 

2. The second viewpoint is that of the anonymous society at large, which is first of all interested in 
the total extent of a hazard, e.g. as it appears in accident statistics. 

3. Apart from this, the parties responsible for the dangerous activity are interested in limiting haz-
ards in such a way that public opinion does not question the specific dangerous activity. Often, they 
are afraid of catastrophic accidents that cause a great deal of discussion, whereas smaller but more 
frequent accidents create less stir. 

 
 
2.2 DICHOTOMY OF THE SAFETY ASSESSMENT (Fig. 2) 
 
When it comes to the question if something is safe or not, two different aspects are touched:  
1. "What can happen?", which is the objective, factual part of the safety question, and  
2. "What can be accepted?", the subjective part which is determined by social values. 
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The RBSAC distinguishes distinctly between these different parts of the safety question. Very often, 
conventional deterministic concepts mix these aspects, and cause numerous misunderstandings. Corre-
sponding to the structure of the safety question, the risk analysis and the risk evaluation are separate 
tasks.  
 
 
2.3 QUALITATIVE DEFINITION OF SAFETY 
 
It is the main characteristic of a goal-directed system, that the measure of the assessment should not 
use spare terms but be fixed as far as possible according to the actual goal of the efforts. There is no 
doubt that people consider a situation safe or feel safe when damages and losses are absent. Especially 
in case of rather seldom accidents their safety feeling refers mainly to irretrievable losses and irrepara-
ble damages. So, the idea suggests itself that the potential hazards of explosions would be in general 
the qualitative measure for safety. In many cases, it would usually be described with sufficient accu-
racy by the fatal risk whereas the material damages could be left to pure economical reflections.  
 
 
2.4 QUANTIFICATION OF THE HAZARD (Fig. 3) 
 
Perhaps the most important element is the quantitative description of the hazard using the terms of 
risk. Only if hazards are expressed quantitatively they can be compared with other hazards of the same 
or other activities, and only in this way can the benefit of safety measures be shown reasonably.  
The risk is given - simply said - by the product of the probability or frequency and the expected dam-
ages or consequences of the events concerned. The hazards of explosions would usually be described 
with sufficient accuracy as a fatal risk. 
Corresponding to the above mentioned three aspects of the safety problem, individual risk, real collec-
tive risk and perceived collective risk are identified. The real collective risk of an event - a statistical 
expected value - is given by the sum of all individual risks caused by the event. The perceived collec-
tive risk is - simply said - the real collective risk increased by an aversion function which takes into 
account that the reaction of the public is much more violent to rare events with large consequences 
than to more frequent events with less consequences per accident. 
 
 
2.5 METHODICAL PROCEDURE OF THE RISK ANALYSIS (Fig. 4) 
 
The aim of a risk analysis is to calculate these risks. The risk analysis is a systematic procedure of four 
steps  
1. In the event analysis, possible hazardous events are identified and described concerning location, 

type of reaction, probability and size (quantity of explosives). 
2. In the effect analysis, the dangerous effects of the possible events to persons in the surroundings 

such as fragments, debris, airblast etc. are determined.  
3. In the exposure analysis, places, protection and presence history of possibly exposed persons in 

the hazardous areas are investigated.  
4. The risk calculation mathematically connects the parameters deduced from the previous steps. 
 
 
2.6 LEVELS OF RISK EVALUATION (Fig. 5) 
 
While the risk analysis aims at identifying the characteristics of a particular case in question, risk ap-
praisal has to be seen from a wider perspective. Methodologically, it is necessary to distinguish be-
tween the establishment of long-term comprehensive safety criteria by the responsible parties (in the 
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military area in Switzerland this is the Chief of the Armed Forces) and the proof of safety in practical 
cases when the safety analyst has to prove that the remaining risks do not exceed the limits. 
 
 
2.7 DIFFERENTIATION OF THE RISK BEARERS (Fig. 6) 
 
A modern safety concept cannot avoid taking into consideration that the acceptance of risks depends 
on the relationship of the exposed person to the hazardous activity and to what extent the person is 
able to influence his risk. For example, reality shows that risks voluntarily taken are considered ac-
ceptable on a much higher level than those risks unintentionally run. The difference may be by about a 
factor of 1000. 
Actually, the Swiss safety criteria are based on a simplified model which distinguishes four categories 
of risks:  

1.  voluntary 
2.  high self-determination  
3.  low self-determination and  
4.  involuntary.  

 
Categories No. 3 and 4 are relevant in the military field of safety of explosives and ammunition: The 
risk of third persons in the surroundings of a storage or a factory belong to category no. 4, involuntary 
and un-influenceable risks. The risks of people earning their money by working with dangerous goods 
with a low ability to influence and a low degree of self-determination, but a certain perceived benefit 
(directly and indirectly involved persons), are assigned to the 3rd category. 
 
 
2.8 TYPES OF SAFETY CRITERIA 
 
The main aspect under which the individual risk has to be appraised is equity (Fig. 7): Nobody should 
bear a higher risk than any other person in the same situation. So the adequate safety criteria for indi-
vidual risks are upper limiting values. 
These values are enacted by the Chief of the Armed Forces based on the respective official regulation 
[3] corresponding to the Swiss Explosives Law. The values are currently under revision [4]. 
 
In the case of the collective risk, however, upper limits are no longer reasonably applicable. It can be 
shown that upper limits would prevent from producing the minimum risk for a given investment for 
safety measures. In addition, there is no common basis for risks from different sources of hazard. Be-
ing aware that, at the very end, safety is a function of financial means, it seems plausible to rely on 
how much society is (and should be) willing to pay for the safety of its members. There is no question 
that financial means for safety measures are definitely limited, and everybody agrees that the available 
resources should be spent so as to achieve the maximum safety (or the minimum risk) overall. Thus, 
limiting collective risks is a typical optimisation problem. When appraising the collective risk of an 
activity, the investment for safety has to be related to the achieved risk reduction, as it is shown in the 
risk/cost-diagram in Fig. 8: One has to go on with safety measures until a certain risk/cost-ratio is at-
tained that has to be respected by everyone. So the basic principle in limiting the collective risk is the 
willingness-to-pay-approach, and the quantitative safety criterion limiting the collective risk is actually 
a marginal-cost value. 
Actually, these values are enacted by the Chief of the Armed Forces based on the respective official 
regulation [3] corresponding to the Swiss Explosives Law. The values are currently under revision [4].  
 
It has to be underlined that the willingness-to-pay-principle differs completely from attempts to use the 
monetary value of a human life or even life years as a safety criterion. There will never be a reason-
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able and ethically indisputable answer to that question. Ten different people who would be willing to 
quantify the values of the lives of ten different persons might give one hundred different answers. But 
even people who would refuse to answer this question for ethical reasons will find it necessary to 
spend money to prevent people from becoming victims. However, with regard to the value and object 
of the dangerous activity as well as the limited funds, they would not spend an infinite amount, and 
would want to realise the minimum risk with the money spent. 
The marginal-cost-approach is also totally different from the attempts to limit the collective risk (ex-
pressed in a probability/consequence or frequency/number of victims- (F/N-) value couple). The quan-
titative safety criteria are given in a respective diagram by two lines enclosing an ALARP (As Low As 
Reasonably Practicable)-area, separating ”safe” from ”unsafe” (Fig. 9). However, there are some res-
ervations about this principle for several reasons: 
- The lines marking off "obviously tolerated" and "obviously not accepted" lie rather far from each 

other. Unfortunately the actual cases usually lie fairly in-between still leaving the safety analyst or 
the responsible authority without clear instructions to decide on "safe" or "unsafe". Here, the mar-
ginal cost criterion really helps, independent of the level of the system (i.e. factory or pressing ma-
chine), quantifying the notions "appropriate" and "reasonable" - which the judge would apply after 
an accident - clearly and in advance. 

- The F/N-values are absolute numbers, and the limitation of such numbers has to be related to the 
hazardous system, e.g. the maximum explosion event within a magazine or the total of all working 
places of a factory or maintenance installation etc. In fact, the F/N-curves of different systems can-
not be correctly appraised using the same limiting lines. 

- F/N-curves cannot be used for reliable comparisons of collective risks. Fig. 10 shows the F/N-curve 
of one explosives magazine out of a system of three as well as that of the whole storage system 
(bold). The big difference of the absolute collective risks R between the single magazine and the 
whole storage is hardly made visible by the F/N-criteria. 

- It has to be added that the frequency/consequence-method can be outwitted by suitably modelling 
the hazardous system in the risk analysis (see [5]). 

 
 
2.9 REGULATIONS 
 
The development of the regulations which the RBSAC is based on did not take the ordinary course 
from top to bottom. The urgent needs came from the practical side. The real needs could not wait for 
the judicial and administrative background to be set up.  
Today there is the upper level directive [3] with general principles in particular with regard to the 
RBSAC, setting responsibilities and safety goals in terms of quantitative safety criteria. The directive 
and the safety criteria are currently being revised. For performing risk analyses there are regulations 
for storage [6] as well as handling in manufacture, testing etc [7]. For storage there is an official risk 
analysis computer code which will be replaced with an new one shortly. Currently, risk analyses are 
performed in transportation, however, there are no technical regulations for this purpose yet. 
 
 
 
3. PRACTICAL EXAMPLES OF RISK-BASED SAFETY ASSESSMENTS 
 
3.1 TRANSPORT OF DANGEROUS GOODS 
 
This is a classic example for the RBSAC application of the early 1970s [8]: A state-owned Swiss am-
munition factory uses an outside storage installation for its explosives products. The explosives are 
transported on a public road by trucks and by railway on an industrial track along the same road (Fig. 
11). This road and the railway track cross a main road that was, at that time, one of the most important 
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transit routes from southern to northern Europe! Some 20 trucks and about 25 railway wagons met 
several thousand vehicles every day at this crossing. Thus, it only seemed to be a question of time until 
a crash between a vehicle and an explosives transport would occur which could lead to a catastrophic 
explosion. 
In the Department of Defence, people were aware of the problem, saw the solution in building an un-
derground passage for the main road, and made a corresponding agreement with the State government. 
However, in the process of planning the underpass, they became aware that it would cost at least CHF 
7 million (∼ € 4.5 million) at that time. Therefore it was decided to perform a risk analysis of the situa-
tion and to study cheaper alternatives. 
The systematic investigation showed that all individual risks were far smaller than the accepted limits. 
As for the collective risk, the crossing with the main road only caused about 40% of the total risk to 
transport. About 60% of the risk was due to traffic and intersections along the road used by the trans-
port vehicles. When the underpass had been considered the best solution, nobody would have imag-
ined that the crossing represented less than half of the real problem. Subsequently, a great number of 
safety measures were studied, their risk reduction calculated, and their cost estimated. Fig. 12 shows 
the principal measures represented in a risk/cost-diagram. The most interesting measures are those 
with the best risk/cost-ratio. It is readily apparent that the underpass is ill-advised due to the high cost 
and the limited risk reduction effect.  
This risk/cost-diagram convinced not only the responsible members of the Department of Defence but 
also the minister of the State government. He was persuaded that the constructing of the underground 
passage would represent a considerable waste of money. Consequently, this plan was dropped and the 
proposed alternative measures were taken instead. They have proven their effectiveness over the last 
three decades. Thus, the investigation finally resulted in an increase of safety by a factor of about 7.5 
and savings of several millions of CHF.  
With their decision, the representatives of the Department of Defence and the State government im-
plicitly determined the level of accepted risk of this activity. This decision was not a very difficult one, 
as a package of safety measures was chosen which was better and, at the same time, less expensive. 
This experience shows that responsible officials and politicians are well able to read and interpret a 
risk/cost-diagram in a sensible way.  
 
 
3.2 PROPELLANT SUPPLY SYSTEM 
 
As a consequence of  the disastrous accident in Lapua (Finland) in 1976 [9], where an explosion in a 
cartridge loading facility killed 40 and injured more than 70 persons, the safety of similar installations 
in Swiss ammunition factories was examined. After some immediate safety measures had been taken - 
derived from a purely qualitative analysis -, the question remained whether the present manual supply 
should be replaced by a pneumatic system similar to the new one in Lapua, i.e. to realize the state of 
the technological development. The related cost was estimated to be almost CHF 2 million. Since this 
investment could not be justified from an operational point of view the problem boiled down to the 
question of whether the gain in safety would justify this investment. 
The results of the quantitative risk analysis are shown in a risk/cost-diagram in Fig. 13: The pneumatic 
system with an estimated cost of about CHF 2 million decreased the risk by about 80%. Assuming a 
lifetime of 25 years for this new system, a mean expected value of about 1.5 human lives could have 
been saved with this safety measure in this period. Applying the above mentioned willingness-to-pay 
criterion, the safety increase would have justified this investment. But the question remained whether 
the safety could be improved more effectively by different safety measures. In order to answer this 
question, the contributing factors to the collective risk of the manual supply system were analysed. It 
was demonstrably the case that:  

- safety measures are required to reduce the risks caused by the manual supply system,   
- the costs for the originally planned pneumatic supply system are not justifiable, and that 
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- safety can be enhanced more effectively and at lower cost if the powder drums and the hoppers 
above the loading machines are modified so that fire hazards cannot turn into detonations. 

Both safety measures were put into practice. 
 
 
3.3 EXPLOSIVES MAGAZINE FOR AN AMMUNITION FACTORY 
 
During the planning of a shallow-buried magazine for explosives of an ammunition factory, the prob-
lem came down to the question of whether one or two (propagation safe) chambers with the same total 
capacity should be built and whether they required automatic fire extinguishing installations. The 
risk/cost-diagram (Fig. 14) clearly showed that the optimum solution was one chamber with a fire 
extinguishing installation [10]. 
 
 
3.4 EXPLOSIVES STORAGE FOR ENGINEERING WORKS 
 
A storage for the explosives used for blasting works in a tunnel was needed in the surroundings of the 
tunnel entrance. The original concept was designed according to the Directive on Explosives and con-
sisted of 5 concrete magazines surrounded with dams, containing 1.8 t of high explosives each. How-
ever, a number of requirements of the Directive on Major Hazards could not be met. A risk-based in-
vestigation and a specific design resulted in a less expensive and safer solution with 4 sand-covered 
magazines with 2.25 t of high explosives each (Fig. 15) [11]. 
 
 
3.5 PREVENTION OF ARTILLERY SHELL DUDS 
 
This example also shows that the RBSAC can prevent the squandering of money on ineffective safety 
measures. In Switzerland, which is a small country, the artillery training of the troops cannot be con-
ducted in absolutely isolated shooting ranges, but has to take place in normally utilized and populated 
areas, not without a number of precautions, of course. Consequently, there are a few hundred duds a 
year which normally are blown up immediately by the troops themselves or by special dud disposal 
teams of the defence administration. As the duds sometimes cannot be found immediately, especially 
those in snow, from time to time there have been accidents resulting in personal injuries or even fatali-
ties. 
The Department of Defence was offered a device which, once fitted into artillery fuses, would make 
the duds ineffective a few minutes after impact. The appropriate agency assessed the device positively 
on the technical level but was in doubt as to the safety gain. A risk analysis was performed and the risk 
reduction was compared to the cost. It showed that the risk reduction would not justify the cost (Fig. 
16); it would need to be seven times higher or the cost seven times lower. As a result, the dud-safety 
device was not procured [12]. 
 
 
3.6 PLANNING OF NEW OR REDEVELOPMENT OF EXISTING INSTALLATIONS 
 
The RBSAC cannot only be applied to assess the safety of existing installations or situations. It can be 
also very valuable to rely on the systematic procedure of a risk-based assessment in particular for real-
ising new or redevelopments of existing installations. However, in order to ensure the advantages of 
this approach the safety aspect has to be introduced in the planning and design process of a project 
from the very beginning.  
For example, the general planning procedure of a plant would start with a first processing concept 
containing the respective processing, the necessary equipment and a layout or production line (Fig. 
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17). The idea would be to combine the quality and quantity requirements with the lowest cost. Based 
on that the building will have to be drafted, i.e. the rooms will be outlined, designed and arranged. 
Then the safety will be checked, i.e. the collective and individual risks of personnel inside and outside 
as well as third persons will be evaluated. This cycle will have to be run until the plant will fully com-
ply with the quality and quantity requirements, safety requirements and justifiable investment and 
running cost as well. The next step would  then take care of the details of the installation as well as 
operation. 
 
 
 
4. FINAL REMARKS 
 
As mentioned this RBSAC was developed for the handling of ammunition and explosives in Switzer-
land in the military area already in the early 1970s. Since then it has successfully been applied and 
provided proof of its appropriateness:  
- The systematic and quantitative procedure makes the hazards comprehensibly and intelligibly 

visible and comparable. The responsible people know the responsibilities they actually take. 
- There are regulations that can actually be applied. There are distinctly fewer waivers compared to 

previous experience with rule-based regulations. 
- The necessary safety level can be achieved economically. So far the flexible assessment concept 

has even allowed solutions resulting in savings of millions and millions of CHF overall. 
 
Gradually, the RBSAC has also been applied in the civilian area of handling of explosives, pyrotech-
nics and propellants in cases the regulations (such as the Explosives Law, the Major Hazard and the 
Operational Safety Directives) required risk analyses. The risk-based model is also applied in other 
fields than in explosives, e.g. railway, natural hazards, nuclear power plants, transport of dangerous 
goods etc.  
 
In the military field, the concept described above gave a significant impetus to Norway, Sweden, 
Germany, UK, NATO [13] and also the US [see 14] to also introduce the quantitative risk assessment 
approach in their ammunition and explosives handling. In Singapore, a number of installations were 
developed and or assessed according to the RBSAC methodology and criteria. France applies a regula-
tion [15], covering both the military and the civilian area, which contain semi-quantitative risk-based 
principles for explosives storage.   
Based on the "Seveso II" directive of the European Union [16], the member states have to establish 
their own major hazard regulations. Many of these national directives demand quantitative risk analy-
ses also in the field of explosives when certain quantity limits are exceeded. 
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ABSTRACT 
 

Laser initiation activities are in progress with ISL for CNES Toulouse (French Space Agency) 
since 1996. A state of the art of the ISL designs and developments are briefly presented in this 
paper. A laser initiator (IOP) equivalent to the electro-explosive NASA Standard initiator has 
been developed and thoroughly tested in accordance to a space qualification programme. For the 
development of the laser initiated detonator (DOP), the CNES requirements have forbidden the 
use of primary explosives. Thus, ISL has designed a detonator based on two stages, one 
dedicated to the high pressure combustion of HMX for the acceleration of a flyer that impacts the 
second one corresponding to the high explosive (RDX) detonator output. The variation of the 
functional parameters of the donor (mass, density, diameter of HMX, angle of incidence of the 
internal flyer) and also of the receptor (diameter, density of RDX) have been experimentally 
tested to assess  their influence on the properties of the 1st/2nd stages Shock to Detonation 
Transition. In addition, the output detonic properties of the detonator have been verified in worst 
case configurations. Testing has been performed after mechanical and thermal environments with 
different targets representative of terminal functions for launchers (e.g. flexible linear shaped 
charges; TBI ; flexible detonating cords, …). The results of these activities are  detailed in the 
paper.  
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INTRODUCTION 
In reference to electro-explosive systems, 

the advantages of laser ignition for explosive 
components are well known. These include 
insensitivity to electrostatic discharges and radio 
frequency environments.  

CNES Toulouse (the French Space 
Agency) commenced a joint R&D programme 
with ISL ( French-German Research Institute in 
Saint Louis) in 1996. For the first time, general 
studies have been performed on the use of lasers 
to ignite explosive materials[1], with the 
identification of key parameters regarding the 
use of laser diodes or miniaturised solid laser 
sources. Following the encouraging results 
obtained from these studies, CNES continued 
with the preliminary development of an opto-
pyrotechnic initiator (IOP) and an opto-
pyrotechnic detonator (DOP). System studies for 
satellites and Ariane 5 launcher applications 
have demonstrated the interest of  opto-
pyrotechnic technology. The outputs have 
identified that electrical power and mass savings  
can be achieved on satellites[2] and significant 
costs savings have been justified for launch 
vehicle applications [3]. 

The positive conclusions of the system 
studies have lead CNES to commence the 
development of the IOP and DOP to reach a 
Technology Readiness Level (TRL) of 5/6 with 
an in flight validation on the CNES 
microsatellite DEMETER in July 2004.  

This paper presents the main properties 
of the IOP and DOP and the development 
activities performed to achieve the justification 
of the definition. 

LASER SOURCE 
Opto-pyrotechnic initiators and 

detonators  are designed to be activated by an 
ISL miniaturised pulsed solid rod laser[5] or 
laser diode sources. For CNES developments, a 
laser diode QCW (eg a 1 W JDS Uniphase 
2364L2 monitored  by a 1.4 A current for 10 ms) 
has been used. At present, COTS (Components 
Off The Shelf) are available with optical power 
outputs in the range of 3 to 5 W. These provide 

the advantage of managing several disassembly 
interfaces in the optical chain. The laser diodes 
shall be connected to 62.5 µm graded-index fibre 
optic cables. 

For space vehicles such as satellites and 
launchers, laser diodes have been considered as 
the reference optical power source for the 
development activities. 

OPTICAL INTERFACE 
The opto-pyrotechnic initiator (Figure1) 

and the detonator described hereafter (Figure 2) 
have the same optical interface; its main 
component is a GRIN (gradient index) lens or 
SELFOC™ microlens (ISL Patent 99 08717). 
This optical interface fulfils the following 
requirements : 

- insures hermiticity before and after firing 
(10-6 atm.cm3.s-1 for the initiator  under 1 
bar of He and 10-3 atm.cm3.s-1 for the 
detonator),  

- ensures adequate confinement of the 
explosive materials,  

- withstands a dynamic pressure of 500 MPa 
at 100°C, 
- focuses the laser beam from the 62.5 µm 
fiber optics with a 1-magnification, and  
- allows optical continuity checks  by 
reflectance measurement thanks to a dichroïc 
coating deposited on kapton disk placed  on 
the back of the GRIN lens.  

OPTOPYROTECHNIC INITIATOR 
(IOP) 

Pyrotechnic output and mechanical 
interfaces of the IOP are interchangeable with 
the electro-explosive NASA standard initiator 
(NSI-1). The ZPP pyrotechnic mixture was 
formulated by Sté E.Lacroix to fulfil all fire 
optical power requirements and deliver a 
pressure output  compliant with the NSI-1 [4], 
(4.64 ± 0.9 MPa in a 10 cm3 volume with a time 
to peak pressure <5 ms). 

 



Overview of recent developments of laser initiated detonator for space applications 

 

 

 
IOP VALIDATION PROGRAMME 
The objectives of the validation programme were 
to assess the properties of the IOP in regards to 
safety requirements and performances. A 
prequalification programme was applied to 41 
items (Table 1). The mechanical and thermal 
environments were compliant with the NSI 
qualification levels (Table 2).  
A Bruceton firing test programme has also been 
performed on a batch of IOPs at -160°C and 
+150°C to determine the optical power values 
for a  99.9 % reliability at 95 % confidence. The 
All-Fire value is 250 mW, whilst 15mW is 
obtained for the No Fire power.  
To complete the test programme, safety tests 
have been applied to the IOP : 
- Electrostatic discharges  
- Slow and fast Cook-Off tests  
The main results of the IOP validation 
programme demonstrated the full compliance of 
the IOP with the technical requirements. Some 
damage to the optical connector end faces and 
the GRINS lenses was noticed after random 
vibration, however this did not interfere with the 
IOP performance. 
 
 
 
 
 
 
 
 

 

 

 
 

OPTOPYROTECHNIC DETONATOR 
The requirements for the use of medium 

power laser diodes and the prohibition of 
primary explosives signify that the laser beam 
cannot induce direct detonation of secondary  
explosives by a shock wave. ISL has solved this 
difficulty by designing a  two stage laser 
detonator based on SDT [5].  The laser spot 
starts a thermal decomposition of the HMX 
charge; the high pressure generated by the fast 
combustion propels a small metallic projectile 
through a short barrel at a high velocity (Figure 
3). At the end of the barrel, the projectile impacts 
the 2nd stage RDX charge and the SDT occurs 
[6]. All loading  densities are higher than  1.6 
g/cm3.  

 

 
 

 
 

Figure 2: Damage to Ferrule and GRIN lens 

FC/PC connectors after vibrations

Figure1: Optopyrotechnic initiator 

Figure 3: Optopyrotechnic two-stage detonator based on 
SDT (“Short” DOP) 
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IGNITION FAILURE AFTER THERMAL 
CYCLING 

For space applications, the detonator 
operational temperature range is -80°C to  
+110°C. Thermal environments includes a test of 
5 hours/+100°C and then firing at 20 °C. No 
ignition of the DOP has been systematically 
observed, even with a 1 W optical power source. 
Explanations and justifications were established 
by the ISL [5]. To prevent this discrepancy, a 
fine layer (15 mg) of the ZPP composition used 
for the IOP  was  loaded between the GRIN lens 
output and the HMX charge (Figure 3). The 
ignition reliability was then recovered after this 
thermal test. In addition, this modification results 
in the same All Fire and No fire  optical power 
properties as the IOP. 

The detonator output characteristics 
have been determined during development tests 
by X-ray flash measurements of the shape and 
velocity of the 250 µm thick stainless steel 
closure disk of the 2nd stage. The flyer velocity is 
within the range of 2500 – 2600 m/s. These 
properties are similar to those of  the Ariane 5 
detonators and detonating transmission line 
outputs.  

 
DOP VALIDATION PROGRAMME   
 This programme was established to 
ensure the DOP achieves all the necessary 
design, performance and safety requirements.. 
Usually the output power of the environmental 
detonating transfer devices is checked with a 
standard method such an indent test. For DOP, 
another approach was preferred. A more 
ambitious CNES test plan was prepared in 
cooperation with ASTRIUM ST (the Ariane 5 
prime contractor).  It consisted of tests of the 
more representative Ariane 5 explosive 
receptors. In addition, instead of taking the flight 
value, the air gap between the DOP output and 
the receptors was the one determined by the 
Severed Test Method (“Essais durcis” ) during 
the reliability demonstration of these Ariane 5 
interfaces. It must be noted that reliability tests 
are usually performed with pyrotechnic devices 

that have not been submitted to previous 
mechanical and thermal environments. 

 
The following table presents the selected 

targets and air gaps for firing tests :  
 

Ariane 5 
component Receptor Severe Gap 

Neutralisation  
(EPC- EAP- 

ESC A)  

Linear shaped 
charge 17x17 CR  

(tip) 
J=6,5 mm 

DAAV- DAAR- 
RH2 ring 

Linear shaped 
charge 10x10 CR 

(on the back w/ 35° 
angle) 

J=3,6 mm 

Separation 
system (SSS- 

PSS)  

Mild detonating 
cord Φ2mm (tip)  J=6,3 mm 

IFOC (TBI)  J=6,8 mm 
 
The IFOC interfaces have required the 

design of a “Long” DOP (Figure 4)  . 
Mechanical differences have lead to a significant 
increase of the length of the 2nd  stage (+6,1mm). 
In addition, an IFOC firing test with a “Long” 
DOP output and an overload of 20% of RDX has 
been carried out to demonstrate the structural 
integrity of the internal barrier of the IFOC. 

 
 

 

 

Figure 4: Optopyrotechnic detonator 
 (“Long” DOP) 
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The validation programme and 
environment details are given in the Table 2 in 
Annex of this paper.  

The main results are summarised in the 
two following tables: 

 

Safety tests Qty Comments 

Drop test 12 m 1 

15mW/5 min. No 
Fire- No Dudding 

/+110°C 
2 

ESD 3 

 
No reaction 

Slow cook off 2 Deflagration @ 
220°C 

Fast cook off 2 Deflagration @ 
2min.10 / 700°C 

+135°/15 min. 1 No reaction 

 
 

Hot 
(+110°C) Ambiant Cold  Receptor 

DOP 
fired 

 Qty Qty Qty 

17x17CR 16 5 6 5 @ –80°C

10x10CR 18 4 9 5 @ –20°C

Ø 2CR 15 2 0 3 @ –35°C
10 @ 0°C 

IFOC 10 2 6 2 @ –20°C

Safety cap 3 0 3 0 

Total 62 13 24 25 

   
Detonation properties  of the opto-

pyrotechnic detonator have been validated and 
were found to be compliant with  the main  the 
Ariane 5 detonating interfaces in several 
configurations.  

However, despite some improvments  
taking into account the feedback of IOP  testing , 
deviations prior to the commencement of the  
tests were identified. The positioning of the 
GRIN lens during the brazing operation was not 

perfectly managed after test damage was 
observed on the end faces of the GRIN lens.  

COMPLEMENTARY ACTIVITIES 
CNES has commenced complementary 

development activities to reach the TRL5/6 
level. The objectives are the:  

- Justification of the lifetime of the 
IOP and DOP, 

- Justification of the reliability  of the 
TCD between the 1st and 2nd stages 
of the DOP, and 

- Improvment of the optical 
interfaces 

 
JUSTIFICATION OF LIFETIME 
 CNES technical specifications require a 
10 year lifetime, including operational 
environments. 
The justification activity was performed by ISL 
and AKTS (Switzerland); a companion paper on 
the main results will be presented at this 
conference[7]  .   
   
JUSTIFICATION OF THE SAFETY 
MARGINS FOR THE TCD 

Development tests have highlighted the  
margins of the ISL design[2]. X-ray flash and 
laser Doppler velocimetry measurements of the  
1st stage projectile velocity have shown that it is 
greater than 700 m/s at a 3 mm flight distance, 
with the RDX SDT threshold velocity equal to 
480 m/s. These experiments do not take into 
account the scattering of manufacturing 
processes, eg the 1st and 2nd stage loading 
densities, misalignment of the projectile in the 
barrel and variation of the 2nd diameter.  

Experimental demonstrations of the 
margins were carried out to complete the 
definition  justification file. The test plan 
included:  
- Mass variation of the projectile (length 

modification ±20%) 
- Barrel length (±10%) 
- Inner diameter of the 2nd stage (±20%) 
- 1st stage loading density decrease 

(compression force –41%) 
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- 2nd stage loading density increase 
(compression force +60%) 

- Projectile angular incidence (5° and 10°) 
 

 

 
In order to obtain a perfect assessment of 

the influence of the several parameters on the 
detonator functioning time, the firings were 
carried out with a 5 W laser diode and without 
the addition of the ZPP layer on the HMX of the 
1st stage. Twenty tests have been completed, 
with each  test configuration repeated twice. No 
failure was noticed and all the 2nd stages have 
detonated. An analysis was done on the 
functioning time and detonators without defects 
were found to be in the range of 69 µs. Longer 
functioning times were recorded for the reduced 
diameter of the 2nd stage (≅130 µs)  and the 
lower density of the 1st stage (≅100 µs). Two 
additional tests were completed by the plurality 
of these two parameters. 

The two “worst case” DOPs also 
detonate with a delay of ≅82 µs. This implies 
that all the test results were in the ’natural‘ 
scattering range of the detonators and that 
significant margins to TCD should be allocated 
to the DOP design. 

 
 IMPROVMENT OF THE OPTICAL 
INTERFACES 
 Several objectives were linked to this 
task. The cable assemblies currently used for the 
CNES development activities are Nexans 
62,5/125µm fibre optic cables fitted with  NASA 
qualified Johansson FC/PC connectors. This 
definition is suitable for satellites but the lack of 
sealing technology and poor ability to withstand 
the cable pulling forces encountered during 
Assembly, Integration and Tests (AIT) on 
launchers render them unacceptable. The CNES 
requirements are thus : 

- to  prevent damage occurring 
during vibration, 

- to develop an optical cable 
assembly compliant to both satellite 
applications and to the harsh 
environment of launchers. The 
constraints shall fulfil sealing 
constraints for protection against 
humidity, icing, salt fog and a 500 
N cable pulling force capability, 
and 

- to improve the GRIN lens  
positioning and cleaning during 
AIT.  

A CNES technical specification and statement 
of work were placed to the SOURIAU Co for 
the development of an optical cable assembly 
with a TRL4 minimum objective. The 
development activity was carried out in a close 
relationship between CNES , SOURIAU and 
ISL.   
The designed connector (Figure 6) is based on 
the AIRBUS-qualified SOURIAU ELIO™ 
optical contact . 
 

 
 

 
This connector assembly was tested as a 

passenger of a CNES DLA/ARTA activity for 
the assessment of optical COTS useable for 
opto-pyrotechnic applications. This activity, 
performed by Kongsberg Defence Aerospace 
(KDA) of Norway, covered the testing of 
miscellaneous  components: optical switches, 
multi-contact connectors, quick release 
connectors, fuse splicing technology and mono-
point connectors. 

 
The dedicated test plan included :  

Figure 6 : SOURIAU Cable assembly fitted to an IOP

Figure 5 : Projectile with 5° (left) and 10° (right) 
defects 
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- a damp heat with 100% humidity 
followed by thermal shock at -
20°C, 

- Sine (50g) and random vibration 
(54 grms) ,  

- Skock tests ( ½ sine 1000g/1ms), 
and 

- Tensile tests until observation of 
optical transmission defects or 
rupture. 

 
The behaviour of the SOURIAU assembly was 
compliant with the design requirements. 
Optical losses are limited during all mechanical 
environments. 
The following picture (Figure 7) shows the 
measured transmission by reflection on the 
dichroïc coating of the IOP/DOP before and 
after sine and random vibrations. 
 

 

 
FUTURE ACTIVITIES AND 
OPTOPYROTECHNICS ROADMAP 

The IOP and DOP definitions have now 
reached the TRL5/6 maturity. Feasibility studies 
of other opto-pyro components will commence 
by the end of 2007 in conjunction with the ISL. 
These studies will concern a HT-HP initiator 
dedicated to solid rocket motor ignition or gas 
generators, and shall withstand high temperature 

/ high pressure conditions for a significant 
duration (eg 15 min).  

The July 2004 PYROLASER 
Experiment’s successful in-flight demonstration 
following 10 days in orbit onboard the CNES 
DEMETER microsatellite[1] was the first step in 
the difficult task of finding demonstration 
programmes. ESA, through its Technical 
Research Programmes (TRP), commenced 
activities in this field in 2005. This has been 
conducted with KDA/ASTRIUM ST and with 
OERLIKON to develop two breadboards of 
opto-pyrotechnic systems for launchers and 
satellites. These breadboards will be tested at the 
envelope qualification levels for satellite and 
launcher applications. These activities should be 
achieved by the end of 2008.   

Available optronics COTS are  able to 
withstand the harsh environment of launchers. 
Qualification is now required and future 
applications shall be identified. CNES, ISL and 
ESA  are ready to share the benefits of years of 
industry, national and European financial 
investments by the application of research 
outcomes to the industry and defence sectors.  
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Table 1 : VALIDATION PROGRAMME  OF THE OPTOPYROTECHNIC INITIATOR 

Sine Vibrations w/ & w/o  optical 
connector 

3 axis /Per axis 2 oct/min./1 sweep 
5 to 20Hz  : ±12,5 mm  

20 to 100Hz :  25 g  

Random Vibrations w/ & w/o  
optical connector 

6 minutes /axis/3axis 
20 to 100 Hz :  6dB/oct 
100 to 500 Hz :  1,8g2/Hz  
500 to 2000 Hz : - 6dB/oct 

Shock test w/ & w/o  optical 
connector  ½ sinus 100g, 5ms 

Hot/humidity test 240h  / +70°C _65% RH 

Thermal shocks 20  x (20 min. + 150° / 20 min.  -160°C) 

Thermal vacuum cycling 106-mbar/48h@ +150°C/48h@ -160°C/1 sweep -160°C to  +150°C in 2h 

ESD Test  : 25kV/ 500pF capacitor/ w/ & w/o 5000 ohm resistor 
Safety tests 

Slow and fast Cook Off 

Ambient firing 

+150°C firing 

-160°C firing 

10 cc volume 
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Table 2 : VALIDATION PROGRAMME  OF THE OPTOPYROTECHNIC DETONATOR 
 THERMAL & MECHANICAL ENVIRONMENT 

Cold test -80°C / 10 hours   

Dry hot test +110°C / 5 hours 

Hot/humidity test 2 X 24h  20 à 35°C _100% RH  

Thermal shocks 3 x (5H + 20° / 10minutes + 70°) 

 Sine Vibrations w/ & w/o  
optical connector  

Per axis 
5 to 16Hz  :  10 mm  
16 to 30Hz :  10g   1/3 oct/min 
30 to 70Hz :  22,5 g 
70 to 200 Hz - 50g  2 oct/min 
200 to 2000 Hz :  22,5g  

Random Vibrations w/ & w/o  
optical connector 

4 minutes /axis 
20 Hz :  0,0913 g2/Hz 
100 Hz :  4g2/Hz 
350 Hz :  4g2/Hz  
700 Hz :  3g2/Hz  
2000 Hz :  0,1 g2/Hz 

Shock test w/ & w/o  optical 
connector  

½ sinus 100g, 5ms 
 

Pyroshocks w/ & w/o  optical 
connector 

Z1 level – GAM EG13 
 

 

 

Receptor Test conditions 

 + 120°C
 (5 tests)
 Ambient
 (6 tests)
 -80°C

 (6 tests)
 + 110°C
 (2 tests)

0°C
 (10 tests)

 -35°C (3 tests)
 + 110°C
 (1 test)

IFOC (TBI) Ambient (3 tests)
 -20°C 
 (1 test)

 + 110°C
 (1 test)
Ambient
 (3 tests)
 -20°C
 (1 test)

 + 110°C 
(4 tests)
Ambient
 (9 tests)
 -20°C
 (5 tirs)

w/ Safety plug Ambient
 (3 tests)

Linear shaped 
charge 17x17CR 

Mild detonating 
cord Ø2CR

Linear shaped 
charge 10x10CR 

IFOC w/DOP 
overloaded +20%

 

 



Studies on working time reproducibility of a laser ignited detonator 
 

 1

STUDIES  
ON WORKING TIME REPRODUCIBILITY  

OF A LASER IGNITED DETONATOR 
H. Moulard, A. Ritter, J. Mory 

French-German Research Institute of Saint-Louis, ISL, SAINT-LOUIS, France 

ABSTRACT 
By means of laser diode or solid laser source, it is known how to operate an optical 
detonator by a thermal laser ignition thanks to the internal control of a transition 
process: either a deflagration-detonation transition (DDT) or a shock-detonation 
transition (SDT). This paper shows how, with a Nd-YAG source, in free running mode, 
the function time reproducibility of a laser thermally ignited detonator can be 
controlled. The experimental results point out that, with an optical power density close 
to 3 MW/cm2 delivered to the first ignition increment through a 200 µm optical fiber, a 
laser thermally ignited detonator characterized by a second stage operating along an 
SDT mechanism, has a function time equal to 47 µs with a dispersion less than ±5 µs. 
This low time dispersion has been observed on operational temperature range (-50°C, 
+ 100°C). The first ignition increment where occurs the laser ignition in the first stage of 
the detonator is loaded with micronized HMX mixed with an optical dopant. 
Experimental results show that, depending on the optical dopant mixed with HMX, the 
reproducibility of the detonator function time can be kept on a temperature range more 
or less extended, especially at high temperatures. So, ultrafine aluminium powder is 
observed much more efficient than carbon black to master this time reproducibility  

INTRODUCTION 

Direct initiation of a detonation wave inside a secondary high explosive (HE), during laser 
beam-HE interaction, involves use of Q-switched laser sources able to deliver an optical 
power density of about 1 GW/cm2. This is necessary to create plasma which induces inside 
HE, a shock wave able to initiate itself HE detonation. So, a laser detonator with a very short 
working time (i.e. 1 µs) is obtained with high reproducibility. But, use of such high power 
density laser sources is still today too expansive and size-constraining for short term 
applications firing a large number of detonators aboard spacecraft and defense vehicles 
[1 - 3]. Use of compact, robust laser sources available at moderate or low prices, such as 
laser diodes or solid rod laser in free running mode, are the alternative solution for laser 
initiation systems 
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Nevertheless, these laser sources do not give enough optical power density to create 
plasma, but are only able to heat energetic materials until their critical temperature of self-
sustaining chemical decomposition. So, energetic material combustion, even deflagration is 
triggered. To make a laser detonator, then, a transition process towards detonation needs to 
be mastered inside the detonator body. Two transition processes have been used: DDT or 
SDT. This paper deals with laser ignited detonator based on SDT process, which allows to 
load the detonator with common secondary HE, whereas DDT based laser detonator seems 
reliably work only with BNCP loadings [4]. Companion paper [3] shows experimental work 
supporting the reliability of this SDT based laser detonator. The object of this paper is to 
point out how the working time of a laser ignited detonator, i.e. beginning with a combustion 
step, can be reproducible. Laser detonator working time is defined as the elapsed time 
between the laser pulse rise front and the ejection time of the detonator closure disk 
propelled by the detonation wave. 
The working time dispersion will also be called “jitter”. Hereafter experimental results point 
out a requirement on the laser pulse delivered to the detonator and a definition of the 
explosive formulation heated by the laser pulse, necessary to assure a given reproducibility 
of the laser ignited detonator working time. 

STUDY CONTEXT 

For the French Space Agency (CNES), ISL has designed a laser ignited detonator [5] which 
fulfils specific technical requirements for operational use in Space environment. Laser 
detonator must be reliably triggered by 1 Watt laser diode injected in 62,5 µm optical fiber, 
under space mechanical and thermal environment. But, there is no demanding specification 
for the working time of space laser detonator. CNES objective is to replace aboard launcher 
and satellites all electropyrotechnical ordnance firing systems based on hot wire electro-
explosive devices, by optopyrotechnical ordnance firing systems. Well-known recognized 
advantages of laser ordnance firing systems are consequences of firing energy transport 
only by means of optical fibers. So, uppermost levels of insensitivity to electrostatic 
discharges (ESD), electromagnetic disturbances and radio frequency interferences are 
reached. Moreover, laser ordnance firing system thanks to optical fibers allows an easy 
modular structure, in which an important spatial decoupling can be put between laser 
sources and terminal laser initiators. 

WORKING TIME REPRODUCIBILITY LEVEL SPECIFICATION 

Further experimental validation was still missing to judge ability of laser ignited detonators to 
master its working time reproducibility, so that such laser detonators could be used for 
accurate timing of several HE charges. To satisfy the technical requirements of a given land 
defense system [1], the following technical specifications define the contour of the 
experimental validation program: 

 Laser ignited detonator must be loaded only with secondary explosives. Primary 
explosives and pyrotechnical compositions are forbidden for entitled “in-Line” use of the 
detonator in the Defense application. 

 Laser source will be a solid Nd-YAG laser source, in free running mode, supplying a 
laser pulse with total laser energy less than 200 mJ and pulse duration less than 150 µs. 

 Laser pulse is injected from the source in a 200 µm diameter optical fiber. 

 Laser ignited detonator passes successfully Cook-off and ESD standard safety tests. 
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 Laser detonator working time must be less than 150 µs, with a reproducibility ≤ ± 5µs. 

 Operational temperature range is: -40°C, + 70°C. 

EXPERIMENTAL SET-UP 

The laser ignited detonator used in this study has a design identical to the ISL laser 
detonator previously developed [3,5] for the space application. It is now reminded the main 
features of this ISL laser detonator. This two stage laser detonator based on internal SDT 
(fig. 1) proceeds as follows: in the first stage, the laser beam heats the secondary explosive 
surface and triggers a fast combustion, then high pressure of combustion gases propels 
through a short barrel, a small internal metallic projectile at high velocity. At the end of the 
short launching tube, the internal metallic projectile impacts the HE charge loaded in the 2nd 
stage, where, if the impact velocity is high enough, SDT occurs immediately within 1µs and 
1mm close to the HE impact surface. Detonator optical interface is made of a gradient index 
glass rod or SELFOC™ micro lens which focuses the laser beam on the HE interface. The 
internal metallic projectile diameter is greater than the core diameter of the 2nd stage HE 
charge: simultaneous planar impact on HE charge and its stainless steel confinement 
enhances impact shock wave due to impedance mismatch and decreases critical projectile 
impact velocity necessary to get SDT. Internal projectile impact with limited tilt is needed to 
have the benefit of this shock wave focussing effect. The 1st stage of the laser detonator is 
loaded with a fine granular HMX lot manufactured by SNPE with a median particle size of 2.5 
µm at a loading density of 1.65 g/cm3. HMX is mixed with 1% carbon black to enhance laser 
absorption. For space applications, an additional thin layer of ZPP, a pyrotechnical 
composition, was needed [5] to assure laser ignition reliability by a 1 watt laser diode under 
space thermal environment. The use of pyrotechnical composition is prohibited for this 
defense application. The 2nd stage of the detonator is loaded at a loading density of 1.6 g/cm3 
with a SNPE lot of granular RDX (0 -100µm). Laser source is a Nd-YAG source 
(λ = 1064 nm) operated in free running mode, the laser pulse of which, injected in a 200µm 
diameter optical fiber, could be adjusted in rise-time, power and duration. 

EXPERIMENTAL RESULTS 

To measure the working time reproducibility, a first set of 20 laser detonators have been fired 
with a laser pulse energy of 140 mJ. Experiments were done at ambient temperature 
(table 1), at the lowest operational temperature (-40°C), at the highest operational 
temperature (+ 70°C) and also after exposure to a thermal cycle (table 2 and 3). The hot 
thermal cycle consists of laying laser detonators for 5 hours in an oven at the highest 
operational temperature (+ 70°C) and, then, after returning to the ambient temperature, of 
firing detonators in order to measure their working time dispersion after this thermal cycle. 
Reciprocally, a cold thermal cycle has been run with 5 hours to the lowest operational 
temperature and return at ambient temperature. Exposure to hot thermal cycle were proved 
to be very hard to pass for laser detonator loaded with an HMX –based ignition charge: 
unlike 1 watt laser diode with which reliable laser ignition is not obtained, now, with Nd-YAG 
source able to supply higher optical power density hundred times higher, reliable laser 
ignition can be obtained.  

All the working times are within the 40-50 µs range. The 12 laser detonators fired at room 
temperature, including the detonators fired after thermal cycles, point out a mean working 
time of 44.5 µs, with a minimum value of 41.2 µs and a maximum value of 47 µs. 
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The 3 detonators fired at low temperature (-40°C) give longer working times: 50.2 µs, 50.4 µs 
and 53.4 µs. This slight increase of mean working time should be specified by additional 
tests. 

Nd-YAG LASER PULSE REQUIREMENT 

To master the jitter of the laser detonator, the pulse laser specification must be defined with 
more precision because the whole laser pulse energy alone is not determining. Fig. 2 gives 
the example of two distinct Nd-YAG laser pulses supplying the same total laser energy of 
140 mJ respectively in 360µs and 200 µs duration laser pulses. It is found that the 2nd laser 
pulse with a lower initial optical power does not enable to control the laser detonator jitter, 
unlike the 1st laser pulse. Time analysis of the whole process of the laser detonator function 
shows that: 

 Total working time of the laser detonator is about 47 µs. 

 The laser ignition step, during which occurs HE heating up to reach its temperature of 
self-sustaining decomposition reaction, is measured around 28 µs. 

This time analysis and experimental measurements of detonator jitter as function of laser 
pulse shape (i.e. rise-time, intensity and duration) permits to define with more precision the 
Nd-YAG laser pulse specification. To master the working time reproducibility, only the laser 
energy supplied during the ignition phase is to take into account. Jitter limitation up to 
≤ ± 5 µs is actually obtained with optical power greater than 1 kW, or an optical power 
density of 3. 0 MW/cm2. This high optical power level at the beginnings of Nd-YAG pulse is 
needed to assure the required working time reproducibility. 

OPTICAL DOPANT EFFECT ON LASER IGNITION SENSITIVITY 

HMX as other HE crystals is transparent to the near-infrared light emitted by Nd-YAG 
sources and laser diodes; its blend with a granular black body enables to absorb laser optical 
energy so as to bring accumulated heat into HMX crystals and to trigger their self-sustaining 
decomposition reaction. Carbon black (CB), known as a perfect black body, is usually used 
as optical dopant to promote this laser energy absorption by HE.  

As above mentioned, laser detonator jitter mastering is hard to maintain after the hot thermal 
cycle previously described. To pass this selective trial, increase of optical power density 
supplied by the laser source is efficient, but limited because of cost and size of such laser 
sources. Moreover, with an hotter thermal cycle corresponding to extended thermal 
environment conditions, the jitter control on the required range ≤ ± 5 µs, is not possible 
anymore. So, with the ignition explosive charge based on the HMX/ carbon black 
(99%wt/1%wt), when the high temperature of he thermal cycle is greater than 80°C, the 
measured working times (Table 4) go beyond 50 µs with a large dispersion.  

We have found that ultrafine aluminium powder can be a more efficient optical dopant. So, 
the 1st stage of the laser detonator has been loaded with a granular mixture of HMX/Alex 
(99%wt/1%wt). Alex™ is given to have a median particle size of about 150 nm. Laser 
detonators loaded with this ignition mixture HMX/Alex enable to control the working time 
reproducibility on a larger operational temperature range (Table 5). The hot thermal cycle, 
with 5 hours at 100°C can now be passed with the required jitter ≤ ± 5 µs. 



Studies on working time reproducibility of a laser ignited detonator 
 

 5

Laser detonator experiments either with carbon black or with Alex as dopant, have pointed 
out that the choice of the homogenization process used for the optically doped explosive 
formulation, has an effect on the ability to master the working time of laser ignited detonators. 
Further works are necessary to analyze the mechanisms of this effect on the ignition phase. 

SENSITIVITY EVALUATION OF IGNITION EXPLOSIVE FORMULATIONS 

The laser ignited detonator passes Fast cook-off tests: no SDT of the laser detonator is 
observed. Standard electrostatic discharges tests are passed successfully: after a run of 20 
successive discharges (20 kV, 500 pF), the laser detonator jitter is still conform to required 
specification. 

 This laser ignited detonator, all-secondary HE, is being defined to be allowed for “in Line” 
use, without mechanical barrier, inside an explosive ordnance firing system. We notice that 
for “in Line” electrical detonators, safety regulations [6] requires to prove the safety level of 
explosive charges inside detonator to be in compliance with the levels specified for Booster 
explosives [7-9]. So, only by analogy, because no specific regulations exist today for laser 
detonators, the same rule for explosive loading is adopted here. In order to pass with more 
margin the standard tests of explosive qualification [8,9], ISL is also studying ternary 
mixtures (HMX-optical dopant- binder) in which polymeric binder is added to increase the 
safety level of the optically doped explosive compositions. But, volumic homogeneity of such 
ternary mixtures is not so easily mastered and checked as that of granular binary mixtures. 
The explosive composition (HMX/Alex/Viton; 98%wt/1%wt/1%wt) allows to get detonator 
working time identical (Table 6) to those measured with the binary mixture (HMX/Alex or 
HMX/carbon black; 99%wt/1%wt). 

Impact and friction sensitivity tests were run on BAM machines [8] to determine No-reaction 
threshold corresponding to the measured value confirmed by a sequence of 10 successive 
trials without reaction. According to the safety regulations [9], Type II RDX class 5 
(i.e. 0-40- µm) is defined as reference Booster explosive to use to measure the sensitivity 
level approved for Booster explosive qualification. In this way, Safety regulations [8] define 
minimum No-Reaction threshold values for Booster explosive qualification: So, 2 J for the 
BAM impact test and 80 N for the BAM friction test. Every laser ignition formulations have 
been assessed on ISL BAM machines (Table 7). Addition of 1%wt of optical dopant (Alex or 
carbon black) does not modify the safety level compared to the pure HMX lot. Addition of 
1% wt of polymeric binder Viton A enables to increase the safety level of the HE ignition 
formulation slightly above the reference booster explosive. 

CONCLUSION – PERSPECTIVES. 

This experimental work shows that working time reproducibility of a laser ignited detonator 
can be controlled under specified conditions. With a free-running Nd-YAG solid laser source, 
supplying optical power density greater than 3 MW/cm2 during the HE laser ignition phase, a 
working time dispersion less than ± 5 µs has been mastered on the operational temperature 
range: -50°C, + 100°C. The optical dopant choice is found as a further control physical agent 
of the laser ignition sensitivity of explosive formulation. The substitution of carbon black by 
ultrafine aluminium particles has allowed to better master working time dispersion of the laser 
ignited detonator. 

Further works are in progress to adapt HE formulation so as to reach a better balance 
between its laser ignition sensitivity and its insensitivity level against objective hazards during 
laser ignited detonator operational life. 
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Fig.1. ISL laser ignited detonator, based on internal enhanced SDT process. For Space environment and 1W laser 
diode, an additional pyrotechnical composition layer is needed for reliable ignition, but now, it is no more required with 
Nd-YAG source and mastered jitter is obtained with all secondary explosive loading. 
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Fig.2. Comparison of two Nd-YAG laser pulses with the same total pulse energy, but with a different initial optical 
power available during the ignition phase. 
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shot N° Thermal 
conditions 

Laser pulse 
total energy 

(mJ) 

Function time 
(µs) 

Ignition phase 
Power density 

(MW/cm2) 

1 16°C 144 46.6 3.2 

2 16°C 133 47 3.2 

3 16°C 136 46.6 3.2 

4 20°C 119 46.0 3.7 

5 20°C 127 43.6 3.8 

6 20°C 119 44.4 3.7 

7 20°C 126 42.8 3.7 

8 20°C 129 42.4 3.9 

 
 

shot N° Thermal 
conditions 

Laser pulse 
total energy 

(mJ) 

Function time 
(µs) 

Ignition phase 
Power density 

(MW/cm2) 

1 5h at +70°C 
shot at +20 °C 135 43.1 3.2 

2 5h at +70°C 
shot at +20 °C 141 44.0 3.2 

3 5h at +80°C 
shot at +72 °C 136 42.4 3.2 

4 5h at +80°C 
shot at +65 °C 137 48.2 3.2 

5 5h at +80°C 
shot at +70 °C 117,2 42.2 3.3 

 
 
Table 2. Working time measurement of the laser detonator, with HMX/CB ignition charge, fired either at high temperature 
or after the hot thermal cycle. 

Table 1. Working time measurement of the laser detonator, with HMX/CB ignition charge, fired at ambient conditions 
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shot N° Thermal 
conditions 

Laser pulse 
total energy 

(mJ) 

Function time 
(µs) 

Ignition phase 
Power density 

(MW/cm2) 

1 5h at -50°C 
shot at -44°C 130 53.4 3.2 

2 5h at -50°C 
shot at -44°C 141 50.4 3.2 

3 5h at -50°C 
shot at -40°C 108 50.2 3.1 

4 5h at -40°C 
shot at +20°C 137 45.8 3.2 

5 5h at -40°C 
shot at +20°C 133 41.2 3.2 

 
 

Table 3. Working time measurement of the laser detonator, with HMX/CB ignition charge, fired either at low temperature 
or after the cold thermal cycle. 

shot N° Thermal 
conditions 

Laser pulse 
total energy 

(mJ) 

Function time 
(µs) 

Ignition phase 
Power density 

(MW/cm2) 

1 5h at +70°C 
shot at +20 °C 135 43.1 3.2 

2 5h at +70°C 
shot at +20 °C 141 44.0 3.2 

3 5h at +120°C 
shot at +71 °C 134 54.8 3.2 

4 5h at +100°C 
shot at +20 °C 138 58.8 3.2 

5 5h at +100°C 
shot at +25 °C 142 67.2 3.2 

 
 

Table 4. Working time measurement of the laser detonator, with HMX/CB ignition charge, fired after hot thermal cycle at 
higher temperatures. 
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shot N° Thermal 
conditions 

Laser pulse 
total energy 

(mJ) 

Function time 
(µs) 

Ignition phase 
Power density 

(MW/cm2) 

1 25°C 120 44 3.6 

2 25°C 120 45 3.6 

3 25°C 120 40 3.6 

4 5h at +100°C 
shot at +25 °C 120 46.5 3.6 

5 5h at +100°C 
shot at +25 °C 120 45 3.6 

6 5h at +100°C 
shot at +25 °C 120 43 3.6 

 
 Table 5. Working time measurement of the laser detonator, with HMX/Alex ignition charge, fired either at ambient 

conditions or after the hot thermal cycle. 

shot N° Thermal 
conditions 

Laser pulse 
total energy 

(mJ) 

Function time 
(µs) 

Ignition phase 
Power density 

(MW/cm2) 

1 20°C 158 40.2 2.6 

2 20°C 154 38.0 2.6 

3 5h at +100°C 
shot at +20 °C 143 41.6 2.6 

4 5h at +100°C 
shot at +20 °C 118 48.0 3.7 

 
 
Table 6. Working time measurement of the first stages of laser detonator, with HMX/Alex/Viton ignition charge, fired 
either at ambient conditions or after the hot thermal cycle. 
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Explosive formulation 
BAM  

Impact test 
No fire Limit 

BAM  
friction test  

 No fire Limit 

HMX 2.5µm 3.0 J 108 N 

HMX/CB  
(99/1) 2.5 J 108 N 

RDX type II class 5 3.5 J 108 N 

HMX/Alex  
(99/1) 2.5 J 96 N 

HMX/Alex/Viton (99/1/1) 3.5 J 112 N 

 
 

Table 7. Safety standard tests evaluation of HE formulations sensitive to laser ignition and 
comparison to a reference HE. 
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1 ABSTRACT 
 
As a leader in safe and arm devices, TDA has been concerned for the last 10 years with 
laser initiation devices. In this technology, energetic materials are initiated by a laser 
pulse. Literature mentions numerous papers about this technology but only few 
applications have undergone the integration of such an optical safe and arm device. 
Laser Initiation Systems improve the safety and the capabilities of explosive fuzes: 
immunity to electrostatic and electromagnetic disturbances, built-in-test, reduced 
weight, reusable laser, multi-point initiation capability.  
 
We will describe a laser initiation demonstrator developed for fragmentation warheads. 
The objective of the demonstrator was to study the feasibility to initiate in a 
synchronous way 4 detonators and to measure the dispersion in their response time. The 
optical detonators are high energy laser-driven flyer plates which contain secondary 
explosives (HNS) allowed for in-line safe and arm fuses and reacting through the shock 
to detonation transition. The demonstrator was designed with 4 specifically developed 
Q-switched solid-state laser sources (pulse duration ≈10 ns), each laser source 
addressing one detonator through an optical fibre; 2 selectors were able to address one 
of 2 ways in 1 microsecond. Results are consistent with weapons systems specifications. 
 
 
 
2 INTRODUCTION 
 
The concept of smart warheads has to go through the development of multipoint initiation system, 
with high safety in-line pyrotechnic chain, able to manage the parameter time with high accuracy and 
reproducibility of the detonators, in particular delay and scattering of the functioning time. 
 
The optical detonator called laser-driven flyer plate or IODEP (Initiateur Opto-Détonant à Elément 
Projeté) leads to the shock to detonation transition of the energetic substance. It allows short 
functioning time with low scattering in accordance with our warhead application. Literature mentions 
numerous articles about the characterization of such optical detonator, for example articles [1, 2]. 
However none of them relates, to our knowledge, its integration in an optical initiation system. 
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The purpose of the work presented in this article was to demonstrate the experimental feasibility to 
initiate in a synchronous way multipoint optical detonators, to define and to validate an optical selector 
system (1 among 2) and a laser source able to initiate one optical detonator. 
 
A first architecture consists in realizing a unique laser source, with strong power (70MW) in a reduced 
volume (≈ 2 liters), able to initiate simultaneously 4 to 6 optical detonators. The principle of this 
architecture is acquired [3] but the realization of such a laser source represents an important challenge 
and was not considered for this project. 
 
A second architecture consists in integrating several laser sources, each being able to initiate one 
optical detonator. In this case the electronics has to control the synchronization of the laser pulses 
impinging upon the optical detonators. This architecture was preferred for the present demonstrator. 
 
The functional architecture of the demonstrator is shown in figure 1. It includes 4 solid-state laser 
sources pumped by an electric flash, in a Q-switched mode, two selector devices made of ultra-fast 
electro-optics (Pockels cells) to steer the laser beam towards 1 of 2 possible exits, 6 optical fiber lines 
transmitting the laser pulses to the optical detonator. 
 
We will first present the various components specifically developed: optical detonator, optical 
detonator fiber line, laser – fiber coupling device, laser sources and selectors. Then we will explain the 
demonstrator and the results of synchronous multipoint initiation tests obtained. 
 
 
 
3 OPTICAL DETONATOR 
 
Two articles written by CEA/DAM detail the functioning of the optical detonator IODEP [2, 3]. This 
detonator is made of a stack of 3 layers deposited on a window, transparent to the laser beam, figure 2. 
The phenomenology is described in figure 3. The laser generates a confined plasma, which leads to a 
shock wave propagating through the layers and shearing off the projectile. The flyer is then 
accelerated through the barrel and impacts the explosive. This impact generates a shock wave which 
travels through the explosive and; if the conditions of shock to detonation initiation are fulfilled, the 
explosive is initiated. The parameters for shock initiation criteria are pressure, duration and area over 
which the shock is applied. 
 
Preliminary work had been performed in collaboration with the CEA/DAM about the improvement of 
the optical detonator with a laboratory laser source Nd:YAG, of wavelength 1.06μm, generating laser 
pulses of 6ns duration at half width, with maximal energy of 1 J. A lens allowed to focus the laser 
beam on layer C1of the optical detonator with a spot diameter between 0,4 mm and 1 mm. 
 
These studies concluded that: 
· The planarity of the flyer depends upon the uniformity of the deposited energy across the spot size, 

i.e. the laser beam intensity distribution has to be the most homogeneous as possible (« Top hat »). 
· The 3 layers (tricouche) deposited on the glass window is the most interesting since it allows to 

obtain a flyer with a well-known thickness until the impact and thus to generate calibrated shocks  
 
An aluminum flyer of some microns thickness was preferred. It allows, in the range of laser power 
area density considered (1 to 3 GW/cm²), to reach velocities of some km/s susceptible to initiate the 
explosives considered in this study (HNS). 
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Measurements of 50 % initiation thresholds were performed with three types of HNS: HNS AN.M1, 
HNS AN.M1 re-grinded, HNS IV. Over the three types of HNS, HNS IV was identified as the most 
sensitive. The experimentation, made for two different laser spot diameters, showed that the thickness 
of 4 microns of the aluminum flyer was the most efficient. This explosive HNS IV is agreed to be used 
as a relay explosive since it complies with the standard Stanag 4170 / AOP 7 criteria. It belongs to the 
list of approved explosives for in-line pyrotechnic chain.  
 
The measurement of laser initiation thresholds of HNS IV, for the considered tricouche and a laser 
beam diameter of 0.6 mm, was unfortunately not performed with the statistical method of Bruceton, 
due to imprecision in the measures. The statistical method of the hardened tests (“essays durcis”) was 
applied. This method led us to measure a laser intensity threshold corresponding to a 99.99 % 
probability at a 90% confidence level, for HNS IV, with a 0.6 mm laser spot diameter, a pulse duration 
of 6 ns, an energy of 46 mJ, i.e. a fluence of 15.74 J/cm ² and a laser power density of 2.6 GW/cm². 
 
 
 
4 OPTICAL DETONATOR FIBER LINE 
 
The idea to deposit the 3 layers (tricouche) at the end of the fiber appeared to be the easiest and more 
compact method. The optical detonator is therefore reduced to its minimum. 
The optical detonator fiber line is separated into 4 elements, figure 4: 
1. The optical fiber line  
2. The connector at the entrance for coupling with the laser 
3. The junction with detonator at the fiber end 
4. The pyrotechnic casing  
 
The diameter of the optical fiber results from the chosen diameter of the flyer (see paragraph 3). The 
fiber is a silica-silica type with a core diameter of 600µm and a cladding diameter of 660µm. The 
extremities have polished faces. The fiber length is 3 meters, long enough to obtain an homogeneous 
laser intensity distribution at the end and therefore a planar flyer. 
 
The connector at the fiber entrance is an SMA power connector, the fiber end arose of about 2 mm, as 
it is shown on the photograph of figure 4.  
 
The junction, or the interface, between the optical detonator and the optical fiber at the fiber end has to 
insure a correct positioning as well as a good sealing with the pyrotechnic casing. A specific technique 
was developed in relation with CEA/DAM. Figure 4 shows the fiber in its sealed junction. 
 
An examination of the layers deposited at the end of the fibers was performed at each manufacturing 
batch: adhesive tests, binocular observations, thickness measurement of the layers, grain size and 
density measurements of the aluminum layer. 
 
 
 
5 PYROTECHNIC CASING 
 
The active part of the optical line is made of a metal body which contains the energetic substances, 2 
screws attach it to the sealing. Two energetic substances were pressed within the casing: HNSIV and 
Hexocire 98/2/1 MC (RDW/wax). A hole was drilled on the back of the casing in order to connect the 
optical fiber for the measurement of the functioning time of the detonator, the measurement fiber 
being in direct contact with the explosive output. 
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The explosives were pressed in the casing in 2 different compressions, the following steps led us to 
determine with a good precision the compression ratio of the explosives. 

1 – Measurement of the empty casing dimensions 
2 – Compression N°1   Hexocire 98/2/1 MC (RDX/wax) 
  Mass   130 mg ± 1 mg 
  Density   1,64 ± 0,02 
3 – Compression N°2   HNSIV 
  Mass   90 mg ± 1 mg 
  Density   1,55 ± 0,02 
4 – Thermal cycling  To make sure the explosive is in contact with the spacer 

 
The fiber sealing was then assembled with the spacer, of thickness 300µm ± 4µm which ensures the 
right flight distance of the flyer, and the pyrotechnic casing. 
 
 
 
6 LASER COUPLING DEVICE 
 
Studies were performed with different laboratory laser sources and allowed us to identify the main 
constraints for the laser fiber coupling: 

- The optical fiber entrance must be placed beyond the focal point of the lens, 
- The laser spot size must be maximized in order to minimize the laser power density and avoid 

any fiber breakdown, 
- The optical system must be shaped so as to obtain a waist lower than the fiber core diameter. 

 
In that case, a breakdown phenomenon could occur within the coupling device, especially in the zone 
of strong laser intensity concentration, due to the presence of dust particles contained in the air. To 
avoid this difficulty and increase the reliability of the laser-fiber coupling device, a primary pump was 
used to create vacuum with a remaining pressure of around 1 mbar. 
 
Different lenses with a focal length within the range 30 mm to 60 mm were tested. One can define the 
efficiency of the coupling device as the ratio of the energy set at the entrance of the fiber with the 
energy measured at the output of the fiber. Measured values of this parameter are comprised between 
88% and 92%. 
 
The method used to position correctly the fiber input face with respect to the incident laser beam is 
made by means of prismatic windows. The optical axis of the optical fiber is not strictly superposed, in 
that case, with the optical axis of the laser beam. 
 
Figure 6 presents the cylindrical laser fiber device developed, with 28mm diameter and 90mm length. 
 
 
 
7 NON-PYROTECHNICS EXPERIMENTS 
 
The concept of layers deposited at the end of the fiber was validated through experiments of flyer (Al 
4µm) velocity measurements by means of a Laser Doppler Interferometer. Optical fiber lines were 
tested with a laser source having a pulse duration of 9,5ns and a maximum energy of 200 mJ. Flyer 
velocities greater or equal than 3600m/s were obtained with laser power density of about 2,6 GW/cm². 
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Operational conditions are very stringent: at first the laser parameters are checked at the right settings 
(pulse duration and energy), without the fiber line, then the complete optical fiber line, with the 
tricouche deposited at the end, is connected to the laser coupling device, finally the laser source is 
triggered and all the components have to perform well at this shot. No loss is therefore tolerated on the 
line that could reduce the flyer velocity. Thus a procedure for a one unique shot was properly 
established in order to insure reliability and good functioning of the overall system. 
 
 
 
8 EXPERIMENTS WITH PYROTECHNICS  
 
The purpose of this series of experiments was to confirm the functioning of the complete optical fiber 
lines with the detonators (HNS IV). A laser source with laser pulses of 11,5 ns duration at half width 
and of 220 mJ maximum energy was used to perform 30 tests with laser power density between 1,8 
and 3,2 GW/cm². 
 
The functioning time of the optical detonator corresponds to the time between the beginning of the 
laser pulse and the emergence of the detonation at the exit of the detonator. To perform this 
measurement, we selected an optical probe placed at the end of the detonator and connected with a fast 
photodiode. This probe collects the light emitted by the output of the detonation wave, the signal being 
recorded by a fast oscilloscope GHz. A typical record of the signals measured from the two fast 
photodiodes, laser pulse and optical probe, is shown in figure 7. The temporal gap corresponds to the 
functioning time of the optical detonator. 
 
The energy and the duration of the pulse were measured at the entrance of the fiber for each test. It 
was then possible to deduce laser characteristics (energy, duration and power density) at the end of the 
fiber, i.e. on the optical detonator: 

- the laser energy via a mean value of the laser coupling device efficiency 
- the pulse duration via a mean value of pulse increase through the fiber 

 
Figure 8 presents the evolution of functioning time of the optical fiber line detonators with the laser 
power density for the 30 performed tests. The linear regression line passing through the experimental 
points show a slight decrease of functioning time with an increase of laser power density. Two other 
parallel lines are drawn to represent the band ± 25 ns across the linear regression line. 
 
An analysis of the causes of scattering relative to the 4 points positioned outside this band did not 
allow to find an explanation. 
 
 
 
8 DEMONSTRATOR 
 
A specific demonstrator, whose architecture is presented in figure 1, was conceived and realized. It is 
made of 4 independent laser sources each having an electrical power supply, 2 selectors for legs A and 
D, 6 laser fiber coupling devices and 6 optical fiber detonator lines.  
 
The part comprising the electrical power supplies, the laser sources and the selectors were conceived 
and realized by the laboratory CNRS UMR 5209 I.C.B. - Institut Carnot de Bourgogne Département 
OMR - Equipe Soliton Laser Communications Optiques (SLCO) Univ. de Bourgogne - Faculté des 
Sciences Mirande 9, Av. Savary - B.P. 47 870 - 21078. DIJON CEDEX - France. 
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The elements of the demonstrator are mounted on a duralumin plate, as it is shown on the photography 
of figure 9. A control desk allows to activate the proper lines and use the demonstrator according to 
the safety rules for pyrotechnics safe and arm devices. 
 
Laser sources 
The chosen material is Nd:Cr:GSGG, the pumping is made by an electrical flashlamp. A new Q-
switch device, compact, all in one piece, aligned in the factory, allowed to increase in a significant 
way the output pulse energy. A red laser diode associated with a dichroïc window is collimated with 
the IR beam. Behind the back mirror of the cavity, a fast response time photodiode with its lens and its 
attenuator allows to record the pulse shape and duration. 
 
Electrical power supply 
Each laser source contains its own electrical power supply, safety systems and for legs A and D power 
and control of the HT electro-optics selector, an ultra-fast switch, under the laser source, for the rapid 
switching of the high voltage needed for the Pockels cell. 
 
Selector modules 
Both A and D legs, figure 1, are provided with an ultra-fast electro-optical selector allowing to choose 
1 way among 2 possible exits. These selector systems are fast because the high voltage selector is 
switched during the command of the firing of the flashlamp approximately 100 to 150 µs before the 
trigger of the Q-switch devices and the occurrence of the laser pulses. The laser beam is then directed 
to one of the outputs. 
 
Energy and temporal synchronization of the laser pulses 
The objective was to synchronize the occurrence of the laser pulses and to reach the same laser power 
density at the output of all optical fibre lines. A diaphragm was added at the output of all laser sources 
in order to adjust the energy, while keeping the same level of pumping on all laser sources. After 
adjustment of the diaphragm aperture, so as to reach the target value on each line, the pulse shape and 
duration were measured for all outputs: the duration is between 10,5 ns and 11,5 ns. The scattering of 
the temporal synchronization of the laser pulses was measured over 20 shots at the fibre outputs and 
was ± 6 ns around the mean value. 
 
Experimentation 
It is important to notice that all experiments were performed in a dusty atmosphere, such as 
encountered on tests field. 
Following means of measurement were used: 

- 4 fast response time photodiodes (<1 ns) to measure the synchronisation of the laser pulses at 
the laser sources outputs 

- 4 fast response time photodiodes (<1 ns) to measure the functioning time of the optical 
detonators 

Signals issued from the photodiodes are recorded on GHz scopes. 
 
Results 
Two series of experiments were performed with and without optical selector. The functioning 
principle of the selector having been demonstrated, we will present the results obtained on the 
synchronous initiation of 4 optical detonators. These results are summarized in Table 1, the titles of 
the columns corresponding to the following parameters: 
Δt1  Maximum temporal scattering between laser pulses at the fibre entrances 
Δt2  Maximum temporal scattering between functioning times of the optical detonators 
I  Laser power density deposited on the optical detonators 
Tf   Functioning time of the optical detonator 
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One can see that, for a given test: 
- the temporal synchronization of the laser pulses at the exit of the laser sources is quite good 

with a scattering of less than 6 ns; 
- the variation of laser power density from one line to another varies from 1% to 11% but this 

variation is not correlated with the scattering of the functioning time of the optical detonators. 
 
The causes of chronometric scattering of the optical detonators functioning times were analyzed over 
the complete chain from the electrical power supply up to the detonator exits. We came to the point 
that the most important causes are as follow: 

- the laser power density: this parameter is very important because it influences directly the 
flyer velocity, the scattering is due to variations in energy and in duration of the pulses 

- the temporal synchronization of the laser pulses 
- the flight distance of the flyer 
- the quality of the pyrotechnics compression 

 
We calculated that: 

- a variation in laser power density of ± 10 % around the mean value, associated with 
- a variation in flight distance of ± 25 µm around the mean value (300 µm)  

led a scattering in flight duration of the flyer of ± 10 ns. 
We then deduced that the scattering of the functioning time due to the pyrotechnic casing should be 
around ±15ns. 
 
 
9 CONCLUSIONS 
 
For our warhead initiation system application, specific optical and electro-optical components have 
been defined, validated, optimized. Then all these components were integrated so as to build a 
demonstrator able to initiate 2 to 4 optical detonators, laser flyer driven plates, including HNS IV 
explosive. The synchronization of the laser pulses is insured by the electronics command of the 
electro-optics devices, the energy was adjusted by means of diaphragm. The variation in laser power 
density from one leg to another is less than 10 %. 
Experiments led us to initiate in a synchronous way  

- 4 detonators with a mean scattering of 50 ns for 7 tests,  
- 2 detonators chosen among 4 with a mean scattering of 41 ns for 5 tests 

Perspectives in this initiation field concern mainly the miniaturization and the hardening to 
environments of the components. 
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Figure 1 – Functional architecture of the demonstrator  
 
 

 
Figure 2 – Constitutive elements of the optical detonator IODEP  

 
 

 
Figure 3 – Phenomenology of the optical detonator IODEP  
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Figure 4 – Optical fibre line assembled  
 
 

 
 

Figure 5 – Laser-fibre coupling principle 
 
 
 

 
Figure6  – Laser fibre coupling device (28 mm diameter and 90 mm length) 
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Figure 7 – Typical signals from laser pulse and optical probe for time functioning measurement  
 
 
 

 
Figure 8 – Evolution of detonator functioning times as a function of laser power density 
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Figure 9  - Photography of the demonstrator 
 

Tir N° Sources 
laser I (GW/cm²) Δt1 (ns) 

Résultats 
Tf (microsec) Δt2 (ns) 

2 

A1 2,12 

--- 

1,254 

108 B 2,10 1,294 
C 2,10 1,310 

D1 2,08 1,362 

3 

A1 2,12 

5,5 

1,320 

38 B 2,10 1,285 
C 2,10 1,282 

D1 2,08 1,302 

4 

A1 2,12 

5 

1,255 

64 B 2,10 1,316 
C 2,10 1,280 

D1 2,08 1,315 

5 

A1 2,16 

5 

1,302 

40 B 2,10 1,330 
C 2,10 1,290 

D1 2,08 1,290 

8 

A1 2,29 

3 

1,320 

58 B 2,16 1,342 
C 2,14 1,284 

D1 2,35 1,308 

9 

A1 2,28 

3 

1,276 

34 
B 2,06 1,290 
C 2,05 1,298 

D1 2,24 1,310 

10 

A1 2,38 

5,7 

1,290 

29 
B 2,21 1,261 
C 2,14 1,269 

D1 2,21 1,290 
 

Tableau 1 – Summary of tests performed with 4 synchronously initiated detonators  
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1 ABSTRACT 
 
This paper deals with the potential use of Optopyrotechnic technology for LV [Launch 
Vehicle] applications: Optopyrotechnics is, indeed, for space applications in general, 
very promising in terms of cost reduction of the pyrotechnic subsystem, natural 
insensitivity to electromagnetic interferences, simplification of last AIT [Assembly, 
Integration and Test] operations, mass and primary power budget decreasing. 
 
This paper addresses the possible implementation of the Optopyrotechnic technology on 
LVs (mostly Heavy-Lift Vehicles, which encompass a large number of types of 
pyrotechnic functions): 

- reminder of comparison between current electropyrotechnic and future 
optopyrotechnic trains 

- changes in the overall architecture of pyrotechnic trains 

- resulting advantages expected in terms of cost and safety 

- trade-offs to be dealt with: technological choices vs. system constraints (functional 
needs, harsh environments safeguard regulations, testability…) 

- general approach to reach the TRL [Technology Readiness Level] needed. 
 
 
 
2 GENERAL 
 
The use of Optopyrotechnics on Space Vehicles (LVs [Launch Vehicles], Satellites, Probes…) is very 
promising: the interest of Optopyrotechnics is manifold (with respect to the current electro-
pyrotechnic technology): 

- cost reduction of the pyrotechnic subsystem, by removing most of the pyrotechnic devices 
(pyrolines, manifolds…) and taking advantage of the flexibility of the optical cables to transmit 
power up to the optopyrotechnic initiators or detonators, together with the use of no primary 
explosives 

- natural insensitivity to electromagnetic interferences, which results in removing shielded electrical 
harnesses between the pyrotechnic power source and the pyrotechnic device, and no more need for 
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segregation of pyrotechnic power lines and signal ones (alleviation of design rules); sensitivity 
decreasing to electrostatic discharges is a major advantage 

- simplification of last AIT [Assembly, Integration and Test] operations, which may bring about an 
additional cost reduction  

- mass decreasing, deriving from both first previous advantages. 

- less requirement in primary electric power. 
 
Each one of those advantages can be more or less highlighted according to the application (Launch or 
Space Vehicle) considered. In the case of a LV, it is clear that the main expected advantage is the 
recurrent cost reduction, the least sensitivity to electromagnetic environments being a derived 
advantage not to be neglected. 
 
In this paper, applications to LVs are mostly addressed. It is worth reminding that the Electro-
pyrotechnic technology is currently used on LVs (e.g. Heavy Lift ones) to execute the following 
different “final” functions (“fonctions terminales”): 

- Ignition of Liquid Engines Starters 

- Ignition of Solid Motors 

- Propulsion Fluid Flow Management 

- Separation of Sub-Assemblies (Stages, Nose Fairing), which means Ignition of Pyrotechnical 
Cords and Activation of Cutting Devices (e.g. connecting struts of Solid Rocket Boosters) and 
Distancing Rockets 

- Passivation of Liquid Stages 

- Activation of Flight Termination (LV destruction) in case of serious problem. 
 
So as to encompass, for a general approach, all the potential problems raised by the use of the new 
Optopyrotechnic technology, an application to the whole LV must be considered, whatever the final 
application. 
 
After a brief presentation of the comparison between current Electropyrotechnic and future 
Optopyrotechnic trains, and induced changes in the overall architecture of the pyrotechnic trains, the 
expected advantages (especially in terms of recurrent cost and safety) of Optopyrotechnics will be 
discussed. Then the trade-offs to be dealt with between technological choices and system level 
constraints (functional needs, harsh environments, safeguard regulations, testability…) will be stated. 
Lastly, the approach to reach the TRL [Technology Readiness Level] needed for the new components 
and more generally to be able, with full knowledge of the ins and outs, to make a decision related to an 
operational application, will be presented. 
 
 
3 PRINCIPLE AND EXPECTED ADVANTAGES OF THE 
OPTOPYROTECHNIC TECHNOLOGY 
 
3.1 PRINCIPLE OF OPTOPYROTECHNICS 
 
Moving to optopyrotechnic technology consists in substituting: 

 
- the current Electropyrotechnic trains whose elementary type answers the definition of Fig. 1, 

using primary explosives in the pyrotechnic initiation devices 
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- for Optopyrotechnic trains whose elementary type would be as shown on Fig. 2, without any 

primary explosives in the pyrotechnic initiation devices. 
 
It must be pointed out that those diagrams only represent elementary trains. Any attempt at immediate 
comparison between the two technologies on the basis of those diagrams would inevitably conclude in 
favour of the current technology. 
 
On the contrary, the comparison of the reciprocal interests of the two technologies cannot result from 
the simple consideration of the principles, but requires a system approach: 

- number of functions to be initiated 

- complexity of the architecture of the firing boxes (called internal architecture in the continuation 
of the text) and feasibility of the firing boxes 

- compliance of the behavior new components with harsh environments 

- overall system architecture of the trains and consequences, such as: 
 

- fulfillment of reliability requirements and safety regulations 

- layout possibilities 

- compliance with flight mechanics (separation phases), least impacts on existing flight control S/W 
[SoftWare], 

- more or less great simplicity of test operations 
 
Already, it can be seen that no change of technology may be independent from system considerations. 
So, first of all, the interest of the previous diagrams is to present the new components to be paid 
attention to during the study. 
 
3.2 EXPECTED ADVANTAGES 
 
A comparison of Electropyrotechnic and Optopyrotechnic subsystems is shown on Fig. 3. 
 
The new Optopyrotechnic concept takes advantage of the natural flexibility of optical links, which 
makes it possible to drive the initiation power directly into the vicinity of the “final” functions. From 
the moment that: 

- the optopyrotechnic devices are proven to be of the same safety class as the “final” functions (and 
classical pyrotechnic items such as pyrolines, etc.), 

- the optical links – intrinsically passive, conversely to pyrolines – cannot capture and drive any 
spurious lights (new environments to be considered and characterized), 

- the new optical and optopyrotechnic components and overall trains are no more sensitive to 
normal and abnormal environments, including the new ones above-mentioned, 

 
it is no longer necessary to maintain a safety barrier downstream to each optopyrotechnic device: the 
safety barrier goes up to the nearest of the hazardous components, the laser sources; moreover, one 
safety barrier, whatever its technology, can intercept several power paths. Given those statements, the 
result is a simplification of the pyrotechnic paths and associated trains dedicated to safety (command 
and monitoring). 
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In a more detailed way, the system level approach results in conclusions such as removal of 
pyrotechnic transmission lines, reduced “physical” number of safe and arm devices (and not of the 
number of safety levels required), simplification of some integration operations, alleviation of some 
justification files, as soon as, as said before, no primary explosives are utilized in the optopyrotechnic 
components. 
 
By way of an example, the current ARIANE 5 configuration houses - for both independent on-board 
subsystems, one subsystem dedicated to functional and operational needs, and one for neutralization 
(Flight Termination system, used in case of hazardous behavior of the Vehicle) - 369 pyrotechnic 
devices, including 515 meters of pyro-transmission lines (this number would noticeably decrease 
thanks to Optopyrotechnic technology) and 81 final functions (“fonctions terminales”) to be activated, 
which should remain unchanged in case of switching to Optopyrotechnics. 
 
The overall architecture simplification results in a reduction of recurrent costs. This advantage –still to 
be quantified -, together with the natural insensitivity of fiberoptics and Optopyrotechnic devices to 
electromagnetic interferences and electrostatic discharges (reduction of shielded electrical harnesses, 
no segregation between power lines and others), is a very attractive feature for LVs (and others). 
Among other advantages above mentioned, the simplification of AIT operations (with 
Electropyrotechnics, initiators and detonators are introduced very lately in the AIT process, while 
Optopyrotechnic devices may be introduced earlier) brings an additional cost reduction, to be 
quantified from a comprehensive study of the new process. Other advantages, such as mass reduction, 
are not negligible, but should not justify on their own the switch to the new technology. 
 
 
4 PROBLEM STATEMENT 
 
The problem statement, from a system level point of view, has already been presented in [R1] to [R5]. 
 
4.1 OPTOPYROTECHNICS AS A NEW TECHNOLOGY 
 
Generally speaking, the introduction of a new technology, whatever the system, must meet several 
objectives and respect several constraints: 

- ensure at least the same functions 

- guarantee at least equivalent performances 

- respect the constraints of the system 

- and demonstrate at least one essential benefit of the technology. 

 
In this respect, it is expected from Optopyrotechnics: 

- performances equivalent to those of the current technology 

- achievement of the same functions (in the sense of functional analysis) 

- respect of system specifications such as RAMS [Reliability, Availability, Maintainability and 
Safety], environments, layout constraints 

- while bringing, for a LV, some of the advantages above referred to, namely a reduction of 
recurrent costs and an alleviation of some safety demonstrations (electromagnetic interferences 
and electrostatic discharges). 
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Optopyrotechnics is indeed, in Europe, a new technology, even if optical technology has been usually 
used for years in aeronautics. The only current operational application identified abroad on a heavy 
LV is SEA LAUNCH Fairing cutting and jettisoning, and Payloads jettisoning; the Optopyrotechnic 
technology is limited to the only new part of the vehicle, the upper one. Other applications are existing 
(tactical, experimental vehicles). 
 
In Europe, the first important step in the space area was the experiment DEMETER successfully 
achieved by CNES CST [Centre Spatial de Toulouse] in July 2004, which embarked an 
Optopyrotechnic initiator and its electro-optical control system (see, within the same session, 
dedicated papers by CNES and ISL [Institut Franco-Allemand de Saint-Louis] for further information 
on Optopyrotechnic devices). But even if the technology proved its adequacy with a Satellite 
application, it is not validated yet for a LV application, because of some severe environments 
(vibrations, shocks…) and with regard to other system requirements: reliability, safety/safeguard, 
testability, architecture constraints.  
 
As indicated above, optical technology for data transmission needs (monitoring of hazardous areas 
such as tanks, broadcasting of broadband signals…) is well-known. Usual rules, such as rules of 
layout, respect of the bend radii, rules of handling, cleanliness…, remain valid for Optopyrotechnics. 
The essential differences between traditional optical technology and Optopyrotechnics are the higher 
level of optical power required for initiation, which must be ensured taking into account the presence 
of the essential components constituting the transmission train, together with operation in severe 
environments: margins in power budget might be poor, depending on the architectures selected. 
Optical power transmission for LVs raises new problems still to be solved. 
 
The adoption of a new technology is subjected to reaching a sufficient TRL; see Table 1. A TRL of 5 
(“Component and/or breadboard validation in a relevant environment”) is necessary to take the 
Optopyrotechnic technology into consideration. The current TRLs can be considered as follows (note 
that TRLs refer to one application): 2-3 up to 5-6 for optical components, 4 to 6 for Optopyrotechnic 
devices. 
 
4.2 GENERAL APPROACH 
 
A preliminary work consists in the identification of the problems arising from the use of 
Optopyrotechnics: availability of the elementary components of sufficient performances and compliant 
with the environmental and RAMS requirements, as well as the compromises to be achieved between 
technological possibilities and system constraints. 
 
The comparison of the Electropyrotechnic and Optopyrotechnic trains (see Fig. 1 to 3): 

- highlights the new components which must be the subject of an analysis of adequacy to the 
requirements in terms of functional and operational performances; a link comprising 6 connectors 
in cascade, of typical insertion loss 0,5 dB each, presents a link budget of at least 3 dB, not taking 
into account the influence of the fibre (very low) and that of the possible switch or optical barrier; 
power is thus divided by at least a factor of 2; this example shows the immediate impact of the 
performances and number of the optical connectors on the overall performance 

- arouses some “system” interrogations raised by the use of those new components: safety (number 
and location of the safety barriers), but also highlights some of the expected advantages 
(subsystem simplification, removal of equipment items). 

 
System analysis results are thus very dependant on the pyrotechnic technology selected. So, while the 
technology must be compliant with the application aimed at, system level analysis is obviously 
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constrained, in turn, by the possibilities of optical key technologies: performances, compliance with 
conditions of use (environments), capability to meet the operational requirements (reliability, safety). 
 
Moreover, moving from Electropyrotechnics to Optopyrotechnics has several impacts, visible at 
Stages level (layout, pyrotechnic subsystem simplification), but also less visible, at System level: 
simultaneity/sequencing of commands for Stages separation (and ignition) control, fulfilment of 
Safeguard requirements, impacts on on-board flight S/W which manages ordnance commands. 
 
As mentioned above, the decision making process must take into account both technological and 
system level viewpoints and for this reason is specific to an application. 
 
4.3 MAJOR CONCERNS 
 
On LVs, the main technical differences between the current Electropyrotechnic subsystem and the new 
Optopyrotechnic one are 1) no more primary explosives, 2) no more pyrolines nor classical safe-and-
arm devices, e.g. BSA [Boitiers de Securite et d’Armement] on ARIANE 5, 3) use of new 
components: optical power sources, optical transmission lines, optical connectors… 
 
In case of moving to Optopyrotechnics on an existing LV, the main design constraints are: 

- let final functions (“fonctions terminales”) unchanged: igniters, separation devices, distancing 
rockets… 

- ensure sufficient functional performances to properly operate those final functions 

- ensure at least the same safety, availability and reliability performances as the current 
Electropyrotechnic technology; for that purpose, testability of the overall subsystem is a major 
concern 

- have a limited impact on the flight S/W. 
 
4.4 OPEN POINTS 
 
This results in several open points: 

- technological concerns: availability of optical components (connectors, switches, shutters…), 
relevant optical performances, volume…, ability to successfully undergo the harsh environments, 
in particular temperature, random vibrations, shock; tolerance of optical devices to the space 
radiative environment, not so severe as in the case of spacecraft, has to be checked. 

 

- system level concerns: 

• architecture selection, related to components availability and performances, reliability and 
safety requirements, trade-offs with transient phases management and flight S/W capabilities 

• fulfilment of the safety requirements: the detonator / initiator does not contain primary 
explosive anymore, so the source of risks is no more at the pyrotechnic device level and the 
location of the safety barrier (equivalent to the current BSA on ARIANE 5) changes; the 
precise location is related to the barrier technology (electrical or optical – upstream or 
downstream to the optical source), its availability and the compared reliabilities of the optical 
components; in addition, the FS/FS [Fail Safe/Fail Safe] criterion must be fulfilled for the 
products and/or subsystems that present a risk for the safety of individuals and possessions 
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• testability of the opto-pyrotechnic subsystem: a-priori possibility (when allowed) of an end-to-
end test up to (excluded) the final function, assembly and integration tests during the 
preparation phases  

• general optimisation of the overall new subsystem in order to take full benefit from the new 
technology 

- and a combination thereof, as mentioned in the items above. 
 
 
5 APPROACH FOR A FEASIBILITY PHASE 
 
Main items of this feasibility phase are valid for other applications than LV. Both technological and 
system level studies must be run together. 

- Component level:  

• Optical: availability and behavior validation (functional operation and compliance with 
environments) of connectors, switches, couplers, shutters, fibers, lasers 

• Optopyrotechnic: end of pre-development, additional safety and reliability tests dedicated to 
the application aimed at 

 

- System level 

• Selection of a reference architecture (electro-opto-pyrotechnic): several solutions are 
conceivable for LV functional architectures, each of them featuring two redundant and 
independent trains 

• Transient phases studies (e.g. Stages separation): flight mechanics vs simultaneity/sequencing 
of ordnance commands 

• RAMS and Safeguard: submission of the Safety File to the Safeguard Authority, request for 
agreement on changes in architectures (safety barriers location…),  

• Test methods: search for optical test methods, validation, conclusion on the testability level of 
the Optopyrotechnic subsystem  

• Consolidation of the impacts to Stages and Vehicle avionics, including flight control S/W, 
AIT and Kourou operations 

• Consolidation of the recurring cost saving and non recurring cost 

• Demonstrator 

 An end-to-end demonstration is necessary before deciding the application and the 
implementation on a LV, first by on-ground demonstrator of the complete appropriate 
set-up: test performance of a breadboard 

 In-flight demonstrator is most likely necessary prior to any flight readiness decision. 
 
 
6 CONCLUSION 
 
Optopyrotechnics is a new technology promising for LV applications, by induced simplification of the 
pyrotechnic subsystem. This simplification is related to the use of no primary explosives in the design 
of the Optopyrotechnic devices and the intrinsic insensitivity of those devices and optical links. The 
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subsystem simplification results in a reduction of recurrent cost, provided that the new architecture is 
proven to fulfil the safety regulations at least as well as the current Electropyrotechnic subsystems, and 
the availability of new components for proper operation in LV-specific environments is demonstrated. 
 
Even if the optical technology is well known, for years, in the field of telecommunications and in 
some aeronautic applications, it is not yet mature for LV use and some work remains to be done to 
demonstrate its adequacy. 
 
Moving to this new technology arouses not only elementary components concerns but system level 
questions as well, more or less obvious, which have to be properly answered. Numerous trade-offs 
between technological and system level issues must be tackled. Among new system level questions 
raised by the use of optical technology appears the need for considering and characterize new spurious 
light environments, to sustain the Safety File. 
 
Due to the deep interaction between technological possibilities and system constraints specific to the 
application, the use of Optopyrotechnics cannot be a « fashion phenomenon »! What is good for a 
system may not be good for another one… 
 
Lastly, it is necessary to deal with both technology and system constraints altogether, from the very 
beginning of the feasibility phase. A right way is to define a detailed roadmap, compliant with a 
reasonable deadline for application to an existing or new Vehicle. 
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FIGURES 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1: Elementary Electropyrotechnic train 
 
 
 
 
 
 
 
 

Fig.2: Elementary (Electro)-Optopyrotechnic train 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3: Comparison between Electropyrotechnic and Optopyrotechnic subsystems 
 
 

AD
LT LT

RMV FT

Pyro Transmission Line
Safe & Arm

Device
(BSA: Boitier 
de Securite et 
d’Armement)

Final Function
(Fonction Terminale)

BSA

Manifold
(RMV: 

Relais Multi-Voies)
Detonator

(AD: Amorce-Detonateur)

AD
LT LT

RMV FT

Pyro Transmission Line
Safe & Arm

Device
(BSA: Boitier 
de Securite et 
d’Armement)

Final Function
(Fonction Terminale)

BSA

Manifold
(RMV: 

Relais Multi-Voies)
Detonator

(AD: Amorce-Detonateur)

Initiator/
Detonator

Safe & Arm Device (if optical)

Optical Fiber

Safe & Arm Device (if electrical)

Connectors Final FunctionLaser Diode

DLDL FT

Initiator/
Detonator

Safe & Arm Device (if optical)

Optical Fiber

Safe & Arm Device (if electrical)

Connectors Final FunctionLaser Diode

DLDL

Initiator/
Detonator

Safe & Arm Device (if optical)

Optical Fiber

Safe & Arm Device (if electrical)

Connectors Final FunctionLaser Diode

DLDL

Initiator/
Detonator

Safe & Arm Device (if optical)

Optical Fiber

Safe & Arm Device (if electrical)

Connectors Final FunctionLaser Diode

DLDL

Laser Diode

DLDLDLDL FT

ElectroPyrotechnic subsystem 

AD
LT

LT
RMV

Manifold

Pyrotechnic 
Transmission 

Lines

FT
Electrical

Detonators

AD
LT

LT FT

LT FT

LT

RMV
FT

LT FT

LT FT

Command & Monitoring Final Functions
(Fonctions Terminales)

Data Bus

Power

Manifold 
(RMV: Relais Multi-Voies)

BSA

BSA

ElectroPyrotechnic subsystem 

AD
LT

LT
RMV

Manifold

Pyrotechnic 
Transmission 

Lines

FT
Electrical

Detonators

AD
LT

LT FT

LT FT

LT

RMV
FT

LT FT

LT FT

LT

RMV
FT

LT FT

LT FT

Command & Monitoring Final Functions
(Fonctions Terminales)

Data Bus

Power

Data Bus

Power

Manifold 
(RMV: Relais Multi-Voies)

BSA

BSA

(Electro-)OptoPyrotechnic subsystem

Laser diodes
Optical 
Fibres

Final Functions
(Fonctions Terminales)

Command & Monitoring

Electrical Safe & Arm
Firing Box

FTDLDL

Pyro 
Devices

FTDLDL

FTDLDL

or Optical Safe & Arm

(Electro-)OptoPyrotechnic subsystem

Laser diodes
Optical 
Fibres

Final Functions
(Fonctions Terminales)

Command & Monitoring

Electrical Safe & Arm
Firing Box

FTDLDL

Pyro 
Devices

FTDLDLDLDL

Pyro 
Devices

FTDLDL

FTDLDL

or Optical Safe & Arm

FTDLDLDLDL

FTDLDLDLDL

or Optical Safe & Arm



POTENTIAL USE OF OPTOPYROTECHNIC TECHNOLOGY  
FOR LAUNCH VEHICLE APPLICATIONS 

 
TABLE 

 
 
 

TRL  
9 Actual Technology Flight Proven in Operation 
8 Actual Technology Flight Qualified by Demonstration 
7 Technology Prototype Demonstration in an Operational Environment 
6 Technology Model or Prototype Demonstration in a Relevant Environment 
5 Component and/or Breadboard Validation in a Relevant Environment 
4 Component and/or Breadboard Validation in Laboratory Environment 
3 Analytical and Experimental Critical Function Proof of Concept 
2 Technology Concept and/or Application Formulated 
1 Basic Principles Observed and Reported 

 
Table 1: Technology Readiness Levels 

 
 
 
 
 

ACRONYMS 
 
 
 

AIT:  Assembly, Integration and Test 
 
BSA:  Boitier de Securite et d’Armement (Safe & Arm Device) 
 
FS/FS:  Fail Safe/Fail Safe 
 
LV:  Launch Vehicle 
 
RAMS: Reliability, Availability, Maintainability and Safety 
 
S/W:  SoftWare 
 
TRL:  Technology Readiness Level 
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Molecular dynamics study of tantalum spallation. 
AUTHOR 
Name : Soulard Laurent 
Organisation : CEA 

 
ABSTRACT 
We present in this paper a molecular dynamics study of tantalum spallation. The 
spallation is the final stage of the damaging caused by a series of shock and rarefaction 
waves. This complex process is due to the nucleation, the growth and the coalescence of 
pores within a thin zone corresponding to the crossing of two rarefaction waves. Various 
experimental works allowed a partial description of this process. We present here a 
complementary analysis based on large classical molecular dynamics simulations in single 
and polycristal of tantalum. We use a rather sophisticated potential function (MEAM) 
associated with multi-million particle samples. The simulations were made on the TERA 
10 computer of CEA-DAM, and needed several hundred processors. We examine at 
various times the apparition and the evolution of pores, and provide their spatio-
temporal distribution. The one dimensional (in the hydrodynamics sense) and 3D cases 
are considered in order to understand the effects of lateral rarefaction waves in the 
spallation phenomenon. Comparisons with experimental data are shown. 
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Hugoniot of nitric acid. A molecular simulation study. 
AUTHOR 
Name : Nicolas DESBIENS 
Organisation : CEA, Département de Physique Théorique et Appliquée, DAM-IDF 

 
ABSTRACT 
We present here an efficient method to compute the hugoniot curve of complex systems, 
including systems at chemical equilibrium, using Monte Carlo simulations with classical 
potentials. This method combines the advantages of two techniques. First a constrain is 
added to the system such that hugoniot relation is satisfied (AE-EOS technique). 
Secondly, the Reactive Ensemble technique (ReMC) has been implemented, allowing a 
correct sampling of a system at chemical equilibrium. 
 
The resulting method (AE-EOS + ReMC) is applied to the calculation of the hugoniot 
curve of nitric acid, which is represented by a mixture of several compounds including 
HNO3, N2O4, NO2, NO, H2O and O2 at chemical equilibrium. 
 
A discussion is also presented concerning the relevance of using complex potentials 
(atomic potentials with variable charges versus molecular potentials) for an accurate 
description of thermodynamic properties over a broad range of temperature and 
pressure. 
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FORMAL CHARACTERISTICS OF ALUMINIUM BURNING RATE LAW IN NON-IDEAL 
DETONATIONS OF AMMONIUM NITRATE BASED MIXTURES 
AUTHOR 
Name : Pavel Vladimirivich Koissarov 
Organisation : N.Semenov institute of chemical physics russian academy of scienses 

 
ABSTRACT 
Detonation velocity of the ammonium nitrate (AN) + aluminium mixtures in loose-packed 
charges confined in 2-mm thick 1-m long steel tubes has been measured. Parameters 
varied were AN particle size (porous prills as supplied and two ground unsieved 
fractions), aluminium particle size (spherical fine and coarse powders), aluminium 
content in the mixtures (from 0 to 18 wt. %) and tube diameter. The detonation 
propagation was monitored using a set of 11 optic fibers positioned uniformly along the 
confinement. Depending on the varied parameters, the detonation velocity ranges from 
1500 up to 3500 m/s. Several runs were equipped with the PVDF-gauges to record 
pressure profiles. 
The experimental database has been used to extract aluminium burning rates. A simple 
model of steady non-ideal detonation developed in the quasi-one-dimensional 
approximation for weekly diverging flow in multiphase reactive medium was used for 
numerical analysis of the database. Equations specifying rates of AN surface burning and 
aluminium burning in the AN decomposition products comprise 4 coefficients (the burning 
rate coefficient and the pressure exponent for both components). Values of these 
coefficients were fitted to provide the best agreement between numerical modeling and 
experiment. 
The analysis shows that the aluminium burning has the same time scale as that of AN 
and can contribute significantly into the heat release in the detonation reaction zone. In 
the case of 5 µm aluminium, with the typical reaction zone thickness of about 10 mm and 
the particle exposition time in the reaction zone of about 5 – 7 µs, 40 – 60 % aluminium 
burns down in the reaction zone (depending on the wave velocity). There was no a 
marked pressure effect on the aluminium burning rate observed in the considered 
pressure range from 1 up to 6 GPa. With the increase of the aluminium particle size, the 
aluminium burning time increases roughly proportionally to the particle diameter with 
exponent 1.5. Ammonium nitrate in the mixtures with aluminium burns faster 
(approximately in 1.5 times) than with no additive, due to higher temperatures in the 
reaction zone. Grinded AN burns significantly faster. 



A multiphase model for heterogeneous explosives containing liquids 
and aluminum particles 

A multiphase model for heterogeneous explosives 
containing liquids and aluminum particles. 

 
G. Baudin*, P. Delcor*, R. Saurel+, E. Daniel+, E. Franquet+, 

O. Lemetayer+, J. Massoni+, V. Belsky++, A. Medvedev++, E. Zotov++

*DGA/DET/Centre d’Etudes de Gramat, France 
+Polytech’ Marseille, Université de Provence and IUSTI, Marseille, France 

++VNIIEF/Institute of Physics of Explosions, Sarov, Russia 
 
 
 
 
ABSTRACT 
 
The multiphase model, presented here, is based on the two-phase reduced model 
developed by Kapila et al, to describe deflagration-to-detonation transition in granular 
materials, assuming  one single pressure and material velocity. It remains out of thermal 
equilibrium, which is a limiting hypothesis for HE applications. Saurel et al extended 
this model to an arbitrary number of phases, adding heat and mass transfers and 
determined the shock-jump equations. The outline of this paper is the application of this 
model to calculate the propagation of the detonation wave inside tetranitromethane, 
nitrobenzene, aluminum mixtures. Since aluminum particles combustion mainly occurs 
in the release wave behind the sonic locus, the reactive flow model can be reduced to a 
two-phase approach and a single kinetic to describe the tetranitromethane-nitrobenzene 
decomposition. Shock wave data of the mixtures are theoretically determined using 
three-phase shock-jump equations. Detonation products equations of state are 
theoretically determined using thermochemical codes. The kinetic law is a one-reaction 
transition state model which parameters are fitted to reproduce shock-to-detonation 
experimental data. Implemented inside hydrocodes, this model allows the numerical 
simulation of detonation propagation inside the mixtures. 
 
 
 
INTRODUCTION 
 
V. Belsky et al1 experimentally studied the detonation of heterogeneous high explosives (HE) 
containing liquids and aluminum powders. The objective is to study the oxygen balance and 
aluminum particle diameter effects on the detonation characteristics. Detonation modeling of 
such HE is the topic of this paper. 
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The multiphase model, presented here, is based on the two-phase reduced model developed by Kapila 
et al2, to describe the deflagration-to-detonation transition in granular material for which velocity and 
pressure relaxation is a stiff phenomenon. This approach is based on single pressure and material 
velocity, and remains out of thermal equilibrium, which is a limiting hypothesis for applications to 
detonation of CHONAl high explosives. Saurel et al extended this model to an arbitrary number of 
phases, adding heat transfer and mass transfer and determined the shock-jump equations3. The outline 
of this paper is the application of this multiphase model to calculate the detonation characteristics of 
tetranitromethane (TNM), nitrobenzene (NB) and aluminum (Al) mixtures. 
 
 
MULTIPHASE MODELING 
 
The objective is to calculate the propagation of the detonation wave (detonation pressure and velocity 
of detonation). Since the aluminum particles combustion mainly occurs in the release wave behind the 
sonic locus, the reactive flow model can be reduced to a two-phase approach and a single kinetic 
describing the TNM-NB decomposition. Al combustion will be introduced later. 
 
Classical models are described by the three Euler equations and closure equations which describe a 
single reaction rate and the thermodynamic of the mixture of condensed phase and detonation 
products. The Euler equations (mass, momentum and total energy conservation equations) are le 
following: 
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Y1 and Y2 are the mass fraction of initial HE and of detonation products. P, T, e, v are the pressure, the 
temperature, the internal energy and the mass volume. 
 
It is clear that this approach is not appropriated for two-phase flows with non-thermal equilibrium 
chemical reactions. The other hypothesis of isentropic evolution for the condensed phase is difficult to 
implement inside hydrocodes and perform numerical simulations when occur several shock waves. 
The new multiphase approach of modeling for hydro-reactive flow developed by A. Chinnaya et al 
seems to be more appropriate. A full multiphase model DEM, Discrete Element Method, was 
developed in 20034. It gives directly the numerical scheme, which can be implemented inside an 
hydrocode. A. Chinnaya et al4 found an continuous asymptotic limit of this model and recovered the 
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Baer and Nunziato model5, completed by explicit relationships for the interface mechanical parameters 
and for the pressure and material velocity relaxation coefficients. These authors also determined an 
asymptotic limit of this model when the pressures and material velocities of each phase are 
equilibrated: they recovered the Kapila and al model2, plus the mass transfer. 
 
This last approach is useful to develop shock-to-detonation and detonation models. It is composed of 
the classical mass, momentum and total energy conservation equations (Euler equations) closed by 

- a relation for the volume fraction for N-1 phases 
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- the reaction rate for N-1 phases 
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- equations of state for each phase. 
 
This model admit new shock jump equations  
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These shock jump relations are validated over more than 100 experiments3. 
 
 
APPLICATION TO TNM-NB-PMMA-Al PARTICLES HE 
 
Such a HE is composed of two liquids and metallic particles gelled using 3 % of PMMA. The equation 
of state (EOS) of metallic particles are known up to the detonation level, but liquids EOS are 
unknown. We will use the Woolfolk et al universal D-u shock relationship6  

( )
u

C
0.37e1.371.62

u
D 0C2u 0−−+= , 

in order to determine the shock data of liquids. Using this simple model, only a measure of the sound 
velocity C0 is necessary to determine the D-u relation. Figure 1 illustrates the accuracy of this 
relationship for several liquids. 
 
C0 measurements are reported in the table 1 for TNM, NB7 and Al8. The aluminum D-u linear slope is 
equal to 1.34. The Gruneisen coefficients are equal to 1.0 for the liquids and to 2.0 for Al. 
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Table 1 – HE constituents data 

Constituents C0 (m/s) Density (g/cc) Cp (cal/g) Hf (kJ/mol) 
C(NO2)4 - TNM 1039 1.639 0.290 38.00 
C6H5NO2 - NB 1473 1.204 0.340 15.91 

Al 5350 2.700 0.213 0 
 
The TNM-NB-Al shock wave data are theoretically determined using the three-phase shock-jump 
relations and “Stiffened Gas” approximations for the 3 species equations of state. Figure 2 represents 
the shock Hugoniot data and the D-u relationship obtained for a 41/29/30 TNM/NB/Al mixture. 
 
This D-u relationship is then used to determine the EOS of the initial TNM-NB-Al mixture. The EOS 
chosen for the initial mixture is the Cochran and Chan equations9
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which parameters A1, A2, E1, E2 are fitting to the mixture D-u relationship. 
 
For detonation products, the equations of state JWL are theoretically determined using 
thermochemical codes (A. Medvedev10 and Cheetah code11). 
 
The TNM-NB mixture reaction rate is calculated using a one-reaction transition state model: 
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The activation entropy Sact and temperature Tact are fitted to reproduce shock-to-detonation (SDT) 
experimental data at high pressure. Figure 3 represents the set-up of these experiments developed at 
CEG12. 
 
A plane copper plate (figure 3 on the left) is pushed up to 1934 m/s, using a powder gun, and impact 
the TNM-NB cell. This cell is composed of a copper transfer plate and a polyethylene cylindrical box. 
This cell is filled of TNM-NB mixture; its internal depth is 4 mm. Piezoelectric pins record the copper 
plate velocity and the shock-to-detonation velocities inside TNM-NB mixture. An optical head 
connected to an optical UV-Vis spectrometer, records the thermal radiance emitted by TNM-NB 
reactions during SDT. Figure 4 represents thermal radiance signals for several wavelengths of the 
spectrometer. 
 
Detectors 1 and 2 (811 and 778 nm) exhibit classical signals of liquid explosives SDT12: the formation 
of a super-detonation after an induction time (detonation propagating inside the shock compressed 
TNM-NB mixture) and the formation of an overdriven detonation when the super-detonation reaches 
the initial shock wave. The reaction induction time is about 35 ns and the detonation formation 
appears 75 ns after the shock wave emergence inside the TNM-NB mixture. These two data allow the 
determination of the two activation parameters, using experimental - 1D numerical simulation 
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comparisons. The pre-exponential factor 11/RSB 105.9e
h
Tk

act =  at shock temperature and Tact = 

15000 K. 
 
Implemented inside hydrocodes, this model allows the calculation of detonation propagation 
characteristics inside the TNM-NB-Al mixtures. It has been used to perform numerical simulations of 
V. Belsky et al experiments (figure 5). 
 
The reaction rate and the volume fractions of the two phases are numerically approximated using a 

first order scheme. Instead of ( )
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equivalent form of this relation is more suitable to easily implemented this model inside a classical 
hydrocode: 
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shock waves. Using a first order approximation, we obtained systematic errors for the volume 
fractions of the two phases which lead to underestimate the detonation velocity. 
 
 
CONCLUSION 
 
This paper proposes a new approach for shock-to-detonation and detonation modeling. This approach 
is based on a two-phase flow reduced to single pressure and material velocity, which remains out of 
thermal equilibrium, a limiting hypothesis for applications to detonation of CHONAl high explosives. 
Saurel et al extended this model to an arbitrary number of phases, adding heat and mass transfers3, 
which is a useful model for CHONAl high explosives; aluminum particles are not in thermal 
equilibrium with the gaseous reaction products during its combustion. 
 
As a first step, the combustion of the metallic additive is not considered. Such a model is sufficient to 
predict the velocity of detonation and the detonation pressure, because of the metal combustion 
occurring mainly in the release wave behind the sonic locus, due its slow reaction rate. This model has 
been applied to tetranitromethane, nitrobenzene and aluminum mixtures. 
 
The closure equations of the Euler equations are approximate using a first order scheme which leads to 
errors on the volume fractions behind shock waves. A perspective is to increase the precision of the 
numerical simulation using a more reliable numerical scheme. 
 
Another perspective is to develop a three-phase model including aluminum combustion and heat 
transfer to completely describe the detonation propagation and the release wave. 
 
At this stage of modeling, it is clear that such a model can be used for solid high explosive. For 
classical HMX and TATB based high explosive, a two-phase model would be sufficient. The 
advantage of this approach is the extension to an arbitrary number of phases useful for non-ideal high 
explosive containing several components exhibiting different reaction rates. 
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FIGURES 
 
 

 
Figure 1 - Accuracy of Woolfolk et al universal D-u shock relationship for several liquids 

 
 

 
Figure 2 - 41/29/30 TNM/NB/Al mixture D-u relationship. 
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TNM-NB cell 

 
 

Figure 3 – Photograph of TNM-NB shock initiation experiments. 
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Figure 4 - Thermal radiance signals for several wavelengths, recorded using the spectrometer. 
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Figure 5 - Numerical simulations of V. Belsky et al experiments 
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1 ABSTRACT 
 

Reduced Sensitivity RDX ( RS-RDX ) particles are now available from several 
manufacturers. This offers the potential to reduce the vulnerability of RDX 
formulations. Unfortunately, it is not yet possible to distinguish between RDX and RS-
RDX at the particle level. Sensitivity tests on formulations are needed. 
 

A new kind of RDX particles will be presented. These are Very Insensitive RDX 
particles: VI-RDX. VI-RDX particles demonstrate that it is possible to significantly 
reduce the sensitivity of the best class 1 RS-RDX particles. VI-RDX shock sensitivity is 
at the same level than ultra fine (0-12µm) RS-RDX particles and is also independent of 
the particle size. This allows controlling independently the formulation shock sensitivity 
and the formulation processing.  

 
The particle microstructure of VI-RDX is presented and discussed. Key particle 

microstructure features are pointed out to control the shock sensitivity of RDX 
formulations. 
 
 
2 INTRODUCTION 
 
 Cyclotrimethylenetrinitramine (RDX) is a widely used crystalline high explosive. In recent 
years much interest has been generated in a quality of Reduced Sensitivity RDX (RS-RDX) which 
offers the possibility to reduce the vulnerability of some RDX formulations in reducing their shock 
sensitivity. RS-RDX is available from several manufacturers around the world. 
 

Unfortunately, it is not yet possible to distinguish between RDX and RS-RDX at the particle 
level. Sensitivity test on explosive formulations are still needed. Some RDX particle characterization 
techniques offer the potential to discriminate between RDX and RS-RDX, but at present no single 
method, or combination of methods, suffices to predict whether a RDX particle lot will produce a 
relatively more or less shock sensitive formulation. 

 
In November 2003, a joint NATO AC/326-SG1/NIMIC Technical Workshop was held in 

Meppen  (D) to examine suitable techniques for characterization and discrimination between RDX and 
RS-RDX [1]. A RS-RDX Round Robin (R4) program was setup to evaluate various commercial RDX 
grade and to test the particle characterization techniques pointed out in Meppen in 2003 [2], [3]. 7 
commercial RDX lots were selected and distributed among 16 laboratories. 
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 The preliminary analysis of the results of the R4 program has shown problems of repeatability 
and reproducibility of the tests methods across laboratories. Sampling and sample preparation has been 
highlighted as a key issue. RDX shock sensitivity has been measured using PBXN-109 formulations 
and large scale gap tests. This was performed by US laboratories. The RDX particle microstructure 
tests, performed among the 16 laboratories, do not yet allow differentiating between RDX and RS-
RDX. High Precision Liquid Chromatography (HPLC) measurements provide the HMX content in 
RDX particles, but this measurement do not correlate with the shock sensitivity. This result is 
confirmed by another work [4]. Optical microscopy shows qualitative differences. X-Ray diffraction 
(XRD) and nuclear quadrupole resonance (NQR) may offer potential for differentiation, but recent 
experimental data show that the shock sensitivity of RDX particles cannot be predicted directly from 
NQR measurements [5]. The think/float method to measure the RDX particle apparent density shows 
extreme variations between laboratories and inconsistent data. Only the ISL flotation unique method 
has provided apparent density data consistent with the HMX content. These ISL data point out the 
density accuracy needed to distinguish between the RDX lots. The density points prescribed in the 
initial R4 program were not adapted. 

 
This paper presents other works performed at ISL. It is organized in two parts: 

• The first part gives new experimental data for the R4 program. These are true apparent 
density distribution data and shock sensitivity data. 

• The second part shows that it is possible to significantly reduce the shock sensitivity 
of RS-RDX class 1.The ISL Very Insensitive RDX (VI-RDX) will be presented. 

 
 
3 ROUND ROBIN RS-RDX: ADDITIONNAL DATA 
 
 From the first data published in [2]: 

• ISL has completed and improved particle apparent density measurements.  
• ISL has performed shock sensitivity measurements using the ISL 20 mm projectile impact 

experiment on ISL RDX/wax (70/30) formulations. 
 
 
3.1 PARTICLE APPARENT DENSITY DATA  
 

Using the ISL flotation method, some experimental correlations have been pointed out 
between the explosive particle microstructure and the shock sensitivity of the explosive formulation 
[6], [7]. The important role of the explosive particle intra-granular voids was outlined. Nevertheless 
some deviations remain in the experimental correlation between the average volume fraction of intra-
granular voids and the formulations shock sensitivity [8]. This suggests that some other RDX particle 
microstructure parameters could affect the formulation shock sensitivity. The 7 RDX lots of the R4 
program have been selected to study the correlation between microstructure and sensitivity [1].  

 
The ISL apparent density measurements on the 7 RDX lots of the R4 program have been 

completed. The first results published in [2] are confirmed and improved. True particle apparent 
density distributions have been measured. Data are given on figure 1a and figure 1b. Each distribution 
curve on figures 1a and 1b put together the experimental points of three trials performed on three 
different RDX particle samples. The dispersion of the experimental points for the three trials on each 
RDX lot is limited. The differences between the RDX lots are significant. The ISL apparent density 
measurements are performed since many years. RDX particles without HMX have always an apparent 
density below 1.801 g/cm3. Lots 1,6,5 and 4 have no HMX as an impurity (figure 1a). Only lots 2, 3 
and 7 have particles with apparent densities larger than 1.801 g/cm3. This shows that lots 2,3 and 7 
have HMX as an impurity (figure 1b). 
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Curves on figures 1a and 1b are distribution curve. This means that the area under each curve 
is 1. The distribution curves have a single mode. For a homogeneous set of RDX particles the mode of 
the distribution is higher and narrower than for a less homogeneous set of RDX particles. For a set of 
RDX particles free of HMX and with only a few solvent inclusions, the mode will be below 1.801 
g/cm3, and closer to 1.801 g/cm3 than for a similar lot with more solvent inclusions.  

 
The apparent density distribution mode of lot 1 is the closest to 1.801 g/cm3 among the RDX 

lots without HMX  (figure 1a).   
 
Some particles of lot 7 have apparent density higher than 1.801 g/cm3. Lot 7 has HMX as an 

impurity. The mode of lot 7 is the highest and the narrowest. This indicates that the set of particles of 
lot 7 is the most homogeneous.  

 
Some particles of lot 3 have apparent densities higher than 1.801 g/cm3. Lot 3 has HMX as an 

impurity. The mode of lot 3 is the lowest. This indicates that the set of particles of lot 3 is the less 
homogeneous.  

 
Lot 2 has also HMX as an impurity. The mode of lot 2 is lower than the modes of the RDX 

lots free of HMX. This indicates that the set of particles of lot 2 is less homogeneous than the particles 
of the lots free of HMX.  

 
The apparent density measurements are quite consistent with the last ISL HPLC data (table 1), 

which provide the average HMX mass fraction for each lot. The accuracy of these last ISL HPLC 
measurements has been improved and an HMX mass fraction of 0.01% can be detected. The 
dispersion of the experimental data is given in table 1. Measurements of table 1 are average data based 
on several injections and several samples of particles of the RDX lots. Only RDX lots 2, 3 and 7 have 
HMX as an impurity. The less homogeneous set of RDX particles is lot 3. It is also the lot with the 
highest HMX mass fraction. 

 
RDX lot  HMX mass fraction (%)  (HPLC) 

1 0    ( <0.01 ) 
2 9.09  ( ± 0.68 ) 
3 7.35  ( ± 0.17 ) 
4 0     ( <0.01 ) 
5 0     ( <0.01 ) 
6 0     ( <0.01 ) 
7 0.60  ( ± 0.02 ) 

 
Table 1 : HMX content for the RDX lots of the R4 program 

 
 The apparent density distribution gives also the average apparent density for a RDX lot. 

Assuming that the heterogeneities in a RDX particle can only be HMX as an impurity or inclusions 
filled with air, it is possible to compute an average volume fraction of inclusions from the average 
apparent density and the average HMX mass fraction. Figure 2 gives the average volume fraction of 
inclusions for each lot of the R4 program. Error bars on figure 2 show that variations between the lots 
are significant. 

 
The difference between the average value and the mode value of a distribution is underlined. 

Among the RDX lots free of HMX, lot 1 has the highest apparent density mode value, but this is lot 5 
which has the highest average apparent density value and consequently the lowest average volume 
fraction of inclusions (figure 2). 
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Despite that lot 7 has HMX as an impurity; it has the lowest average volume fraction of 
inclusions among all the RDX lots of the R4 program. Lot 3 and lot 2 are the other lots which have 
HMX as an impurity. These are the lots which exhibits the largest average volume fraction of 
inclusions. There is no direct correlation with the average volume fraction of inclusions and the 
average HMX mass fraction. 

 
 
3.2 SENSITIVITY DATA 
 

The aims to perform ISL shock sensitivity measurements on the 7 lots of the R4 program are: 
• To complete the US sensitivity data in using another kind of formulation and 

sensitivity test. 
• To get a reference basis with the 7 RDX lots of the R4 program to compare the ISL 

sensitivity database with other sensitivity data. 
 

For the R4 program, the US sensitivity data have been measured with the large scale gap test 
on PBXN-109 formulations. The ISL shock sensitivity measurements have been performed with the 
20 mm projectile impact experiment on ISL formulations.  

 
The ISL formulations are composed of 70 % in weight of RDX particles and 30 % of wax. 

The use of wax allows an accurate control of the quality of the formulations, which are homogeneous 
and free of residual extra-granular pores. This is checked by measuring the density of the formulation 
samples.  

 
The 20 mm projectile impact experiment is a calibrated shock experiment. The shock pressure 

and the shock duration are controlled in launching a flat ended steel projectile of diameter 20 mm, 
length 20 mm and mass 50 g against a formulation sample.  The projectile is launched with a nylon 
sabot using a powder gun.  A protection wall and a 2 meters distance between the target and the gun 
muzzle avoid blast effects. The formulation sample diameter is 45 mm and its length is 50 mm. The 
projectile impact velocity is measured using a double flash X-ray radiography. The stability of the 
projectile flight and the quality of the impact can also be checked on this radiography. The shock 
transit time across the sample is measured using short circuit gauges located on the shock entrance 
face and exit face of the sample. 

 
 The variations of the shock transit time across the sample in function of the projectile impact 

velocity give the threshold impact velocity to get the detonation of the sample. There is a sharp 
decrease of the shock transit time across the sample when the threshold impact velocity is reached. 
The detonation diagnosis is confirmed with ionization gauges located on the periphery of the sample. 
Eight samples are used to find the threshold impact velocity of a formulation.  

 
 The ISL shock sensitivity data for the RDX lots of the R4 program are given figure 3. It gives 

for each formulation, the lowest impact projectile velocity which leads to a detonation and the highest 
impact projectile velocity which does not lead to a detonation. These ISL data show that lots 1, 5, 6 
and 7 are RS-RDX lots. Lots 2, 3 and 4 are “normal” RDX lots. Lot 2 is the most sensitive.  

 
The 20 mm projectile impact velocities can be easily converted in impact pressures and a 

critical pressure to get detonation can be defined as a mid value of the two pressures corresponding to 
the two velocities of figure 3. The US and ISL critical pressures are compared on figure 4. It is 
important to remind that the US and ISL critical pressures have been measured with different 
formulations and sensitivity tests. The pressure error bars on figure 4 corresponds to the intermediate 
zone on figure 3. 
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The ISL critical pressure is systematically larger than the US critical pressure, but the ISL and 
US critical pressure data are similar and coherent. They give the same sort between RS-RDX lots and 
“normal” RDX lots. Lots 1, 5, 6 and 7 are the less shock sensitive lots (RS-RDX lots). Lots 2, 3, 4 are 
the most sensitive lots (“normal” RDX lots). This shows that the simple ISL formulation (RDX/wax – 
70/30) and the 20 mm projectile experiment are representative of a more usual shock sensitivity test 
(LSGT) performed on more applied formulation (PBXN-109). The interests of the 20 mm projectile 
impact test are on one side to generate a calibrated input shock in the sample and on another side to 
use a limited amount of formulation.  
 

Nevertheless some differences are observed. The ordering by increasing shock sensitivity of 
the 7 lots is different depending on the formulation and shock sensitivity test employed. Mainly lot 4 
has a different rank. Lot 4 is the most sensitive for the US measurements. Lot 2 is the most sensitive 
for the ISL measurements. Lot 5 is the most sensitive of the RS-RDX lot for the US experiments. For 
the ISL experiment lots 5, 7 and 1 have about the same sensitivity. We are not yet able to explain these 
small variations, further work are needed. 
 
The R4 program has shown that RS-RDX lots are available from several manufacturers in the world 
and that the sensitivity level of the less sensitive RDX lot (RS-RDX) are about the same (lots 1, 5, 6, 
7). The following part deals with another point. Is it still possible to reduce the shock sensitivity of 
RS-RDX formulations?  
 
 
4 THE ISL VERY INSENSITIVE RDX (VI-RDX) 
 
 It has been shown by Moulard [10], that for low shock pressures the very fine RDX particles 
are the less sensitive. 20 mm projectile impact experiment has been performed on an ISL formulation 
using a very fine RDX particle lot from EURENCO: an I-RDX M5 lot. The RDX particle sizes are 
located between 0 µm and 12 µm, with a single mode size distribution. The mode is 5 µm (M5). The 
experimental results are given on figure 5. 
  

Experimental data on figure 5 show that very fine RDX particles as I-RDX M5 are much less 
sensitive than the RS-RDX lots of the R4 program. But processing very fine particles is difficult and 
expensive when it remains possible. Even with a low viscosity binder as the hot ISL wax and a 
relatively small solid load (70%), the use of very fine RDX particles leads to a formulation with a high 
viscosity and processing problems. 
 
 New RDX particles have been processed at ISL. They are called VI-RDX as Very Insensitive 
RDX particles. They have about the same shock sensitivity as I-RDX M5 particles, but have larger 
sizes. Their sizes are located between 100 µm and 630 µm. The processing of these VI-RDX particles 
in explosive formulations is easier than for very fine RDX M5 particles. The next parts give 
experimental data for the shock sensitivity and particle microstructure of VI-RDX.   
 
 
4.1 VI-RDX: SENSITIVITY DATA 
 

The shock sensitivity of VI-RDX particles has been measured in using the ISL formulation 
and the 20 mm projectile impact experiment. The experimental results are given figure 6. They show 
clearly that VI-RDX is much less sensitive than the less sensitive RS-RDX lot of the R4 program. The 
shock sensitivity of VI-RDX is similar to that of very fine M5 RDX. The amplitude of the sensitivity 
difference between RS-RDX and VI-RDX is similar to the amplitude of the difference between 
“normal RDX” and RS-RDX. 
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Figure 7 is similar to figure 4 which gave a comparison of US and ISL sensitivity data for the 
R4 program. Figure 7 adds the ISL critical pressure for VI-RDX. This critical pressure for VI-RDX is 
given by a horizontal line, as the corresponding “US” data (LSGT + PBXN-109) for VI-RDX is not 
known. Errors bars on figure 7 correspond to the intermediate zone between the detonation zone and 
the no detonation zone. 

 
It must be added that the shock sensitivity of VI-RDX particles is independent of the particle 

size as this was already pointed out for another ISL RDX lot [8]. For instance, sieving VI-RDX 
particles to get the two size fractions 100 µm – 315 µm and 315 µm – 630 µm leads to ISL 
formulations with the same shock sensitivity as the formulation using the raw ISL VI-RDX lot. With 
other commercial RDX grades, the shock sensitivity varies with the RDX particle size [10]. The shock 
sensitivity of RS-RDX lots can vary between 1050 m/s and 1150 m/s in function of the RDX particle 
size. This variation is similar to that measured between the 4 RS-RDX lots of the R4 program (lots 1, 
5, 6 and 7). 

 
The next part gives microstructure data for the VI-RDX particles. This outlines key parameters 

to control the shock sensitivity of RDX formulations. 
 
 

4.2 VI-RDX: MICROSTRUCTURE DATA 
 

Several microstructure features of the RDX particles have been studied to check their 
influence on the shock sensitivity of RDX formulations. Two main microstructure characteristics have 
been identified as important to reach the shock sensitivity level of VI-RDX particles: 

• The shape of the particles. 
• The internal defects population of the particles. 
 
The VI-RDX particles are simple particles. There are no macles or particle agglomerates and 

the VI-RDX particles have rounded shapes. Their surface has no edges. Figure 8a gives a SEM picture 
of VI-RDX particles. A small surface porosity can be observed on the surface of VI-RDX particle 
(figure 8a).  

 
Optical microscopy with matching refractive index allows looking at the inside of the RDX 

particles (figure 8b). VI-RDX particles exhibit very few internal defects, at least at a scale which can 
be imaged by optical microscopy. Such “optical” internal defects are mainly solvent inclusions which 
are quite usual with solution crystallization processes. The crystallization process for VI-RDX has 
been optimized to reduce the sizes of solvent inclusions and to minimize the amount of solvent 
inclusions. The internal defect population can be characterized by measuring the apparent density 
distribution of the particles with the ISL flotation method [6]. The particle apparent density 
distribution of VI-RDX particles is given figure 9. It is a single mode distribution.  

 
The apparent densities of VI-RDX particles remain below 1.801 g/cm3. This indicates that 

there is no HMX in VI-RDX particles. This is confirmed by HPLC measurements. The comparison 
with the RDX lots of the R4 program shows that: 

• The mode of the distribution curve of VI-RDX particles is the narrowest and the 
highest. This means that the set of VI-RDX particles is the most homogeneous. 

•  The mode value is about the same as for lot7, but lot 7 contains HMX as an impurity 
and apparent densities must be corrected to get the volume fraction of inclusions.  

• The mode of VI-RDX is also the closest to 1.801 g/cm3. This shows that VI-RDX 
particles have very few internal defects. 
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Figure 10 gives the average volume fraction of inclusions for VI-RDX particles. It has been 
computed as previously for the lots of the R4 program (figure 2). Error bars on figure 10 show that 
variations between the lots are significant. Lot 7 has the smallest average volume fraction of inclusions 
of the lots of the R4 program. But lot 7 has about twice the volume fraction of inclusions of VI-RDX. 
  
 
5 DISCUSSION 
 

VI-RDX experimental data show that: 
• It is possible to reduce significantly the shock sensitivity of the less sensitive class 1 

RS-RDX.  
• The shock sensitivity of RDX particles can be independent of the particle size.  
• The homogeneity of the set of particles, the particle internal defects as solvent 

inclusions and the particle shape are key features to control the shock sensitivity of 
RDX formulations.  

 
The ISL formulations and 20 mm projectile impact experiment show that the critical shock 

pressure to get a detonation varies from about 5.8 GPa for the best RS-RDX lot of the R4 program to 
6.9 GPa for the ISL VI-RDX. From the comparison between the US and ISL sensitivity data in figure 
7, it is reasonable to expect that the critical shock pressure for ISL VI-RDX in a PBXN-109 
formulation tested with the large scale gap test, will be 6.3-6.5 GPa. It  is 5.2 GPa for the best RS-
RDX lot. 

 
The shock sensitivity of VI-RDX is equivalent to the shock sensitivity of very fine I-RDX M5 

from EURENCO, which to our knowledge is the lowest sensitivity level available. Moreover, as in 
[8], the shock sensitivity of VI-RDX particles is independent of the particle size. This means that it 
should be possible to control the shock sensitivity of RDX formulations independently from the RDX 
particle sizes. The particle size distribution would be optimized for the formulation processing. The 
internal defects and the particle shapes would control the sensitivity. 

 
It is shown that the explosive particle apparent density distribution is a potential tool to give a 

quantitative characterization of the homogeneity of a set of particle on one side and the amount of 
particle internal defects on the other side. The apparent density measurements must be completed and 
corrected with HPLC measurements when HMX impurities exist. A quantitative characterization of 
the particle shape is needed to try to correlate the RDX particle microstructure with the shock 
sensitivity of the RDX formulations. 

 
The experimental data collected with the RDX lots of the R4 program confirm the correlation 

between the RDX formulation shock sensitivity and the internal defects and shapes of RDX particles. 
It is difficult to check this correlation lot by lot because the sensitivity ranking of the RDX lots of the 
R4 program varies with the RDX formulation and the sensitivity test (figure 7). Further works are 
needed to understand these variations. But the correlation exists between “normal” RDX lots (2, 3 and 
4) and RS-RDX lots (1, 5, 6 and 7).  

 
Experimental data show that “normal” RDX lots are lots with the highest average volume 

fraction of inclusions, or with bad shape properties.  Figure 10 shows that lot 2 and lot 3 have the 
largest average volume fraction of inclusions. In addition they have also the largest HMX mass 
fraction. This correlates with their “normal” shock sensitivity level. The sensitivity ranking of lot 4 
can be explained by the internal defects and shapes of its RDX particles despite that lot 4 has no HMX 
as an impurity and has an average volume fraction of inclusions similar to lots 1 and 6 (figure 10), 
which are RS-RDX lots. 



From RS-RDX to VI-RDX: a new step 

 
Lot 4 is among the last 3 lots of the R4 program for its particle shape properties [11]. In [11] 

the shape properties of the RDX lots of the R4 program are characterized using the simple packing test 
and the viscosity test. The ranking of lot 4 is respectively 6/7 with the packing test and 5/7 with the 
viscosity test.  
 

Lot 4 has also the lowest apparent density distribution mode (about 1.798 g/cm3) among the 
RDX lots free of HMX. This means that most of the particles of lot 4 have more internal defects than 
most of the particle of the other lots free of HMX which are RS-RDX lots and have similar average 
volume fraction of inclusions. This could also explain the sensitivity ranking of lot 4. 

 
With lot 4, the interest of measuring the particle apparent density distribution is underlined 

against the more simple measurement of an average value on the lot. Measurements are in progress to 
couple the particle apparent density distribution measurements with HPLC measurements, to be able 
to compute the distribution of the volume fraction of inclusions for each lot of the R4 program. 

 
 
6 CONCLUSIONS 
 

This paper demonstrates clearly that it is possible to further reduce the shock sensitivity of the 
best class 1 RS-RDX particles (5-5.5 GPa) to the level (6.5-7 GPa) of very fine RDX particles (0-12 
µm). 

 
The formulation shock sensitivity can also be independent of the RDX particle sizes. This is of 

a great practical interest because it allows choosing the most suitable particle sizes for the formulation 
processing without affecting the formulation sensitivity. 
 

These results have been reached in optimizing the microstructure of the RDX particles. The 
amount of internal defects and impurities has been minimized and the particle shapes have been 
rounded. RDX particle apparent density measurements performed with the ISL flotation method show 
that the average volume fraction of inclusions of VI-RDX particles is about one half of the volume 
fraction of inclusions of the best commercial RDX grade available. 
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Figure 1a: ISL apparent density distribution for lots 1, 4, 5 and 6. 
 
 

 
Figure 1b: ISL apparent density distribution for lots 2, 3 and 7. 
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Figure 2: Average volume fraction of inclusions for the RDX lots of the R4 program 
 

 
Figure 3: ISL shock sensitivity data for the RDX lots of the R4 program. 
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Figure 4: Comparison of the US and ISL shock sensitivity data. 

 

 
Figure 5: shock sensitivity of very fine (M5) RDX – 20 mm projectile impact experiment 
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Figure 6: shock sensitivity of VI-RDX – 20 mm projectile impact experiment 

 

 
Figure 7: critical pressure of VI-RDX – 20 mm projectile impact experiment 
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Figure 8a: SEM of VI-RDX particles 

 
 

 
 

Figure 8b: Optical microscopy with matching refractive index of VI-RDX 
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Figure 9: apparent density distribution of VI-RDX 

 

 
Figure 10: Average volume fraction of inclusions of VI-RDX 
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1          ABSTRACT 
 
The problem of excitation of the anomalous-fluctuating physical fields and existential 
periodic micro-structures at ignition and burning of the energetic materials is one of the 
major problems arising at designing of the solid propulsion systems for various 
aerospace applications. Till today unified theory is not available mainly due to difficulty 
in probing thin reaction zones, whose dimensions changes with change in pressure 
condition in the solid propulsion system. During the last few years, all new and new 
researchers informed that on the burning surface of the energetic materials are 
observed the periodic micro-structures like a micro-torches. Both the experiment, and 
the theory confirms, that the spatial-periodic micro-structures excitation is rather 
universal phenomenon. The present work focuses on one of the critical events, namely 
on the spatial-periodic micro-structures excitation in the evaporated energetic materials 
liquid-viscous layer. From principle-new positions are considered the fundamental 
physical phenomena, traditionally considered at the energetic materials decomposition 
in the unstable burning wave. Additional task of the given research consists in obtaining 
of additional confirmations of reality of the concept of excitation of the existential micro-
structures in the burning wave. 
 
 
 
2 INTRODUCTION 
 
The problem of excitation of the abnormal-unstable physical fields and existential micro-structures at 
ignition and burning of the energetic materials (EM) is one of the major problems arising at designing 
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of the solid propulsion systems (SPS) for various aero-space applications. In connection with 
development of a new generation of the SPS with extremely high energy and mass characteristics for 
advanced rocket systems with essentially reduced boost phase or powered part of the flight, the 
problem of prevention of combustion instability of the EM has recently gained importance. For 
instance, as a way for further development of the solid composite propellants is considered 
replacement of the solid propellants that contain ammonium perchlorate (AP) on the solid propellants 
that contain cyclotetramethylene tetranitroamine (octogen or HMX) (~ 55 %) [1]. In the nearest future 
should appear propellants with the combustion products temperature more than 4000 K. At burning of 
such propellants in the reactionary zone, without any doubts, will exists the liquid-viscous layer 
(LVL). Besides, in accordance with the experimental data, use of HMX in the structure of composite 
solid propellants increases the burning rate and reduces intensity of agglomeration that appears in 
reduction of the sizes of agglomerates and in increase in completeness of combustion of aluminum. At 
the same time, AP still continues to be used widely in the propulsion systems of the first stages (in the 
large-sized SPS). This circumstance is caused, mainly, by low cost of this component. In this 
connection, the further studying of the laws of burning of this oxidizer is of interest. A number of 
researchers, at execution of the experiments, indicated the possibility of formation of the liquid phase 
in the superficial layer at burning of the AP. Occurrence of the liquid phase is caused or by fusion of 
the AP, in these conditions, or formation of the eutectics "AP - water" with the low temperature of 
fusion. The practice shows that increase of energy capacity of the chemical materials is accompanied 
by degradation of many functional characteristics. So, when we try to increase the energetic 
characteristics we must be ready to a compromise - energy increase against definite degradation of 
other properties. Therefore, in this case, additional excitation of the existential fluctuations of the 
physical fields in the burning wave will be observed.  
 
Understanding of the mechanism of the low-frequency non-acoustic instability phenomena at the solid 
rocket propellants combustion - one of the most complicated problems in the solid propulsion physics. 
In the development stage of the SPS, practically all of them experience some kind of instabilities. This 
effect is very harmful, since it may lead to intensive vibrations, unacceptable for navigation systems 
and payload, and to enhanced heat transfer, which can result in overheating the structure. In extreme 
cases, rockets are damaged or destroyed by mechanical or thermal mechanisms related to acoustic-
combustion instability.  
 
3 THE CHARACTERISTIC PROPERTY OF COMBUSTION PROCESS OF THE 

ENERGETIC MATERIALS 
 

The SPS with a small characteristic length of the chamber L* may exhibit spontaneous oscillations in 
the chamber pressure. If the oscillations occur simultaneously in the bulk of the chamber, such an 
instability has been variously called the L*, bulk mode or non-acoustic type. The phenomenon is 
typically characterized by the amplifying low-frequency pressure oscillations of below some 300 Hz, 
leading to the extinction of the SPS. In extreme cases, when the L* is very small, extinction occurs 
almost immediately after ignition, followed by a sequence of periodic pressure build-up and 
extinction: such a process has been called chuffing. The phenomenon of chuffing involves large 
pressure fluctuations, sometimes with widely varying frequencies. Although the order of magnitude of 
chuffing frequencies suggests a dominant solid-phase energy release mechanism at low pressures, the 
underlying process is not convincingly explained yet. Such kind of combustion instability in the 
combustion chamber is most frequently observed for the end-burning solid propellant charges and for 
channel-shaped propellant grains.  

 
The questions of unstable and abnormal burning in the solid motors for the first time have appeared in 
the 30th years of the last century, at development of the charges from ballistite propellants. Peaks of 
pressure in the rocket combustion chambers arising sometimes after ignition, have been registered in 
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1938 by Dernovoi V.S. (Dernovoi V.S., “Development of the Solid Propellants for Rockets”, The 
Moscow Institute of Chemistry and Mechanics, Moscow, 1938). Theoretical and experimental 
researches in this area were executed by Pobedonostsev Yu.A. ("Selection of the Nozzle to the Rocket 
Charge”, The Special Collection of the Papers, 1938), by Zeldovitch Ya.B. in 1942 and by Leipunskii 
O.I. in 1945.  
 
Also it is necessary to take into account, that periodic processes - the chuffing processes and the low-
frequency non-acoustic combustion instability are the characteristic properties of combustion process 
of the solid rocket propellants. Usually, these properties appears in the conditions of low pressure in 
the combustion chamber and (or) in the conditions of the low ambient temperatures. The burning 
process of each specific solid propellant can be characterized by the set of own frequencies of 
pulsations of the burning surface that appears in the critical burning conditions.  
 
However how it is possible to explain this property and what physical phenomena appears here not 
enough clearly till now. It is known, that pulsations of the thermal fields in the burning wave are 
registered also at the measurements with using of thermocouples. Because of such pulsations, 
experimenters should conduct a number of experiments in identical conditions and then to combine the 
"averaged" temperature profile. It is important to note, that in the majority of theoretical models of the 
low-frequency non-acoustic instability phenomenon in the SPS, the processes of excitation of the 
spatial-periodic micro-structures (SPMS) on the burning surface are not taken into account. 
 
Understanding and dynamic modeling of oscillatory response of the EM combustion zone cannot be 
achieved until the combustion zone itself is properly characterized. In a number of practically 
significant situations effective modeling of burning of the EM is impossible without description of the 
processes in the zone of liquid-phase reactions. Most of the ingredients in solid propellants burn as 
mono-propellants. To understand the mechanisms of solid propellant combustion instability, it is 
important to understand the fundamental mechanisms involved in the unstable combustion of mono-
propellants. Additional task of the given research consists in obtaining of additional confirmations of 
reality of the concept of excitation of the existential micro-structures in the burning wave. 
 
 
4 THE CONCEPT OF THE TRANSVERSE BURNING WAVES AND THE 

CONCEPT OF EXCITATION OF UNSTABLE PHYSICAL FIELDS IN THE 
BURNING WAVE 

 
During last few years, all new and new researchers informed that on the burning surface of the EM are 
observed the micro-structures like a micro-torches of cells [2-5]. Both the experiment, and the theory 
confirms, that the spatial-periodic micro- and macro-structures excitation is rather universal 
phenomenon (see, for instance, Fig. 1 [4] ). One of recent interesting results concerning spatial 
instability of the physical fields in the burning zone of the EM has been received in the paper [4]. As 
before, on the burning surface the micro-torches have been found out. 
 
And one more example. The flame structure of the composite HMX / GAP (80% / 20%) propellant at 
0.5 MPa was investigated [2, 3]. Existence of local "wandering" micro-torches of flames on the 
burning surface was founded. The micro-torches had reddish color and were distinctly seen against the 
background of sufficiently smooth burning surface of yellow color. Several micro-torches (3 - 8) on 
the burning surface were simultaneously observed. Torches were 0.5 - 1.0 mm in diameter. The 
distance between centers of torches measured along the burning surface was 0.7 - 3.0 mm. Lifetime of  
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               Fig. 1. The micro-torches on the burning surface and combustion products trajectories of two JA2 propellant 
                           strands (6.35-mm in diameter) burning in close proximity [ 4 ]  
 
individual micro-torches was smaller than 0.04 s. Dark particles with distinct contours were observed 
on the burning surface simultaneously with torches. They appeared on the burning surface for the time 
comparable with time of appearance and existence of torches. Dark particles identified as 
agglomerates of un-decomposed GAP also were observed on the extinguished surface of propellant. 
However, the amount of them on the extinguished surface was much more than on the burning surface 
during the combustion. It is supposed, that the possible reason of formation of local flame micro-
torches connected with formation of GAP agglomerations. The latter are formed as a result of moving 
of particles of GAP on the burning surface, collisions between them and partial decomposition. These 
agglomerates protrude over the burning surface, and at the certain moment they can rapidly 
decompose. The products of decomposition locally were ignited, and the torches were formed. The 
frequency of appearance of micro-torches coincides with the frequency of temperature fluctuations on 
the temperature profiles. Similar phenomena were observed earlier at the combustion of composite 
AND / HTPB propellant at 0.1 MPa. The micro-torch structures on the burning surface forms the non-
uniform burning front: on the burning surface appears the local discontinuity.  
 
Several theories have been proposed highlighting one or other process as the dominant mechanism, 
but a unifying theory is yet to emerge. Till today unified theory is not available mainly due to 
difficulty in probing thin reaction zones, whose dimensions changes with change in pressure condition 
in the SPS. The burning process of each specific solid propellant can be characterized by the set of 
own frequencies of pulsations of the burning surface that appears in the critical burning conditions.  
 
For explanation of the given phenomenon, the hypothesis still dominates about existence of local 
deviations in the ratio of components from average value in the mass of the solid propellant, caused by 
technological features of manufacturing of the samples of the propellant [5]. 
 
Present-day theoretical concepts of the EM micro-torch combustion phenomenon are based, mainly, 
on ideas generated under influence of investigations of the processes of self-propagating high-
temperature synthesis (SHS) – on the models of spinning combustion processes developed for 
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description of dynamics of the SHS front structure. Nevertheless, such theoretical explanation of the 
phenomenon do not correspond to results of researches. Fig. 2 shows the images of the video film of 
burning of the ballistite powder with various curvature of the burning front. As it is possible to see 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2. The images of the video film of burning of the ballistite powder with various curvature of the burning front 

 
 
from the images, the products of gasification flow out from the burning surface in perpendicular 
direction. From presented fragments it is possible to see, the heat transfer along the burning surface is 
not observed, as there is no the temperature gradient. Therefore the theoretical model, according to 
which, the burning wave of the gun-powders represents the system of burning transverse waves, which 
is the waves, spreading on the heated-up layer, in the transverse direction to the burning propagation, 
and forming the mobile torches on the burning surface does not correspond to the experimental data. 
Use of theoretical concepts from the area of SHS does not allow explain the mechanism of formation 
of the burning cells on the burning surface of the EM and solid rocket propellants. At the SHS the 
condensed reaction products continue produce essential influence on further development of the 
burning process. The solid-flame combustion is self-wave chemical process in the system of solid-
phase reagents. This process leads to formation of the intermediate and finished products in the solid-
phase. The solid-flame combustion is only solid-phase process, not connected with formation of liquid 
and gaseous phases.  
Certainly, non-one-dimensionality of the burning wave can be connected with heterogeneity of the EM 
mixture. But this heterogeneity does not determine non-uniformity of the burning wave as the sizes of 
the cells depends from the pressure both for ballistite and for composite mixtures.  
The alternative concept focuses on one of the critical events, namely the SPMS excitation in the 
evaporated EM LVL. Suggested mechanism of the SPMS excitation in the evaporated EM LVL opens 
possibility for understanding a very complex phenomenon in the area of the EM on the new qualitative 
level.  
The given scientific area looks realistic enough, because in accordance with extensive experimental 
data burning of the evaporated EM is accompanied by occurrence of electric conductivity of the 
burning surface and by chemical ionization of the gas layers adjoining to the burning surface. In 
conditions of burning wave, where the temperature in the condensed phase increasing by exponential 
law, the thin reactionary LVL can be considered as the molten mass with ionic properties. 
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Concentration of the ions increases with the burning rate and determines electric conductivity of the 
burning surface.  
At burning in conditions of threshold-low pressures, periodic pulsations of the electric conductivity are 
observed. The considered concept is connected, mainly, with excitation of the synergetic dissipative 
micro-structures in the thin LVL and on the EM burning surface and determining the burning wave 
spatial instability. At heating from above in the thin LVL occurs the thermo-electric convection 
excitation, that induce cellular movement and formation of the synergetic micro-structures. Besides 
the velocity cells, in the LVL arise the electric field cellular structures. Fig. 3 schematically shows 
distribution of the physics-chemical processes in the  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. The liquid-viscous layer in the EM reaction zone, having thermo-electric properties at heating from above 
 
thin LVL in the EM reaction zone. Stability of the micro-torch structures is provided by the electro-
magnetic field cellular structures in the LVL. The experimental data shows the boundaries of the 
electric field structures coincide with the boundaries of the convection cells (“the structures of 
velocity”). And on the LVL surface under influence of the thermo-electric field is excited the electric 
charge.  
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The field magneto-dipole micro-structures in the LVL gives the program for formation of the cellular-
pulsating micro-structures in the heated-up layer and on the burning surface of the EM.  
The basic physics of an idealized thermo-electric convection excitation in the LVL can be described 
by the set of equations of motion (Navier-Stokes equations), which include buoyancy (lifting) force, 
Coulomb's force (the electric force inducing thermo-electric convection), and by viscous dissipation 
forces; the thermal conductivity equations; the continuity equation of incompressible fluid; the 
electrostatic equation (Poisson's equation); the continuity equation of electric field and species 
equation. Description of heat transfer inside the solid propellant burning cell corresponds to the 
parabolic partial differential equation of thermal conductivity, to which a term is added that is related 
to the coordinate system that moves with the regressing burning surface. 
In accordance with the mechanistic concept, the heterogeneity of the propellant mixture is considered 
as initiator of excitation of the torch structures. But in accordance with suggested concept, the local 
cells of the physical field are considered as the initiators of excitation of the torch structures.  
 
5 THE SOURCE OF INSTABILITY OF BURNING OF THE AMMONIUM 

PERCHLORATE 
 
The other descriptive example is the process of thermal decomposition of the AP. In this case, it is 
impossible to detect transverse burning waves, but it is possible to observe formation of the 
reactionary centers - self-organizing micro- and macro-structures.    
 
The analysis of the surfaces of extinguished AP samples has shown that the burning surface has non-
one-dimensional structure and consists of the system of the cells. The burning surface is covered by 
"craters" or by cavities that is the traces from separately burned cells. The characteristic size of the 
large cells - from 1 up to 7 mm. And the surface of large craters is in turn covered by more small 
craters - from the size of particles of large fraction of the AP (160 - 320 micrometers) up to 1 - 3 mm. 
The maximal size of the burning cells depends on pressure.  
 
Traditionally, such experimental results receive an explanation on the basis of the mechanistic 
concept. This concept assumes, that the AP cellular-pulsating burning can be explained by transverse 
waves on the burning surface, similar to the spin waves in the processes of the SHS.  
 
At thermal decomposition of the AP the phenomenon of self-organizing of micro- and macro-
structures is observed. The process of thermal decomposition of AP is localized in the separate 
centers, conditions in which strongly differs from conditions in the rest crystal. Also non-uniform 
distribution of the components on the crystal volume is observed. As a whole, the reactionary center 
represents a cloud of nucleuses which move and multiply, covering porous motionless mass. Outflow 
of the products of decomposition occurs through micro-cracks and micro-defects in the crystal. The 
increase of decomposition rate is determined both by increase in number of nucleuses, and by growth 
of their sizes. On the boundaries of the reactionary centers of complete decomposition is observed the 
liquid solution of the AP in the products of reaction and, basically, in the water. The accelerated 
growth of the centers of complete decomposition is determined basically by increase in quantity of the 
liquid phase on their surface.  
 
In the conditions of high temperatures such reactionary centers play the main role in the process of 
decomposition. Formation of the reactionary macro-center representing a cloud of the nucleuses, 
moving around of the central kernel, obviously, is the specific peculiarity of the AP. Formation of the 
liquid phase in the superficial layer at burning of the AP was discovered in the experiments by a 
number of researchers. Formation of the liquid phase is connected or with melting of AP in these 
conditions, or with formation of the eutectic (AP - water) with low temperature of melting. Before 
formation of the nucleuses, excitation of the cells of physical fields takes place, and in each of the 
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reactionary centers of complete decomposition with a liquid phase, the process of thermo-electric 
convection takes place. The spherical and elliptic reactionary centers can be considered as a result of 
formation and development of the magneto-dipole micro-structures in the reactionary layer. 
 
6 IONIC NATURE OF THE ELECTRICAL CONDUCTION IN THE 

AMMONIUM PERCHLORATE AND EXCITATION OF THE 
REACTIONARY CENTERS AND MAGNETO-DIPOLE MICRO-
STRUCTURES 

 
A plenty of researches confirms ionic nature of the electrical conduction in the AP. Already in the 
zone of heating up occurs formation of the defects of positive and negative ions which lead to 
occurrence of the volumetric electric charge in the reactionary layer (Fig. 4). Further occurs 
association of the ions with formation of the ionic pairs with subsequent occurrence of the radicals of 
type ClO4, NH4, HCl4, NH3 and the zone of ionization.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
             Fig. 4. Ammonium perchlorate combustion model: the process of thermal decomposition is localized  
                        in the self-organizing reactionary micro-  and macro- centers and in the eutectic mixture  
 
The eutectic mixture and the molten mass on the AP burning surface can be considered as the ionic 
liquid. As well as ionic crystals, the ionic liquids consist from the cations and anions, retained together 
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by ionic connections, but, unlike a crystal, in the molten mass the ions are mobile. Therefore the melts 
of the ionic substances conducts the electric current. The enthalpy for migration of defects has been 
found to be 0.8 eV, and the enthalpy for the formation of defects to be 1.2 eV. 
 
Together with observations made on the effect of electric field on the thermal decomposition of AP, 
the results of the researches establish that perchlorate ion is the major charge carrying species.  
 
Thus, the phenomenon of excitation of unstable electro-magnetic fields in the zone of burning of the 
AP is the confirmed fact. Mechanism of excitation of the reactionary centers in the zone of heating up 
and cellular micro-structures on the burning surface is connected, mainly, with effects of interaction of 
the magneto-dipole micro-structures and with the phenomenon of the thermo-electric convection. At 
the process of thermal decomposition of the pure AP occurs dissociation on the ions of NH4

+ and 
CLO4

-
, concentration of which increases with the burning rate, defining the electric conductivity of the 

surface (Table 1).  
 

Table 1. The electric properties of the burning zone of the ammonium perchlorate 
 

 
P, MPa 

 
Cu , m / s 

15
S Ohm,10 −⋅σ

( )bRdS ⋅=σ  
11 mOhm, −− ⋅σ  

( )hbRd ⋅⋅=σ  
 

h, mm 
Cu/ah ≈  

 
2 
4 
6 
8 

10 
 

 
0.0019 
0.0050 
0.0077 
0.0097 
0.0113 

 
2 

13 
25 
26 
26 

 
0.3 
4.2 

12.8 
16.9 
19.3 

 
0.0789 
0.0300 
0.0195 
0.0155 
0.0133 

 
More low value of σ  here is connected with the structure of the burning surface. Existence of the 
liquid layer should lead to increase of specific electric conductivity of the surface due to growth of 
mobility of the carriers of the charge in a layer, and disappearance of the liquid layer should lead to 
reduction of the σ  (Table 1). 
 
Comparison of oscillograms of the electric conductivity of the burning surface of the samples of pure 
AP at the pressures of 8, 4 and 2 MPa shows increase in intensity of low-frequency pulsations that can 
be explained by reduction of quantity of the burning cells and by appropriate increase in their sizes. At 
transition to the high pressures, smoothing of the low-frequency pulsations is observed. 
 
The physical basis of formation of the magneto-dipole micro-structures is ability of zones of burning 
of the EM to polarization and decomposition in the fields of electro-magnetic radiation and also to 
magneto-dipole self-organizing. Around of each of the magneto-dipole micro-structures occurs 
association of the negative and positive ions of ammonium. For this reason in the experiments the 
effect of formation of the pairs of the torch structures on the burning surface is observed. 
 
7 EXCITATION OF THE MICRO-STRUCTURES OF THE PHYSICAL FIELDS 

IN THE BURNING WAVE AND POSSIBILITY OF NEW EXPLANATION OF 
THE FUNDAMENTAL PHYSICAL PHENOMENA 

 
The theory, connected with excitation of the physical fields and micro-structures in the burning wave, 
allows consider the fundamental physical phenomena at the EM decomposition in the unstable burning 
wave from principle-new positions.  
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In particular, essentially new explanation of the well-known mechanism of bubbles motion in the thin 
LVL, connected with excitation of unstable electro-magnetic fields and electric charges transport can 
be given. Thermo-electric mechanism of bubble motion can ensure the effective removal of gaseous 
products from the reaction zone in the condensed phase of melting EM with a very high temperature 
gradient. Taking this effect into account, one can reliably explain the appearance of the foam on the 
surface of some EM after sudden switching-off of the combustion-supporting external radiation 
source. 

 
By this mechanism, also, can be explained bubbles motion in the LVL at irradiating of the burning 
surface by the laser radiation. For instance, RDX and HMX both burn with a thin multi-phase surface 
of bubbles in liquid.  
Besides during the Sixth International Symposium on Special Topics in Chemical Propulsion (6-
ISICP) (Santiago de Chile, Chile) author had interesting discussion with professor Merrill W. 
Beckstead of Brigham Young University (Provo, Utah) concerning a role of the Maringoni effect in 
the liquid-viscous layer of burning propellant. In accordance with professor Beckstead’s opinion, at 
low pressures, the Maringoni effect was found to be greater in the higher initial temperature 
calculations because the temperature gradient was steeper. 
 
In the researches, executed by Kochakov V.D. of the Chuvash State University, was used radiation of 
the СО2 - laser with power of 60 watt and with wave length of 10.6 micrometers. The time of 
influence of the laser radiation energy on the gun-powder surface gradually increased up to the 
moment of ignition of the burning surface of the sample. It has allowed observe development of the 
micro-structures on the burning surface in various phases of the process. Fig. 5 shows the image of the 
burning surface of the standard ballistite propellant under influence of the laser radiation energy in the 
nitrogen atmosphere at the pressure of 0.4 MPa.  
 

 
 
 
              Fig. 5. The structure of the surface of the sample after influence of the laser radiation during 120 milliseconds 
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The experimental data have shown that the SPMS develops on the EM burning surface under 
influence of the electro-magnetic field and the energy of the laser radiation. Both the experiment, and 
the theory confirm, that the SPMS formation is rather universal phenomenon.  
 
Some authors assume [6], that Maringoni effect will cause movement of the bubbles in the molten 
mass, and they will involve all layer in the movement. But in this case, the Maringoni effect is not 
dominating.  
 
Certainly, movement of the bubbles due to Maringoni effect is possible, but, firstly, it is very small 
velocities, secondly, is rather problematic convection of the liquid, caused by movement of the 
bubbles. Moreover, Maringoni effect cannot cause convection in the liquid layer since conditions for 
excitation of convection of the liquid layers are absent. At presence of the free surface of the melt, in 
this melt can develops the Maringoni convection. However for this purpose, it is necessary, that the 
temperature of the melt decreased in the direction of the free surface. Besides, with use of this effect it 
is impossible to explain the processes of self-organizing, distinctly displayed in the thin LVL layer of 
the burning EM. Accordingly, formation of the micro-torch structures on the burning surface cannot 
be explained by movement of the gas bubbles in the LVL layer. Convection in the thin liquid layer, 
arising due to thermo-electro-motive force, at heating from above, involves in movement the bubbles. 
 
8 UNUSUAL MECHANISM OF THE PHENOMENON OF "NEGATIVE 

EROSION" AT THE ENERGETIC MATERIAL BLOWING 
 
In real SPS, combustion normally occurs under conditions of blowing, i.e., with the motion of a hot 
combustion products along the burning surface of the EM. In this case, the burning rate of the EM may 
be significantly higher than its burning rate without blowing. This phenomenon was first considered in 
[7], where it was called blowing. In subsequent works, it was called erosive burning. Decrease of the 
burning rate as a result of blowing with small velocity by the combustion products of the same EM 
refers to as the effect of "negative erosion". Earlier, it was assumed, that the phenomenon of “negative 
erosion” is exclusively gas-dynamics effect, which has not been connected with the processes in the 
LVL of burning solid propellant. However, the considered concept allows describe the given 
phenomenon from the new, more realistic positions. 
 
It was found in [7] and some other papers that the surface of the EM that burned under conditions of 
erosion has regular large-scale roughness. One of dominating physical processes in the burning wave 
of the EM is excitation of the SPMS and micro-torch structures on the burning surface. Accordingly, 
this phenomenon provides significant influence on development of some other physical processes in 
the burning wave. Without understanding of the mechanism of excitation of the cellular structures on 
the EM burning surface it is impossible to understand the phenomenon of “negative erosion”. Earlier 
executed researches in this area did not consider characteristic conditions in which the phenomenon of 
“negative erosion” can be realized. In other words, this phenomenon was considered for the artificial 
conditions not typical for excitation of the given phenomenon. 
Actually, influence of the blowing flow on distribution of the flow velocities in the boundary layer 
was considered. Such analysis was executed without taking into account of existence of the micro-
torches and vortex cellular structures on the burning surface. 
At execution of the researches, at erosive burning of the EM, formation of the near-wall periodic 
toroidal vortex micro-structures were observed. Really, disordered pulsations of the flow injection 
from the burning surface, created by the burning cells or by micro-torches, actually creates above the 
burning surface the "own" turbulence (turbulence created by burning, instead of longitudinal flowing 
of the combustion products) which contributes increase in a heat flow from the combustion products to 
the burning surface. Also it is possible to show, that imposing relatively weak flowing under the 
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burning surface destroys structure of the "own" turbulence and, hence, creates decrease of the heat 
flow to the burning surface. Accordingly, this circumstance leads to decrease of the burning rate.  
The phenomenon of “negative erosion” is usually observed in conditions of low pressures, when the 
SPMS on the burning surfaces and micro-torch structures have the maximal size. Fig. 6 shows 
dependence of the size of the burning cells (SPMS) from the combustion products pressure for gun-
powders. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6. Dependence of the size of the burning cells from the pressure for the NB gunpowder and for the N gunpowder 
 
 
At the low pressure, the intensive low-frequency pulsations of the electric conductivity of the burning 
surface and the burning cells are observed. At transition to the high pressures, these pulsations 
gradually smoothed over. At increase of the pressure, the range of existence of the phenomenon of 
“negative erosion” is essentially narrowed. 
Formation of the micro-torch periodic structures on the EM burning surface is a primary factor for 
realization of the phenomenon of “negative erosion”. Interaction of the blowing flow with the micro-
torches on the burning surface causes formation of the vortex cells - periodic toroidal vortex micro-
structures. 
Separate research of the micro-torch periodic structures on the EM burning surface was executed using 
the shadow method, both for the gun-powder "N" and for standard gun-powders on the basis of 
nitrocellulose with the lead oxide. In the research gun-powder plates with thicknesses of 3 mm (on the 
course of the light beam) and with widths of 12 mm were used. Figs. 7 - 9 contain the information of 
only two categories: 1) jet streams of the gasification products from the burning surface and, 2) the 
dependence of the sizes (and accordingly, the numbers) of the burning cells from the pressure.  
 

 
 
Fig. 7. Burning of the ballistite gunpowder "N" in the nitrogen 
atmosphere at the pressure 0.4 MPa. Two torch macro-
structures on the burning surface are observed 
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Fig. 8. Burning of the ballistite gunpowder "N" in the nitrogen 
atmosphere at the pressure 0.6 MPa. Four torch macro-
structures on the burning surface are observed 
 

  
 
 
Fig. 9. Burning of the ballistite gunpowder "N" in the nitrogen 
atmosphere at the pressure 0.8 MPa. Six torch macro-
structures on the burning surface are observed 
 

 
 
At the execution of the researches in the field of high pressures, it was impossible to differentiate the 
cells on the burning surface. In these conditions on the burning surface, there were so many burning 
cells, that at transverse passing of the light beam through the several jets it was impossible to 
differentiate behavior of the separate burning cell on the background of others.  
Hence, the level of the turbulence, created by disordered pulsations of the flow injection from the 
burning surface, induced by the burning cells, will gradually decrease with the pressure increase.  
As it is possible to see from the Fig. 10, at increase of the blowing velocity, a total heat flow onto the 
burning surface, and also burning rate of the energetic material, passes through the minimum. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                           Fig. 10. Heat flow Q onto the burning surface depending on the blowing velocity V:  
                                              1 – is the part of heat flow, created by disordered pulsations of the flow injection  
                                              from the burning surface (created by the "own" turbulence);   
                                              2 – is the part of heat flow, created by the flow of the combustion products. 
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Destruction of generated vortex structures leads to reduction of the heat supply to the burning surface. 
In these conditions the intensity of thermo-electric convection decreases and the heat supply into the 
EM also decreases and influence of the “negative erosion” increases. That can lead to extinction of the 
EM. 
 
9 PROSPECTS OF DESIGNING OF THE SOLID PROPULSION SYSTEMS 

WITH SUPER-SHORT TIME OF OPERATION AND THE THERMO-
ELECTRIC CONVECTION EXCITATION 

 
It is known, that the resources of unitary solid rocket propellants are depleted because of their low 
energetics, impossibility of obtaining of the high burning rates at acceptable pressures in the 
combustion chamber and technological limitations at manufacturing of the thin-arch solid propellant 
elements.  

 
Besides, the designs of solid propellant elements did not provide prevention of ejection of the burning 
down fragments from the combustion chamber.  
The problem of creation of the solid propellant elements from the high-energy composite mixtures is 
solved in connection with development of the SPS with super-short time of operation and with high 
limitations for dispersions of the intra-ballistic characteristics [8]. 
The main principles of creation of such solid propellant elements is: - use of the matrix, manufactured 
from the elastic or non-elastic high-porous penetrable cellular materials; - use of very thin layers of the 
propellant which sequentially covers the surfaces of matrix, manufactured from the high-porous 
cellular material.  
 
Such solid-propellant element as the macro-design represents a porous gas-penetrable mono-block. 
And as a micro-design, this is a thin-layer covering of the composite solid propellant on the surfaces of 
the matrix, manufactured from penetrable cellular material. During manufacturing, the thickness of the 
covering at one operation is equal to 0.06...0.09 millimeters. Such solid propellant elements are low-
sensitive to the thermal, mechanical and electro-physical influences. 
Fig. 11 shows possible variants of the supporting cellular structures in the solid propellant charge 
design. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                            A                                                                      B 

 
                                Fig. 11. Variants of supporting cellular structures in the solid propellant charge design:  
                                                    A – cross-section of volumetric cell of the high-porous cellular material;  
                                                    B – high-porous element with a spatial-periodic micro-structure 
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On the micro-level, in such thin-layer systems the phenomenon of the thermo-electric convection 
excitation will be observed. Accordingly, the parameters of burning of such thin layers will depends 
from the own frequencies of specific propellant.  
 
The given research has the important applied value connected with possibility of remote control by 
existential instability of the physical fields in the burning wave of the EM. Such fundamental 
possibility exists because the processes in the burning wave are determined by effects of interaction of 
the unstable electro-magnetic fields and by the electric charge transport mechanisms. The external 
physical fields can provides both stabilizing and destabilizing influence on the processes in the LVL of 
the burning EM. There are possibilities of control by physical properties of the LVL and by oscillatory 
processes on the burning surface of the EM by inserting into the propellant composition of 
controllable micro-objects - the ferromagnetic micro- and nano-particles with an isolating covering. 
This technology also allows provide an additional heating up of the LVL.  
 
Within the scope of the considered theoretical concept the problem of remote control by electro-
physical fields in the LVL of burning solid propellant can be solved. The new technology of remote 
control by instability of the combustion processes in the burning zone (in the LVL) with use of the 
external physical fields transmitted to the target through the ionized current-conducting atmospheric 
channel (ionized path), created by the ultra-violet laser is suggested. This technology is connected with 
direct injection of the radio-frequency current into into the LVL of burning propellant. 
 
10 CONCLUSIONS 

 
As a result of execution of the given research the additional confirmations of realness of the concept of 
excitation of the existential micro-structures in the burning wave are received. The concept of 
excitation of the micro-structures of the physical fields in the burning wave allows give new 
explanation for the fundamental physical phenomena that traditionally considered at the EM 
decomposition in the unstable burning wave. The topo-chemical peculiarities of thermal 
decomposition of the ammonium perchlorate can be explained from the point of view of the 
phenomenon of self-organizing of the reactionary centers. The new mechanism of the phenomenon of 
the “negative erosion” is suggested. This mechanism is connected with the phenomenon of thermo-
electric convection in the LVL of burning solid propellant. Excitation of the spatial-periodic micro-
structures in the ionic fusion with thermo-electric properties on the burning surface is a main source of 
development of the synergetic phenomena in the EM burning zone. The field magneto-dipole micro-
structures in the LVL gives the program for formation of the cellular-pulsating micro-structures in the 
heated-up layer and on the burning surface of the EM. Such an improved model will be a step towards 
detailed interpretation of the large amount of experimental data on L* instability that is available. The 
existing technologies for suppression of the solid propellant combustion instability do not take into 
account the influence of the synergetic micro-structures on the propellant burning surface. Further 
progress in this vital area may be connected with understanding of mechanisms of formation and 
destruction of the synergetic micro-structures on the EM burning surface. Design community and 
quality assurance people should continue to give due importance to the above problem of controlling 
low-frequency non-acoustic combustion instability of the EM in practical applications so that their 
guidelines will be realistic for safety. 
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12        NOMENCLATURE 

 
a Thermal diffusivity of the liquid-viscous layer; 
b Width of the pellicular electrodes; 
d Distance between electrodes; 

 
aE  Activation energy of the condensed phase reactions; 

LF  Buoyancy (lifting) force (the difference between Archimedean force and the force of gravity), 
(Rayleigh, 1916); 

 STF  Surface tension force (thermo-capillary force), (G.K.A. Pearson, 1958), (the convection cells 
arising under influence of this mechanism is known as Maringoni cells);  

TEF  Thermo-electric (electrostatic) force, Coulomb’s force, (I.V.Ioffe and E.D.Eidelman, 1976); 
g Acceleration due to gravity; 
h Characteristic size of fluctuation movement (the thickness of the liquid-viscous layer, cross-

sectional size of the cell); 
h Thickness of the reactionary layer in the condensed phase; 

0k  Pre-exponential factor of chemical reaction rate;  
L Characteristic size of the burning cell; 
P Pressure; 

0q  Heat release distribution due to chemical reactions in the solid phase and liquid-viscous layer 
of the cell; 

Q Heat flow on the energetic material burning surface; 
       

0Q  Heat flux issuing from the gaseous phase (flame) to the surface of the burning cell; 
R Measured electric resistance; 
T Temperature; 

0T  Initial temperature; 
CT  Temperature of the “cold” boundary surface of the liquid-viscous layer; 
hT  Temperature of the “hot” boundary surface of the liquid-viscous layer (on the interface of  

liquid-viscous layer and gasification zone); 
ST  Temperature on the burning surface; 
Cu  Linear burning rate of the energetic material sample; 

V Blowing velocity of the energetic material burning surface; 
z Space coordinate, perpendicular to the liquid-viscous layer;   

 
Greek Symbols 
 

     σ  Specific electric conductivity of the burning surface; 
     Sσ  Superficial electric conductivity; 

 
Subscripts and Superscripts 
 

      c Condensed phase; 
      s Surface; 
      0 Parameters of equilibrium state. 
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ABSTRACT 
 
Thermite “gasless” compositions represent a subclass of materials offering the 
processability of pyrotechnic devices for different applications, such as space actuators 
(rotary hinge, pin pushers, pin pullers, etc.), with the high heat release and few gas 
products generated. In the present investigation thermite compositions, selected on the 
base of the analytical search, were examined with the aim of decreasing of the sensitivity 
to gravity effect and increasing of wet ability of the combustion products.  Simultaneous 
DSC-TG analyses were performed for thermites both as powders and pressed tablets 
allowing examining parameters of the heat release, and thermal-physical characteristics 
of the compositions. Experimental study of the cylindrical samples combustion within 
stainless tubes shows the pressure-time history along with the temperature field on the 
external surface of the tubes. As expected, the analyzed compositions show the smooth 
temperature distribution along the steel tube. Impressive reduction of the gravity 
sensitivity was found for some compositions. Obtained results indicate that some of the 
selected compositions are perspective for use as a heat source in pyrotechnic devices for 
space applications. 
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1          INTRODUCTION 
 

 The word "thermite", firstly introduced by Goldschmidt in 1908 [1] to name exothermic 
reactions between metallic oxides and aluminum to form aluminum oxide and metals or alloys, 
nowadays describes a broad class of compositions, where a metal reacting with a metallic or a non-
metallic oxide to form a more stable oxide and the corresponding metal or nonmetal of the reactant 
oxide. A large heat release of these reactions is often sufficient to heat the product phases above their 
melting points. For example, a temperature of the thermite reaction 

2AI + Fe203 = 2Fe + Al203 
can exceed 30000C, which is above the melting points of both iron and Al203. The term thermite 
reaction can be defined as an exothermic reaction which involves A thermite reaction can generally be 
initiated locally and can become self-sustaining, which makes their use extremely energy efficient. 
These reactions are useful in a variety of metallurgical applications, and as experimental models for 
solid combustion studies [2] and for pyrotechnic uses [3]. More recently, thermite reactions have 
become important in the synthesis of refractory ceramic and composite materials, and in the 
preparation of ceramic linings in metallic pipes. There are also many other materials related 
processing and heat-generation inventions, which utilize thermite reactions, such as the storing 
radioactive wastes in the solid product from thermite reactions [4], the heating the motive fluid in a gas 
turbine to be used for torpedo propulsion [5], the demolition of concrete [6], the heat source for 
thermal cell to melt a solid electrolyte, which in molten form is conductive, thus completing a circuit 
[7]. In addition, thermite compositions such as Si-MoO3-WO3 can be incorporated into the starting 
powder mixture used to produce thin-layer passive electronic components (e.g. resistors) [8].  

This article presents a preliminary study about the thermal behaviour and combustion 
phenomena on thermite mixtures with the high heat release and few gas products generated, which are 
to be selected as a heat source suitable for space application. This work is focused on developing 
gasless thermite compositions with decreased sensitivity to gravity effect and increased wettability of 
the combustion products. 
 
2 ANALYTICAL CALCULATIONS 
 

The thermodynamic properties of reaction products are predicted using THERM 
thermochemical code, and considering isobar adiabatic combustion. The final composition is 
estimated for all the possible compounds, as a function of temperature and pressure, for the minimum 
Gibbs free energy at thermodynamic equilibrium. The adiabatic temperature, Tad, for thermite 
reactions provides not only a quantitative measure of the exothermicity of the reaction, but also a 
quick determination of the propensity of the reaction to selfpropagate. In self-propagation, the reaction 
proceeds in a combustion form in which the heat generated from the locally ignited region can 
subsequently trigger the reaction in the adjacent reactant layer, thus the reaction zone moves in the 
form of a wave until all the reactants are consumed. As a rule, the thermite reaction can self-propagate 
if the Tad exceeds 2000 K [9] or 1800K [10].  

The main criteria for the thermite composition selection for necessary application are (1) 
reaction should be self-propagating, (2) the caloric equivalent or better of a reference mixture Al/ 
Fe3O4, and (3) the minimum of the gas phase products in the pressure range 10-50 atm. Figure 1 
presents the theoretical prediction of the amount of gas phase products (V, l/kg) for some thermite 
compositions with the adiabatic combustion temperature above 2000 K in the range 0.01-10 MPa as a 
function of pressure. According to additional selection on the base of thermo-physical properties the 
following compositions were selected for experimental study, i.e., mixtures of Mg/Fe2O3, Al/Fe2O3, 
and Al/FeO. 
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Figure 1. Theoretical prediction of the amount of gas phase products (V, l/kg) for some thermite compositions as a function 

of pressure (P, MPa). 
 

The presented results in Figures 2 to 4 show both the gas and solid products of combustion 
reactions for investigated thermite compositions. The overall gas-phase product release was calculated 
and plotted as a function of the combustion pressure, as presented in Figure 5.   
 

 
Figure 2. Theoretical prediction of the combustion product composition 

for the stoechiometric mixture Mg/Fe2O3. Condensed products are indicated by asterisk. 
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Figure 3. Theoretical prediction of the combustion product composition 

for the stoichiometric mixture Al/Fe2O3. Condensed products are indicated by asterisk. 
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Figure 4. Theoretical prediction of the combustion product composition 
for the stoichiometric mixture Al/FeO. Condensed products are indicated by asterisk. 
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Figure 5. Theoretical prediction of the gas-phase combustion product volume 
for selected compositions. 

 
 
3 EXPERIMENTAL STUDY 
 
3.1       COMPONENTS CHARACTERIZATION 
 

The evaluation of particle sizes was done using Laser Diffraction Spectrometry (LASKA-1K, 
LUMEX, Russia). Figures 6a-e present the reactants particle size distributions.  

Table 1 presents some physical properties of reactants. Purity data was based on fabricant 

reports. 
                                                                                                                              Table 1. Reactants physical properties 

Component Particle size, d50 
and d90-d10 (μm) 

Density, ρ (kg*m-3) Purity, % 

Fe2O3 
Type K, TU 6-09-5346-87, Russia 

14,5 
22,6-8,3 

5,06*103 98.8 

Al  
PAP-1, GOST 5494-95, Russia 

7,6 
18,8-5,0 

2,7*103 97 

Al  
PAP-2, GOST 5494-95, Russia 

13,4 
23,8-8,0 

2,7*103 97 

Mg 
Type MPF-4, GOST 6001-79, Russia 

13,5 
23,4-6,6 

1,74*103 98.5 

FeO 
ChDA, Russia 

52 
40,5 – 81,0 

5,70*103 95 
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Figure 6. Particle size distribution obtained by 
Laser Diffraction Spectrometry: 

a) Fe2O3 
b) Al (PAP-2) 
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3.2          DSC/TG ANALYSES 
 

TG/DSC experiments were carried out using a NETZSCH Simultaneous Thermal Analyzer 
STA 409. Experiments were conducted in static air. Approximately 4-40 mg of sample both as loose 
powder and as pressed pellets and reference material (kaolin Al2O3) were placed in separate alundum 
crucibles. Samples were heated from 20 to 1000°C at 10°C min-1. Calibrations of TG mass, DSC 
baseline, and temperature were conducted before the experiments by running a specific heating 
program with an empty sample and reference crucible. This curve value is subtracted from the true 
sample DSC curve as electric noise and thermal drift in the instrument. The sensitivity calculations 
calibrated the DSC voltages to enthalpy values using a standard sapphire sample with known specific 
heat as a function of temperature.  

Composite thermite powder mixtures were made by dry mixing (for powder reactivity study) and 
than dry-pressed into cylindrical tablets. The pressed sample porosity values were varied within 34-
46%. Figures 7 (a-f) illustrate representative curves from the TG/DSC experiments of thermite 
mixtures.  

Figure 8 shows data from Al/FeO
 
showing an exothermic reaction starting at 5300C (onset), 

peaking at 624.210C with an enthalpy (area under the curve) of 1.010 kJ/g. The onset temperatures are 
calculated by the intersection of tangential lines with curve locations defined by the operator. 
Similarly the enthalpy values (area under the curves) are defined by a start and end point 
corresponding to estimated divergence from and returning to a flat baseline curve. Before the 
exothermic reaction reaches completion, the remaining Al in the sample melts showing an overlapping 
endothermic melt peaking at 654°C. 

Table 2 shows the temperature and enthalpy values measured from the DSC curves 
corresponding to the thermite reactions. The enthalpy value for the thermite reaction peak was 
additionally corrected to consider the mass loss Δm during the sample heating from the room 
temperature up to the onset reaction temperature.  

Table 2. DSC data from thermite reactions. Heating rate – 100/min 

 
Composition Δm (Tonset), % Tonset, K ΔH, J/g ΔH corrected, J/g Al residual after 

reaction, % 
 
Al/Fe2O3 powder 6.54 809 969 

 
1032 

 
0.1 

 
Al/Fe2O3 compact 5.98 801 940 

 
996 

 
0.2 

 
Mg/Fe2O3 powder 28.68 813 2999 

 
3859 

 
0 

 
Mg/Fe2O3 compact 3.44 787 2207 

 
2283 

 
0 

 
Al/FeO powder 12.82 819 1211 

 
1366 

 
0.3 

 
Al/FeO compact 3.00 803 1770 

 
1823 

 
0.3 

 
Thus, thermal analysis shows the onset reaction temperature to be in the range 787-819 K, 

which is lower than the Al melting temperature.  The amount of unreacted aluminum remaining after 
the thermite reaction is quite low (maximum value is 0.3%). DSC experiments may confirm the 
enthalpy values to be sufficiently high to produce self-sustainable combustion reaction. 
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Figure 7. TG/DSC experimental curves of thermite compositions: 
a) Al/Fe2O3 – powder; b) Al/Fe2O3 – compact; c) Mg/Fe2O3 – powder; d) Mg/Fe2O3 – compact; 

e) Al/FeO – powder; f) Al/FeO – compact. 
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3.3          EXPERIMENTAL SET-UP AND RESULTS 
 

To study the front propagation in compacted thermite compositions, a steel tube with internal 
diameter 10 mm, external diameter 14 mm and length of 120 mm is used (Figure 9). Preliminary 
experiments show the high heat release and the high internal pressure during the thermite reaction 
front propagation. Therefore, as the first step, the tube is filled with the compacted thermite powder up 
to 75 mm of the tube length, whereas the rest of the tube was filled up with compacted Al2O3 powder. 
For the measurement of the pressure inside the tube, the piezoelectric pressure sensor Т6000 
connected to a fast digital signal analyzer (sampling frequency 5 kHz) is used. The reaction velocity 
within sealed set-up is evaluated by the pressure-time history registration; examples are presented in 
Fig. 10. Composition Al/Fe2O3 was examined with two types of aluminum powder (PAP-1 and PAP-2) 
to study the reaction front velocity dependency on the aluminum particle size. The thermite reaction 
front velocity results are presented in Table 3. 

The reaction is assisted with a set of 15 W/Re-thermocouples, welded onto the external 
surface of the tube, as shown schematically in Fig. 11. Digitized data from thermocouples are 
presented in Fig. 12, where the number of curve corresponds to the t-couple number in Fig. 11. The 
maximum measured temperature on the external tube surface is 10360C for Mg/Fe2O3 composition, 
whereas for thermite compositions Al/Fe2O3 and Al/FeO – maximum values are 8920C and 9920C 
agreeably. Visualization of the temperature data gives the temperature map (Fig. 13) for the time 
t=tmax, corresponding to the maximum-recorded temperature value. Here, L is the tube length, which is 
filled with compacted thermite composition and inert Al2O3; A is the generating line of the tube 
external diameter.  

 
 
 
 
 
 

Figure 8.  TG/DSC curves of Al/FeO
 
reaction in compact sample (10 K/min, in air) 

1770J/
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Figure 9. Set-up after the fire experiment, vertical tube configuration (Mg/Fe2O3). 

Figure 10. Experimental records of the pressure-time histories for thermite compositions and igniter; t1 and t2 values define 
the start and end points of thermite reaction (shown for Mg/Fe2O3 composition, for other systems – in Table 3).  
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Figure 11. Scheme of the thermocouple welding points on the external tube surface. 

Figure 12. Experimental record of thermocouples signal history – number corresponds to the t-couple number, as indicated 
in Fig. 11. Time tmax corresponds to the maximum registrated temperature value.  
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Figure 13. Temperature map (Mg/Fe2O3) for t=tmax, as shown in Fig. 12: L – the tube length, partially filled with Al2O3,  
A – the generating line of the external tube surface. 

                                                                 
 

Table 3. Experimental values of the thermite reaction front velocity 
 

Composition 
L charge, 

mm Porosity, % t1, s t2, s Δt, s 
velocity, 

mm/s 

Al/Fe2O3 (PAP-1) 60,79 45,97 0,238 1,137 0,899 67,6 

Al/Fe2O3 (PAP-2) 66,48 43,7 0,287 1,317 1,030 64,5 

Mg/Fe2O3 65,44 33,77 0,224 2,046 1,822 35,9 

Al/FeO 70,67 31,49 0,219 2,276 2,057 34,4 
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Figure 14. Post-firing steel tube analysis: cross section showing the  
combustion products being fully dense and compact (thermite composition Mg/Fe2O3). 

 

 
Figure 15. Post-firing steel tube analysis: cross section showing the  

combustion products being sufficiently inhomogeneous with large iron drops (thermite composition Al/FeO). 
 

 
Figure 16. Post-firing steel tube analysis: cross section showing the 

combustion products being sufficiently inhomogeneous with large iron drops 
(thermite composition Al/Fe2O3 with Al type of PAP-2, 

for this composition with aluminum powder PAP-1 the picture is very similar). 
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Post-firing analysis of the steel tube cross-section shows that the combustion products of 
Mg/Fe2O3 stoichiometric compact thermite composition form a firm porous cylindrical frame (Fig. 
14). Further investigation reveals this frame to be homogeneous porous compact, not depending on the 
tube orientation (vertical or horizontal). There is no reduction of the initial volume after solidification. 

On the contrary, the combustion products of both Al/FeO and Al/Fe2O3 thermite compositions 
(Figs. 15,16) are sufficiently inhomogeneous with the large iron drops inside. The significant 
reduction of the initial volume after solidification was found. Additionally, the most of the products of 
these samples are streamed down during vertical test experiment. Liquid combustion products for 
Al/Fe2O3 thermite are even percolated throughout the compacted alumina powder (initial porosity 
60%), as shown in Fig. 16. At the same time, the formation of the continuous cladding layer of 1-2 
mm thickness was found for Al/FeO thermite composition on the internal tube surface, confirming the 
good wettability of the part of the combustion products. 

 
4 SUMMARY 
 

Thus, three thermite compositions, i.e., iron oxide – aluminum, iron protoxide – aluminum, 
and iron oxide – magnesium, have been studied under heating with the constant rate 10o/min and under 
combustion within sealed steel tube conditions. The presented THERM predictions prove the high 
adiabatic temperature of reactions alone with the sufficiently low gas-phase products generated. 
DSC/TG analysis reveals the enthalpy values to be sufficiently high to produce self-sustainable 
combustion reaction with the onset temperature around 6000C. Experimental results of the thermite 
reaction propagation within sealed steel tube of 10 mm in diameter show the excellent reaction 
spreading. The maximum pressure level inside the tube (850 atm) was found for Al/Fe2O3 thermite, 
whereas the maximum-recorded temperature (above 1000C) was found for Mg/Fe2O3 compositions. 
Post-firing analysis for Mg/Fe2O3 thermite shows (i) the homogeneous distribution of the combustion 
products within the tube, and (ii) the absence of the sufficient reduction of the initial volume after 
solidification. For the mixtures of Al/FeO and Al/Fe2O3 the combustion products are sufficiently 
inhomogeneous, forming large drops with the considerable volume reduction of the initial volume. 
Formation of the continuous cladding layer of 1-2 mm thickness on the internal tube surface was 
found for Al/FeO compositions proving the good wettability of the part of the combustion products.  
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1 ABSTRACT 
 
Recent developments in flares for civil and military aircraft protection take into account 
that more and more infrared guided missiles are equipped with seekers that use at least 
a two colour detector to differentiate between a jet plume and a pyrotechnic flare. To 
mislead this seeker a spectral flare is needed that imitate the spectral emission of the jet 
engine plume. In principle a spectral flare has a lower emission intensity than e.g. an 
MTV based system of the same temperature that emits continuum radiation. This is 
discussed using an SLG-model called ICT-BaM to simulate spectral emission of 
different types of flares. To imitate the spectral radiation of a jet plume the combustion 
of organic fuels is ideal. To achieve similar emission intensity reaction temperatures of 
more than 3000 K are required that are difficult to realize with the combustion of 
organic substances. The idea of pyroorganic flares is to superpose the combustion of an 
organic mixture with a pyrotechnic energy source. As example a propellant like system 
of an active binder filled with a nitrate oxidizer was additionally charged with a 
stoichiometric thermite mixture of Al and Fe2O3. The samples burn stable with a 
moderate constant burning velocity comparable to MTV also under flow field conditions 
up to 77 m/s. Measured radiation temperatures result in values of 3100 K and the IR-
emission spectra mainly show CO2, CO and water bands with only a low continiuum 
fraction that is very similar to the emission of kerosene/air combustion. In UV- and 
visible spectral range no characteristic signature was determined. 
 
 
2 INDRODUCTION 
 
A recent threat is the use of man-pad missiles or even ground-air missiles equipped with sensor 
warheads including a target tracker [1]. Such types of missiles are distributed in large quantities all 
over the world wherever political crisis or military conflicts were discharged in the 2nd half of the last 
century. Even today asymmetric threats are found in many areas. 
Recent developments in flares for civil and military aircraft protection take into account that more and 
more infrared guided missiles are equipped with seekers that use at least a two colour detector to 
differentiate between a jet plume and a pyrotechnic flare. Common used detectors work at 2 to 3 µm 
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(α-band) and 4 to 5 µm (β-band) benefiting from the fact that at combustion temperatures the intensity 
ratio β/α of a jet plume differs strongly from most pyrotechnic mixtures [1]. To mislead such seeker a 
spectral flare is needed that imitates the spectral emission of the jet engine plume as good as possible.  
Still most applied flare compositions base on MTV (magnesium teflon viton) that features intensive 
thermal emission, good properties according to insensitivity and aging as well as excellent ignition and 
burning behaviour also under aerial combat conditions with high relative wind speed and cold 
atmosphere with low air pressure [2]. Unfavourable is the spectral distribution of the heat radiation 
with a very low β/α-band ratio and a significant UV-line signature that also allow a reliable 
identification [3]. 
Several authors propose spectral flare compositions mainly basing on hydrocarbon components mixed 
with an oxidizer [4]-[9]. All these approaches result in good spectral emission behaviour but suffer in 
very low total intensity due to combustion temperatures of less or in the same range of MTV. 
 
3 THEORETICAL CONSIDERATIONS 
 
The spectral flame emission in IR range of hot burning fuels and energetic or pyrotechnic materials 
consist in 1) continuum radiation emitted from hot condensed materials e.g. particles like soot, oxides 
or metal droplets and 2) band radiation in destined spectral ranges emitted from gas molecules of 
combustion products like water, carbon oxides, hydrocarbons, NOx, SOx etc. The continuum radiation 
can often be described by Planck’s law of black body radiation combined with an emissivity 
coefficient ε independent from temperature and wavelength (so called grey radiation). 
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(Lλ spectral radiance; λ wavelength; T temperature; Ω0 solid angle; c1, c2 Planck constants) 
 
Planck’s law describes the maximum radiative emission that is possible by thermal stimulation. 
Following Wien's displacement law the intensity maximum of this continuum radiation with a 
temperature of more than 1500 K is below 2 µm. This means the continuum radiation of combusting 
systems in IR range is monotonically decreasing like shown in Figure 1 so that β/α-band ratio will be 
below 1. For glowing soot particles Ludwig [10] quotes an emission with an emissivity coefficient 
depending on temperature and wavelength but that also agree with this conclusion (see also Figure 8). 
The band radiation from hot molecules is more complex to predict. For di-atomic molecules a direct 
calculation is possible [11], [12]. In the case of 3 or more atomic molecules several hundred thousands 
of energy transitions have to be taken into account, so it is more convenient to access to databases 
including empirical data like e.g. in “Handbook of Infrared Radiation from Combustion Gases” [10].  
In this paper ICT-BaM code was used to predict spectral emissivity of flames and potential 
pyrotechnic flare compositions. ICT-BaM is described in more detail in [13]. Here only results 
received with the code will be discussed. 
Prominent flame molecules emitting in IR-range calculated for 2500 K with an emitting path length of 
0.1 m are also presented in Figure 1. All calculations only describe original emissivity. No 
atmospheric absorption is considered. Most intensive is CO2 at 4.5 µm that also in higher dilution has 
an emissivity close to black body radiation. A second band at 2.8 µm is less intensive. This band is 
overlapped by a water band emitting with a comparable intensity. Water emission bands in NIR range 
at 1.2, 1.6 and 1.9 µm are optically thin and contribute only few to total heat emission. Also other 
water band systems at 4.5 and 8 µm contribute only little intensity to our consideration. CO also emits 
at 4.5 µm and has a minor but maybe considerable contribution to β-band emission. NO emits at 5 µm 
with low intensity.  
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Figure 1 IR-spectra of Planck radiator, soot emission and emission of H2O, CO2, CO and NO calculated 
with ICT-BaM code. 
 
Most hydrocarbon fuels like kerosene or Jet A1 have a molecular hydrogen to carbon ratio of about 
2 : 1. Assuming a good combustion with sufficient air the IR emitting smoke gases will consist in 
water to carbon oxide ratio of 1 : 1 with a content of CO2 much larger than CO. Modern jet engines 
produce nearly no soot. Combustion temperatures will be in the range of 2000 K and higher. So except 
of direct tail view only a very week continuum radiation with ε = 0.005 to 0.1 will be emitted. Under 
these assumptions ICT-BaM code predicts a β/α-ratio for a jet engine between 2 to 8. This agrees well 
with demands for an optimum β/α-ratio of 3 to 5 for spectral flares.  
MTV burns with a temperatures of 2000 to 2500 K emitting a nearly grey continuum with an intensive 
emissivity coefficient of 0.5 and higher (comp. Figure 8). This results in a β/α-ratio below 0.5.  
To increase this ratio in a potential new flare formulation the particle content in the reaction products 
has to be decreased. In this case metal compounds are suboptimal fuels in comparison to e.g. organic 
substances with a high hydrogen content to decrease soot production. 
To estimate what could be realized with flare mixtures containing hydrocarbons in Figure 2 the β/α-
band ratio of different calculated and measured emitting systems is compared as a function of 
combustion temperature.  
The emission of hydrocarbon gas products is calculated with a characteristic composition of 20% H2O, 
20% CO2 and 2% CO. Taking into account that a flare mixture including hydrocarbon will also 
produce a considerable amount of soot different soot contents are added to this composition. Figure 4 
results in the fact that such hydrocarbon flares especially at higher combustion temperatures will 
produce β/α-band ratios of 1 and lower. But high combustion temperatures are essential to receive 
high intensities of heat radiation to achieve the attention of the warhead seeker.  
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Figure 2 β/α-band ratios as a function of temperature calculated with ICT-BaM code 
 
Figure 3 compares spectra of a black body radiator that represents the maximum emissivity that could 
be realised at a certain temperature, MTV simulated as Planck emitter with an ε=0.6 at 2300 K and 
some calculated hydrocarbon flame spectra at different temperatures using 50% water, 50% CO2 and 
an emitting pathlength of x=1 m. This assumption of highest possible concentrations combined with a 
realistic upper estimation of emitting pathlength evaluate to a maximum emissivity that could be 
achieved by hydrocarbon flares. 2000 K is a maximum temperature that could be obtained by 
combustion with air; 2300 K may be achieved using an energetic oxidiser and 3000 K represents the 
temperature that was realised with the approach presented below. The integrated intensities of the 
spectra that could be achieved with these assumptions are also given in Figure 3. This comparison 
demonstrates that MTV can achieve about 60% of maximum possible emission at the combustion 
temperature. A hydrocarbon flame without continuum radiation of the same temperature only is able 
to produce a small fraction of this value. To increase emissivity of a hydrocarbon flare, temperature 
has to be increased. A reduction of hydrogen content would strengthen the CO2 band to optimise β/α-
ratio. But this would be contra productive to the aim of realising hot temperatures and decreasing soot 
production. 
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Figure 3 Spectra of a black body, MTV (ε=0.6) and hydro carbon flames calculated with ICT-BaM 
 
The integrated radiation of the α and β-band that will be emitted from such hydrocarbon flare 
formulations is compared to MTV and a Planck emitter (Figure 4). It is obvious that in α-band region 
a flare will only emit a small fraction of theoretically achievable maximum intensity. In β-band this 
fraction is anyhow about 40% of a Planck radiator. But even in β-band a flame temperature of more 
than 3000 K is necessary to obtain a similar intensity than an MTV flare. This temperature is very 
difficult to realize with the combustion of organic substances even in combination of high energetic 
oxidisers. 
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Figure 4 Integrated intensities as function of flame temperature emitted in the α and β band of an 
hydrocarbon and MTV compared with Planck radiation. Calculated with ICT-BaM. 
 
To overcome this problem a flare composition has to be designed on two bases: 
1) Organic ingredients that produce combustion products with a high CO2 content but low soot 

fraction to optimise spectral intensity distribution. 
2) Pyrotechnic components that produce a very high temperature but emit low as possible continuum 

emission e.g. with evaporated reaction products. 
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4 EXPERIMENTALS 
4.1 SAMPLES 
As a first example a propellant like system called AZJ of an energetic polymer binder filled with 
strontium nitrate was additionally charged with a stoichiometric thermite mixture of Al and Fe2O3. The 
fraction of the thermite mixture amounts 35%. Particle sizes of all ingredients were 10 to 50 µm. The 
castable batch results in a rubber-elastic compound with excellent stability that could be cut to ashlars. 
Strands of 40 x 4 x 4 mm3 were cut to be used in small scale experiments. For stream tests real scale 
samples of 150 x 20 x 20 mm3 were produced. The surfaces of these samples was covered with 
aluminium foil but not equipped with an energetic liner to enhance homogenous surface ignition. 
For comparison a conventional MTV DM 99 flares equipped with an energetic liner embedded in 
aluminium foil of the same size were investigated. 
 
4.2 SET-UPS 
Small scale tests 
The small scale strands were fixed vertically inside an open ventilated chamber using plasticine. 
Ignition was performed with a blue burning torch of butane gas at the top end. The combustion front 
was characterised with a DV- and an IR-camera. The movies were transferred to a PC and analysed for 
burning rate and flame front statistics using the movie analysing code AVICOR [14]. Spectral 
analyses were performed using different spectrographs ranging from UV to IR (200 nm to 14 µm). 
Details are described in [15]. For calibration a black body radiator was used. To determine flame 
temperatures the NIR spectra were analysed using ICT-BaM code (find details in [13]). 
 
Tests under flow field conditions 
Under operational conditions a flare is strongly affected by the relative movement of ambient air. To 
investigate combustion effects under flow conditions a variable test bench was build. The 
experimental setup is sketched in figure 4.  
The air flow was induced by a controllable high pressure radial blower with a power consumption of 
20kW. This system provides a maximum flow velocity of 80 m/s. The flow was homogenised and 
directed by a tube of 160 mm in diameter and 1 m in length. Downstream in a distance of 50 cm after 
the nozzle the sample was plugged on a central stick. This kind of mounting enables a free optical 
access to record the emitted radiation of the flare. 
To enforce the exhaust in leaving the location an additional exhaust fan was installed in the exit area. 
For safety reasons and to obtain a field of view covering the total emitting flame the complete 
measurement equipment was placed in a distance of 20 m. Another advantage of this distance was that 
all instruments had nearly the same aspect of view. A separated room was used for data acquisition 
and experiment control. 

 
Figure 5 Experimental set-up of tests under flow field conditions 
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5 RESULTS 
5.1 BURNING BEHAVIOUR 
The strands ignited shortly after contacting the torch and started to burn with a bright red flame due to 
the strontium nitrate. Apparently the most of the thermite reaction took place inside or at least at the 
surface of the strand. Numerous bright glowing particles probable consisting in iron and aluminium 
oxide were ejected far out into the atmosphere. No accumulation of iron balls like usually observed on 
bulk thermite reactions was found [16]. Figure 6 (left) shows an exemplary screen shot. The 
combustion was stable; no extinction could be achieved before burn out. As presented in Figure 6 
(right) the regression was strongly linear. The flame front did not flash over the lateral areas of the 
strand. The burning rate under atmospheric conditions amounted to 3 mm/s with a good repeatability. 

 

  

Figure 6 Burning pyroorganic AZ trand 
 
 
5.2 SPECTROSC
For MTV the UV range shows very stems between 340 and 410 nm 
resulting from exited di-atomi [3]. In this range AZJ 
mainly exhibits continuum , aluminium and iron. Figure 7 
(left) presents examples tensity. In NIR range both systems 
mainly feature continuum radiation stribution clearly point to higher 
temperatures of the AZJ-spectra.  
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Figure 7 Comparison of MTV (black) and pyroorganic Flare AZJ (red) in UV (left) and NIR (right) 
 
Figure 8 presents measured spectra of MTV and AZJ in middle IR-range that is mainly interesting for 
detection purposes and compares them with the calculated spectrum of a jet plume assuming a 
temperature of 2000 K and water to CO2 relation of 1. For comparison reasons all spectra are 

ormalised by maximum intensity. In this range MTV also emits pure continuum radiation 
AZJ-

are also develops a weak continuum but it is overlapped from strong water and CO2 band emission. 

n
complementary to the hydrocarbon-spectrum of the jet plume. The spectrum of the pyroorganic 
fl
This spectrum resembles evidentiary to the hydrocarbon one.  
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Figure 8 Comparison of MTV (black), pyroorganic Flare AZJ (red) and a jet plume (green) in IR-range 
 
In Figure 9 ICT-BaM-fit evaluations of NIR-spectra series are presented according to integrated 
intensity, temperature and emissivity. With this technique only the time history of the temperature 
values is measured in Kelvin. All other signals result in arbitrary units that are only proportional to the 
absolute value. The spectral measurements were performed with the same geometry and optical 

y 
 

parameter in such a way that the total flame was mapped to the sensor so that the signal of intensit
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and emissivity of MTV and AZJ can be compared to each other. It is evident that AZJ features 
combustion temperatures of more than 3000 K that are much hotter than those of MTV with 2000 to 
2300 K. The intensity of both samples is in a similar range. The emissivity signal of AZJ is 
significantly lower than that of MTV.  
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Figure 9 Time history of intensity, temperature and relative emissivity of MTV (left) and AZJ (right) 
derived from NIR-spectra series 
 
5.3 TESTS UNDER FLOW FIELD CONDITIONS 
The investigations under flow field conditions result in series of movies in visible and infrared range 
and infrared spectra that could be correlated to each other (Figure 10). The view angles of th

 sr
e 
-1 spectrometers acquire the total flame of the flare. So the spectra could be calibrated in W µm-1

using a black body source. 

 
 
Figure 10 Development of spectral intensity correlated to visible and IR-flame shape of the flare 
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Under all tested wind speeds both flare types ignited without difficulty and burned with an intensive 
stable flame over a period of some seconds. In Figure 11 examples are presented for wind speeds of 20 
and 77 m/s in visible and IR range. The scales of visual and IR screenshots are different. The pictures 
were taken at the point of maximum expansion of the flame. With increasing wind speed the flame 
shape becomes strait but at least in IR range more intensive. As well as in visible and IR the 
pyroorganic flare (AZJ) features a similar flame geometry as the standard MTV flare.  
 

 
 

Figure 12 Screenshots of burning MTV and AZJ-Flares under wind speed of 20 m/s and 77 m/s from 
highspeed camera (pseudo colour, upper row) and IR camera (lower row); scales of visual and IR 
screenshots are different. 
 
The development of the emissivity acquired by integration of each spectrum is compiled in Figure 13 
(left). In principle the intensity of the pyroorganic flare is weaker than that of the corresponding MTV 
flare. For both systems, intensity decreases with increasing wind speed by the same amount. The total 
burning time is less influenced by wind speed. The conventional MTV flares burn immediately after 
ignition with full intensity. The AZJ flares need some seconds for full ignition. This unacceptable 
behaviour is mainly a consequence of the absent energetic liner and will be changed in further studies. 
The total burning time of AZJ is twice as long as that of MTV. In further formulations an additional 
scope will be set on burning rate enhancement. This also will increase emission intensity by lowering 
radiative heat loss from the combustion zone. In Figure 13 (right) integrated intensity of the total 
combustion period of MTV and AJZ is compared for each wind speed. It is obvious that the total 
intensity of the pyroorganic flare is about 60% com ared to MTV that is an exceptional good amount p
for a spectral flare. 
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Figure 13 Emission intensity as function of time (left) and integrated intensity (right) 
 
In Figure 14 the received mean spectra of MTV and AZJ flares at various wind speeds are assembled

he spectra resemble these of the small scale tests given in Figure 8 and approve a good agreement of 
 8. 

. 
T
the pryoorganic flare with the jet plume emission spectrum also presented in Figure
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Figure 14 Mean spectral intensities of investigated flares at different wind speeds 
 
6 CONCLUSIONS 
The best method to receive spectral flares imitating jet plume radiation consists in combusting 

ion. To obtain reliable 
tensities the temperature needs to be enhanced by an additional energy source e.g. on the base of a 

otec t attempt a propellant like organic binder/oxidiser formulation filled with 

hydrocarbons to generate intensive CO2 emission with low continuum radiat
in
pyr hnic mixture. In a firs
a particular dissolved thermit mixture was tested. The experiments result in high temperature spectra 
with distinguished CO2 and water emission bands resembling a jet plume signature. Further efforts 
will be performed for a further degrease of the continuum emission using a modified oxidiser/binder 
system. To increase the burning rate a catalyst might be evident.  
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ABSTRACT 
 
We present a new equation-of-state (EOS) model that allows for reliably computing the 
thermodynamic properties and chemical compositions of reactive multicomponent and 
multiphase C-H-N-O systems over a wide range of temperatures and densities covering 
both the high-pressure area (up to tens of gigapascals) and the region of moderate 
pressures. This model, which is incorporated into the TDS thermochemical code, 
includes an accurate theoretical EOS of multicomponent gases and a thermodynamically 
consistent multiphase EOS model of the nanocarbon. We show that the results of TDS 
computations based on this model are in good agreement with a variety of shock wave, 
static, and detonation experiments and that these results are a) much more reliable as 
compared to calculations with semi-empirical EOSs of dense gaseous mixtures and b) 
more accurate, to a greater or lesser extent, than the results computed with theoretical 
models from other best thermochemical codes. As an example of possible practical 
applications of the developed model, we present and discuss the computed detonation 
parameters for a few recently synthesized explosives whose detonation performance is 
experimentally unexplored yet but is expected to be very high. 
 
 
 
1 INTRODUCTION 
 
The knowledge of thermodynamic properties of multicomponent, multiphase chemical systems, which 
consist of molecules composed of C, H, N, and O atoms, is necessary in solving a variety of practical 
problems in many fields of science. In particular, high-pressure high-temperature thermodynamic data 
on complex chemically reactive C-H-N-O systems are needed in the chemistry and physics of shocks 
and detonations, in geophysics and astrophysics. The development of reliable equation-of-state (EOS) 
models for such systems is of great theoretical and practical interest. 
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In this work, we describe a new multiphase EOS model for chemically reactive C-H-N-O 
systems and their subsets (C-N-O, C-N, N-O, H-O, etc.), which was recently incorporated into the 
thermochemical TDS code [1-3]. The model is applicable over a wide range of temperatures and 
densities covering both the high-pressure area (up to tens of gigapascals) and the region of moderate 
pressures (P < 1 GPa). The main parts of the model are a theoretical EOS of a multicomponent 
gaseous (fluid) phase and a thermodynamically consistent semi-empirical model of the graphite and 
diamond nanoparticles in the solid and liquid states. Accordingly, the TDS code with the developed 
model allows one to obtain the data on thermodynamic properties and chemical compositions of 
reactive carbon-containing systems taking into account the possibility of formation of the carbon 
nanoparticles in the product mixture and their phase transitions. 

The theoretical EOS of a multicomponent gas is based on alpha-exponential-six (Exp-6) 
potentials, which are known to be sufficiently realistic in describing the intermolecular forces in many 
materials at high pressures, and on a reliable perturbation theory [4] that accurately reproduces the 
results of Monte Carlo (MC) and molecular dynamic simulations for the Exp-6 fluid. We show that the 
developed EOS provides an excellent agreement with the simulation data on the excess 
thermodynamic properties of both the one-component Exp-6 fluid and Exp-6 fluid mixtures over a 
wide range of densities and temperatures. 

To apply the EOS to practical thermodynamic computations, it is necessary to determine the 
intermolecular potential parameters for the gaseous species that are considered as the possible 
products in the chemical system being investigated. In this work, Exp-6 parameters have been 
determined for the typical products of reactive C-H-N-O systems. We show that TDS computations 
based on the developed EOS model with these potential parameters are in good agreement with a 
variety of experimental shock wave data at pressures up to tens of gigapascals, with the results of 
static measurements at moderate temperatures and pressures, and with the measured detonation 
parameters of explosives. We also demonstrate that computations with our theoretical model yield 
much more reliable results as compared to the calculations with semi-empirical EOSs of dense 
gaseous mixtures. 

Theoretical EOS models of a multicomponent gas, which are based on intermolecular 
potentials and reliable statistical-mechanical theories, are much more sophisticated than semi-
empirical EOSs. Besides TDS, such theoretical models are implemented only in a few best 
thermochemical codes such as Cheetah [5], CARTE, IDeX, the code of Jones and Zerilli, and CHEQ. 
The TDS code allows for reproducing the results of these codes with good accuracy. This makes it 
possible to compare the predictions of the EOS model developed in the present work to those of the 
theoretical models from the aforementioned thermochemical codes. We present the results of such 
comparisons. They show that in many cases, the thermodynamic data obtained with our EOS model 
are more accurate. 

A high reliability of the developed model allows one to apply it to solving a variety of 
practical problems. In particular, the model can be used for predicting the detonation parameters of 
new explosives that are not studied experimentally. We present and discuss the results of such 
computations for a few recently synthesized hydrogen-free individual explosives (nitrofurazans, 
nitrofuroxans, etc.) whose detonation performance is expected to be very high and also for some 
mixtures of hydrogen-free explosives with and without a hydrogen-containing reactant.  
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2 THE EQUATION-OF-STATE MODEL 
 
It is assumed that molecules i and j of a multicomponent gaseous phase interact via a spherically 
symmetric Exp-6 potential 
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where r is the intermolecular separation, εij is the depth of the attractive well, rm,ij is the position of the 
potential well minimum, and αij controls the stiffness of the repulsive part of the potential.  

For strongly attracting molecules (H2O and NH3 in this work), we use Exp-6 potentials with a 
temperature-dependent well depth  

( ) ( ),1,0 TT iiiiii λεε +=                                               (2) 
where T is the temperature and ε0,ii and λii are the constants (for non-polar molecules λii = 0). The 
dependence (2) was suggested by Ree to simulate the average electrostatic effects of orientation on the 
intermolecular potential. Below we will show that the use of such temperature-dependent potentials 
allows one to obtain a reliable description of the thermodynamics of species with polar molecules over 
a wide range of densities and temperatures including both the thermodynamic states along the 
Hugoniot of the shock-compressed material and the region of moderate pressures and temperatures 
relevant to static measurements. 

To calculate the thermodynamic properties of gaseous mixtures, we use an improved van der 
Waals one-fluid (vdW1f) model, which assumes a mixture of chemical species, interacting via Exp-6 
potentials, to be a hypothetical one-component fluid with an effective Exp-6 potential whose 
parameters are composition-dependent. The reliability of vdW1f in predicting the excess 
thermodynamic parameters of a multicomponent Exp-6 fluid has been shown by Ree, who is the 
author of the mixing rule forα, and confirmed by our results.  

A multicomponent EOS based on vdW1f requires for an accurate one-component Exp-6 EOS 
model. In this work, we use a new version [4] of the KLRR perturbation theory that improves the 
accuracy of computing the thermodynamic parameters of the Exp-6 fluid at high densities and 
especially for stiff potentials (α > 14) in comparison with the original [6] and Byers-Brown and 
Horton’s [7] versions of the theory. An example of computations with our one-component EOS (the 
KLRR-T EOS) is given in Fig. 1a,b where the calculated excess thermodynamic properties of the Exp-
6 fluid are compared to MC simulation data. The KLRR-T EOS is shown [4] to be currently the most 
accurate among theoretical EOSs of a one-component Exp-6 fluid. The constructed multicomponent 
EOS, which we also refer as the KLRR-T EOS, provides a good agreement with MC data for Exp-6 
fluid mixtures over a wide range of pressures and temperatures. As seen in Table 1, this EOS 
reproduces the simulation results for mixtures more accurately than the models based on vdW1f and 
the MCRSR variational theory (CHEQ, CARTE) or on vdW1f and the HMSA integral equations for 
pair distribution functions (Cheetah). To our knowledge, the multicomponent KLRR-T EOS is 
currently the most accurate among the existing theoretical EOSs of Exp-6 fluid mixtures. 

For practical applications of the multicomponent KLRR-T EOS, one should determine the 
intermolecular potential parameters for species that are considered as the possible gaseous (fluid) 
products in the chemical system being investigated. In this work, we assume the gaseous phase to 
consist of molecules N2, N, H2O, CO2, CO, NH3, NO, NO2, N2O, CH4, O2, O, H2, and H that are the 
major products of typical reactive C-H-N-O systems. The potential parameters have been determined 
mostly by matching experimental Hugoniot data and available results of static experiments for the 
region of moderate pressures and temperatures.  

In this work, we use a multiphase model of the nanocarbon that involves semi-empirical EOSs 
for the graphite and diamond nanoparticles in the solid and liquid states [8]. The EOSs are based on an 
accurate multiphase model of the bulk carbon and have correction terms that allow for taking into 
account the effect of the small size of carbon particles on their thermodynamics. The correction terms 
represent approximate expressions for the surface energy of nanoparticles that depend on the material 
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and the size and shape of the particles. The enthalpy and entropy of the nano-size material are 
calculated by adding the correction terms to the corresponding quantities of the same bulk material. 
The present model shifts the solid nanographite – solid nanodiamond phase equilibrium line upward in 
pressure relative to the bulk graphite–diamond equilibrium line (see Fig. 2), so that in a limited region 
of temperatures and pressures between those two lines, the graphite nanoparticles remain 
thermodynamically stable whereas the bulk graphite is unstable under the same conditions. As seen in 
Fig. 2, the model also shifts the nanocarbon melting line downward in temperature. The determined 
absolute values of the heat of formation of the graphite and diamond nanoparticles are consistent with 
the available measurements for the heat of formation of carbon particles recovered from detonation 
calorimetry experiments. 
 
3 COMPARISON WITH EXPERIMENTS AND WITH OTHER MODELS  
 
Using the TDS code with the developed EOS model, we have computed the thermodynamic properties 
of a number of chemical systems over a wide range of pressures and temperatures. The results are in 
good agreement with a variety of experimental shock wave data (up to high temperatures and high 
pressures of about tens of gigapascal) and static measurements (at moderate temperatures and 
pressures P < 1 GPa). Some examples are given in Fig. 3-5 and in our recent paper [9]. 

We find that temperature-dependent Exp-6 potentials (1,2) allow one to obtain a reliable 
description of the thermodynamics of species with polar molecules over a wide range of densities and 
temperatures including both the thermodynamic states along the Hugoniot of the shock-compressed 
material and the region of moderate pressures and temperatures relevant to static measurements. 
Earlier results obtained with CHEQ, the code of Jones and Zerilli, and CARTE are successful only as 
applied to accurately reproducing the Hugoniots of materials with polar molecules by means of such 
potentials. We were able to find the potentials that allow for accurate computations of the 
thermodynamics over a much wider range of thermodynamic state variables. This is shown here by the 
example of ammonia (Fig. 4-5, Table 2). 

To check the reliability of our EOS model in reproducing the experimental data on more 
complicated chemical systems, we have computed the detonation parameters of a few liquid and solid 
explosives. The detonation products are hot reactive mixtures consisting of a dense multicomponent 
gas (fluid) and, for some explosives, the condensed phases. The results of TDS detonation 
computations are listed in Tables 3-11 and demonstrate excellent agreement with measurements. We 
did not use the detonation experiments for calibrating the potential parameters of our model. Thus, 
good agreement with the measured detonation characteristics of explosives confirms a high reliability 
of the EOS model developed. We note that this EOS model can be applied to predicting and analyzing 
an unusual structure of detonation wave with the failure of the Chapman-Jouguet (CJ) condition for 
explosives whose detonation products undergo nanocarbon phase transitions. The technique of such 
calculations was recently suggested by Victorov and Gubin [3]. 

We have also carried out a series of TDS computations with other EOSs of the gaseous phase, 
namely, the semi-empirical BKWR and BKWC EOSs and with theoretical Exp-6 models from the 
aforementioned best thermochemical codes. The comparisons (see Fig. 4-5 and Tables 2-12) show that 
our model yields much more reliable results than the semi-empirical EOSs and provides, to a greater 
or lesser extent, more accurate agreement with experiments than the examined theoretical models from 
other thermochemical codes. Among the latter, the best results were obtained with the model from the 
Cheetah code with the recently determined potential parameters [5]. However, in comparison with the 
predictions of our model, the computations with the model [5] turned out somewhat less accurate in 
reproducing the data of shock wave and static experiments and, as a result, of detonation experiments.  

We conclude that the EOS model developed in this work allows for reliably computing the 
thermodynamic properties and chemical compositions of multicomponent, multiphase reactive C-H-N-
O systems and their subsets over a wide range of pressures and temperatures. The model can be used 
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in solving a variety of practical problems in the chemistry and physics of shock waves and 
detonations, in geophysics and astrophysics. 
 
4 PREDICTIONS FOR NEW EXPLOSIVES 
 
The developed EOS model can be applied, for example, to predicting the detonation properties of new 
explosives. In this work, we have computed the detonation parameters for a few recently synthesized 
hydrogen-free explosives and also for some mixtures of hydrogen-free explosives with and without a 
hydrogen-containing reactant. The detonation characteristics of these new explosives are not studied 
experimentally yet, in particular, due to small amounts of the synthesized matter. But their detonation 
performance is expected to be very high. This motivates a great practical interest in realistically 
predicting the detonation parameters of these explosives. The reliability of the developed EOS model 
allows for considering the results of our computations as sufficiently realistic.  

Table 13 represents the results obtained for the investigated individual explosives. They have 
high values of the maximum charge density and the heat of formation. The detonation parameters are 
found to be very high as well. Detonation velocities and pressures of solid explosives C4N8O8, 
C4N6O6, C8N14O12, C8N12O12, and C6N10O6 exceed those of HMX at the maximum charge density. We 
note that our computed detonation velocity of C4N8O8 at ρ0,max = 2.003 g/cm3 agrees well with the 
magnitude of 9.954 km/s predicted by another method [10]. The computations predict very high 
temperatures of the CJ detonation products of the examined explosives. Their values of TCJ are 
significantly higher than those of typical CHNO-explosives. As a result, detonations of these 
explosives (of those with negative oxygen balance) must produce the carbon nanoparticles in the 
liquid rather than solid state (see Table 13 and Fig. 2). Our computations take this circumstance, which 
is important for obtaining reliable predictions on the detonation parameters, into account. 

We have also computed the detonation characteristics of mixtures of a hydrogen-free oxidizer, 
C3N8O11, with one of the four fuel reactants, namely, C2H4N6O2, C4H2N6O4, C4N6O4, or C8N16O8. The 
calculations are performed for different values of the fuel/oxidizer equivalence ratio. The mixtures 
with hydrogen-free fuel reactants are found to have higher detonation velocities that may exceed 
9.5 km/s. However, the mixtures with hydrogen-containing fuel reactants have higher detonation 
pressures (more than 40 GPa). 

Basing on the results obtained, we conclude that the development of new hydrogen-free 
explosives is a promising line of investigations. 
 
5 CONCLUSION 
 
We have developed an EOS model that allows for reliably computing the thermodynamic properties 
and chemical compositions of reactive multicomponent and multiphase C-H-N-O systems over a wide 
range of temperatures and densities covering both the high-pressure area (up to tens of gigapascals) 
and the region of moderate pressures (less than 1 GPa). The model includes a theoretical EOS of 
multicomponent gaseous phases, which, to our knowledge, is currently the most accurate among the 
existing theoretical EOSs of Exp-6 fluid mixtures, and a thermodynamically consistent semi-empirical 
multiphase EOS model of the nanocarbon. 

The results of TDS thermochemical code computations based on the model presented are in 
good agreement with a variety of experimental shock wave and static data and with measured 
detonation parameters of explosives. These results are shown to be a) much more reliable as compared 
to the results of calculations with semi-empirical EOSs of dense gaseous mixtures and b) more 
accurate, to a greater or lesser extent, than the computations based on theoretical (intermolecular 
potential-based) EOSs from other thermochemical codes. The data of detonation experiments are not 
used for determining the intermolecular potentials of our EOS so that good agreement with the 
measured detonation properties confirms its high reliability. The TDS code with the presented EOS 
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model can be applied to solving a variety of practical problems in the chemistry and physics of shock 
waves and detonations, in geophysics and astrophysics. 

The reliability of the developed EOS model allows one to apply it, in particular, to predicting 
the detonation properties of new explosives that are not studied experimentally. We have performed 
such computations for a few recently synthesized hydrogen-free individual explosives whose 
detonation parameters are expected to be high and also for some mixtures of hydrogen-free explosives 
with and without a hydrogen-containing reactant. The obtained results confirm that the examined 
explosives have a very high detonation performance and predict the formation of the liquid carbon 
nanoparticles in their detonation products. We conclude that the development of new explosives of 
this class is a promising line of investigations. 
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FIGURE 1.  Reduced temperature T* = kT/ε isotherms of the compressibility factor (a) and of the excess internal energy (b) 
as a function of reduced density ρ* = N0rm

3/V for the Exp-6 potential with α = 11.5. Lines are computed with our KLRR-T 
EOS. Symbols are MC simulations. 
 
 
 
 
 
 
TABLE 1. Pressures (P) and excess internal energies (ΔU) of H2–He mixtures computed with our KLRR-T EOS (“EOS”) and 
obtained from Monte Carlo simulations (“MC”). The relative errors of the EOS (δP, δΔU) are also listed. 

T,     
K 

VM,     
cm3 / 
mol 

Mol. 
ratio 

H2–He 

P, 
GPa     
(MC) 

P,  
GPa 

(EOS) 

δ P, 
% 

ΔU,  
 kJ/mol 
(MC) 

ΔU, 
kJ/mol 
(EOS) 

δ ΔU,    
% 

50 20 1:1 0.0473(5) 0.0480 1.47 –0.755(3) –0.7341 2.77 
100 14 1:1 0.338(1) 0.3387 0.22 –0.354(6) –0.3274 7.53 
300 10 1:1 1.856(4) 1.8598 0.20 2.79(2) 2.9076 4.22 
300 10 3:1 2.309(7) 2.3271 0.78 3.49(3) 3.6659 5.04 
300 10 1:3 1.424(4) 1.4087 1.07 2.08(1) 2.0882 0.39 
1000 9 1:1 4.510(7) 4.4214 1.96 8.86(3) 8.8616 0.02 
1000 9 3:1 5.255(12) 5.1888 1.26 10.88(5) 10.913 0.30 
1000 9 1:3 3.715(8) 3.6335 2.19 6.79(3) 6.6823 1.59 
4000 8 1:1 12.43(1) 12.125 2.46 25.12(5) 24.845 1.10 
4000 7 1:1 16.33(3) 15.952 2.32 31.4(2) 31.170 0.73 
7000 4.5 1:1 54.01(7) 52.759 2.32 84.7(1) 85.548 1.00 
7000 4.5 3:1 56.21(7) 56.383 0.31 97.2(2) 99.164 2.02 
7000 4.5 1:3 48.83(7) 47.796 2.12 68.0(2) 67.378 0.92 

Average relative error, % 1.44   2.12 
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FIGURE 2. The phase diagrams of the carbon computed with our model. Dotted (blue) lines are the phase diagram of the 
bulk carbon. Solid (black) lines are the phase diagram of the detonation nanocarbon (the particle size is 5 nm). Dash-dot 
lines are the phase diagram of the nanocarbon with the particle size of 2 nm. Symbols and lines labelled “1”, “2”, and “3” 
show the computed thermodynamic states of the detonation products of three explosives at different initial charge densities 
(1 – TNT, 2 – HNS, 3 – BTF). 
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FIGURE 3. The shock Hugoniot of liquid nitric oxide (NO): the pressure-vs-mass velocity dependence for the shocked and 
reshocked states (a) and the dependence of the product composition on pressure for the shocked states (b). Lines are TDS 
computations with the EOS model obtained in this work. In Fig. a, solid line shows the shocked states and dotted lines represent 
the reshocked states. Symbols are experimental data of Schott et al. Mole fractions of N2O and NO2 are not shown in Fig. b; they 
do not exceed 2.2 and 1.1 %, respectively. 
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FIGURE 5a. The chemical composition of the products along the shock Hugoniot of liquid NH3 computed by 
means of the TDS code with the EOS model developed in this work. 
 
FIGURE 5b. The molar volume-vs-pressure isotherms of NH3 at temperatures T = 373, 423, and 473 K. Symbols are 
experimental data. Lines are TDS computations with the EOS model developed in this work. 
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TABLE 2. The average and maximum errors in molar volumes of NH3 computed by means of the TDS code with a) 
the theoretical model developed in this work (TDS); b) theoretical EOSs  from other  thermochemical codes; c) the 
ideal gas EOS; and d) the semi-empirical BKWR and BKWC EOSs as compared to the experimental isotherms. 

 Average error, % Maximum error, % 
EOS model: 323К 373К 423К 473К 323К 373К 423К 473К 

This work (TDS) 1.4 1.1 0.8 0.7 3.3 3.7 2.8 1.1 
Cheetah 3.9 3.2 2.0 1.2 7.8 8.0 7.4 5.2 
Jones, Zerilli 18 17 19 19 25 28 30 24 
CHEQ 26 27 29 29 36 39 43 38 
CARTE 30 28 27 22 62 67 67 42 
Ideal gas EOS 64 66 64 66 87 85 83 80 
BKWR EOS 67 61 61 54 172 172 165 105 
BKWC EOS 76 71 71 64 172 170 163 109 

 
 
 
 
TABLE 3. The experimental and computed detonation parameters (D, PCJ, TCJ) of liquid NO (ρ0 = 1.30 g/cm3, 
H0 = 19 kcal/mol) and the computed chemical compositions of the detonation products at the CJ point 
 Mole fractions of the products, % 
 

D, 
km/s 

ΔD 
km/s 

PCJ, 
GPa 

TCJ,  
K N2 O2 NO NO2 N2O O N 

Experiment 5.62 0.07 10 ± 1         
CARTE 5.61 0.01 9.9 2739 45.7 45.7 8.6 – – – – 
Jones, Zerilli 5.63 0.01 9.7 2947 46.8 46.8 6.4 – – – – 
BKWR EOS 5.65 0.03 10.6 2690 48.8 48.8 2.4 – – – – 
This work (TDS) 5.55 0.07 9.5 2858 45.0 44.6 9.3 0.9 0.2 10–2 10–5

BKWC EOS 5.71 0.09 9.9 3190 48.5 48.5 3.0 10–4 – – – 
Cheetah 1) 5.50 0.12 9.5 2842 44.0 43.5 11.3 1.0 0.2 10–2 10–5

CHEQ 5.44 0.18 9.1 2995 46.9 46.3 5.3 1.3 0.2 –  – 
1) Mole fraction of O3 (ozone) is not shown in Table; its value is about 6⋅10–3 %. 
 
 
 
 

TABLE 4. The experimental and computed detonation parameters (D, PCJ, TCJ) of solid C3N12 
(ρ0 = 1.15 g/cm3, H0 = 218.6 kcal/mol) and the computed chemical compositions of the detonation products 
at the CJ point 
 Mole fractions of the products, % 
 D, 

km/s 
ΔD, 
km/s 

PCJ, 
GPa 

TCJ,  
K N2 N 

Nano-
graphite 

Experiment 5.60 ≤ 0.10      
This work (TDS) 5.65 0.05 8.9 3954 66.7 10–3 33.3 
CHEQ 5.52 0.08 8.4 4048 66.7 – 33.3 
Cheetah 5.71 0.11 8.9 3995 66.7 10–3 33.3 
Jones, Zerilli 5.72 0.12 8.9 4024 66.7 – 33.3 
CARTE 5.74 0.14 9.1 3899 66.7 – 33.3 
BKWC EOS 5.96 0.36 9.7 4074 66.7 – 33.3 
BKWR EOS 5.98 0.38 10.5 3630 66.7 – 33.3 
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TABLE 5. The experimental and computed detonation parameters (D, PCJ, TCJ) of liquid “TNM” CN4O8 (ρ0 = 1.65 g/cm3, 
H0 = 8.8 kcal/mol) and the computed chemical compositions of the detonation products at the CJ point 
 Mole fractions of the products, % 
 

D, 
km/s 

ΔD 
km/s 

PCJ, 
GPa 

TCJ,  
K N2 O2 CO2 CO NO NO2 N2O 

Experiment 6.45 < 0.10 15.5         
This work (TDS) 6.46 0.01 15.0 2231 30.0 46.4 16.7 10–5 5.9 0.8 0.2 
Jones, Zerilli 6.47 0.02 14.9 2318 32.2 48.8 16.7 10–5 2.3 – – 
Cheetah 6.42 0.03 15.1 2223 28.8 45.2 16.8 10–5 8.0 1.0 0.2 
CARTE 6.53 0.08 15.8 2039 31.2 47.9 16.7 10–6 4.2 – – 
BKWC EOS 6.26 0.19 13.8 2651 32.9 49.6 16.7 10–4 0.8 10–7 – 
CHEQ 6.22 0.23 13.9 2374 32.0 48.2 16.8 10–5 1.7 1.1  0.2 
BKWR EOS 6.18 0.27 14.8 2112 33.1 49.7 16.7 10–5 0.5 – – 

 
 
 

TABLE 6. The experimental and computed detonation parameters (D, PCJ, TCJ) of liquid C2N6O12 (ρ0 = 1.86 g/cm3, 
H0 = 28.6 kcal/mol) and the computed chemical compositions of the detonation products at the CJ point 
 Mole fractions of the products, % 
 

D, 
km/s 

ΔD 
km/s 

PCJ, 
GPa 

TCJ,  
K O2 N2 CO2 NO NO2 N2O O 

Experiment 7.58 < 0.10          
This work (TDS) 7.58 0.00 23.8 2527 37.2 26.3 22.4 12.6 0.8 0.6 0.1 
CARTE 7.60 0.02 24.6 2295 39.6 28.5 22.2 9.6 – – – 
Jones, Zerilli 7.62 0.04 23.4 2681 42.3 31.1 22.2 4.4 – – – 
BKWC EOS 7.48 0.10 22.0 3154 43.9 32.8 22.2 1.1 10–8 – – 
Cheetah 7.47 0.11 24.0 2497 34.5 23.7 22.4 17.7 1.0 0.5 0.2 
CHEQ 7.32 0.26 21.8 2769 41.9 31.0 22.4 3.0 1.2 0.5  – 
BKWR EOS 7.20 0.38 22.6 2463 44.0 32.8 22.2 1.0 – – – 
 
 
TABLE 7. The experimental and computed detonation parameters (D, PCJ, TCJ) of liquid C6N6O12 (ρ0 = 1.973 g/cm3, 
H0 = 10.0 kcal/mol) and the computed chemical compositions of the detonation products at the CJ point 
 Mole fractions of the products, % 
 

D, 
km/s 

ΔD 
km/s 

PCJ, 
GPa 

TCJ,  
K CO2 N2 CO NO O N O2

Experiment 9.33 < 0.10          
This work (TDS) 9.34 0.01 39.0 4896 59.4 30.7 4.8 2.4 2.2 0.3 0.1 
Cheetah 9.27 0.06 38.6 4916 58.2 30.1 5.6 2.8 2.6 0.6 0.03 
CARTE 9.22 0.11 38.8 4716 61.6 30.9 3.8 3.6 – – 0.1 
BKWC EOS 9.18 0.15 37.2 5251 62.7 32.4 3.0 0.8 – – 1.1 
Jones, Zerilli 8.99 0.34 35.8 5272 62.2 31.5 3.3 2.6 – – 0.4 
BKWR EOS 8.85 0.48 38.0 4372 65.3 32.9 1.0 0.6 – – 0.2 
CHEQ 8.65 0.68 33.8 5302 62.0 31.4 3.6 2.2 – – 0.5 

 
 

TABLE 8. The experimental and computed detonation parameters (D, PCJ, TCJ) of solid C4N8O8 (ρ0 = 1.77 g/cm3, 
H0 = 159.6 kcal/mol) and the computed chemical compositions of the detonation products at the CJ point 
 Mole fractions of the products, % 
 

D, 
km/s 

ΔD 1) 
km/s 

PCJ, 
GPa 

TCJ,  
K N2 CO2 CO NO O N O2

Experiment 9.00 < 0.10          
BKWC EOS 9.02 0.02 33.5 5914 47.6 43.1 5.5 2.0 – – 1.8 
This work (TDS) 8.94 0.06 33.3 5541 44.5 39.5 7.9 5.0 2.2 0.5 0.2 
Cheetah 8.89 0.11 33.0 5522 43.3 38.1 9.0 6.3 2.1 0.8 0.2 
CARTE 8.83 0.17 32.9 5415 44.6 40.4 7.7 6.9 – – 0.4 
Jones, Zerilli 8.75 0.25 31.5 5907 45.7 41.5 6.8 5.3 – – 0.7 
BKWR EOS 8.66 0.34 33.9 5115 48.4 46.3 2.9 1.8 –  – 0.6 
CHEQ 8.43 0.57 29.9 5959 45.7 41.3 7.0 4.5 – – 1.0 
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TABLE 9. The experimental and computed detonation parameters (D, PCJ, TCJ) of liquid C6N12O6 (ρ0 = 1.74 g/cm3, 
H0 = 270.4 kcal/mol) and the computed chemical compositions of the detonation products at the CJ point 
 Mole fractions of the products, % 
 

D, 
km/s 

ΔD 
km/s 

PCJ, 
GPa 

TCJ,  
K N2 CO2 CO NO N O C 

Experiments 8.58 < 0.10          
This work 8.60 0.02 31.3 4472 49.6 20.7 8.0 0.4 0.1 0.1 21.1 
Jones, Zerilli 8.54 0.04 30.6 4642 49.9 19.4 10.9 0.2 – – 19.6 
CARTE 8.52 0.06 31.0 4291 49.8 20.1 9.4 0.3 – – 20.4 
Cheetah 8.67 0.09 32.0 4524 49.3 19.6 9.8 0.6 0.2 0.1 20.4 
BKWC EOS 8.70 0.12 31.3 4817 50.0 19.8 10.2 0.1 – – 19.9 
CHEQ 8.25 0.33 29.3 4704 49.9 19.0 11.9 0.1 – – 19.1 
BKWR EOS 8.24 0.34 31.4 4247 49.9 23.2 3.4 0.1 – – 23.4 

 

 

 
 
TABLE 10. The experimental and computed detonation parameters (D, PCJ, TCJ) of liquid “NM” CH3NO2 (ρ0 = 1.13 g/cm3, 
H0 = –27.0 kcal/mol) and the computed chemical compositions of the detonation products at the CJ point 
 Mole fractions of the products, % 
 

D, 
km/s 

ΔD  
km/s 

PCJ, 
GPa 

TCJ,  
K H2O N2 CO2 CO NH3 CH4 C 

Experiment 6.35 < 0.10 12.5 3430        
This work (TDS) 6.35 0.00 12.6 3454 35.4 16.3 15.4 12.6 6.8 5.8 5.6 
CHEQ 6.34 0.01 11.8 3470 34.2 17.6 17.0 15.2 6.5 4.7 0 
CARTE 6.37 0.02 12.5 3414 37.0 15.5 14.2 10.2 6.7 3.3 10.1 
BKWC EOS 6.29 0.06 12.2 3427 43.9 19.4 7.0 19.6 0.1 4.6 2.9 
Jones, Zerilli 6.29 0.06 11.3 3414 31.1 16.4 17.5 16.2 8.4 7.5 0 
Cheetah 6.53 0.18 11.9 3319 36.0 17.6 13.1 18.5 5.2 4.8 0 
BKWR EOS 6.66 0.31 13.5 3126 43.2 15.9 10.2 5.7 2.8 0.6 18.1 

 
 
 
 
 

TABLE 11. The experimental and computed detonation parameters (D, PCJ, TCJ) of solid “PETN” C5H8N4O12 
(ρ0 = 1.77 g/cm3, H0 = –125.5 kcal/mol) and the computed chemical compositions of the detonation products at the CJ point 
 Mole fractions of the products, % 
 

D, 
km/s 

ΔD 
km/s 

PCJ, 
GPa 

TCJ,  
K CO2 H2O N2 CO H NH3 C 

Experiment 8.30 < 0.10 31.7 4200        
This work (TDS) 8.35 0.05 30.1 4141 35.8 33.6 17.6 3.5 2.2 1.0 6.0 
CHEQ 8.36 0.06 29.8 4326 38.0 32.8 17.8 4.8 – 2.2 3.5 
Jones, Zerilli 8.23 0.07 29.0 4373 38.1 32.2 17.2 4.7 – 3.3 4.1 
CARTE 8.48 0.18 30.2 4089 36.1 35.1 17.8 2.7 – 1.0 7.1 
BKWC EOS 8.65 0.35 31.6 4275 30.8 36.1 18.3 11.8 – 10–4 2.7 
BKWR EOS 8.70 0.40 32.8 3517 36.8 35.0 17.8 1.6 – 1.0 7.5 
Cheetah 8.86 0.56 32.8 4163 36.4 32.9 17.3 5.6 0.5 2.3 4.2 
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TABLE 12. The overall results of comparisons of the measured detonation parameters to those computed with the EOS model 
developed in this work (“TDS”) and with the theoretical and semi-empirical models from other thermochemical codes. The 
symbols “+”, “–/+“, and “–“ mean good (within the experimental uncertainties), satisfactory (but outside the experimental 
uncertainties), and poor agreement with experimental data, respectively. 
Explosive TDS Cheetah CARTE Jones, Zerilli CHEQ BKWR BKWC 

NO + –/+ + + – + –/+ 
C3N12 + –/+ –/+ –/+ + – – 
CN4O8 + + + + – – – 

C2N6O12 + –/+ + + – – + 
C6N6O12 + + –/+ – – – – 
C6N12O6 + + + + –  – –/+ 
C4N8O8 + –/+ – – – – + 
CH3NO2 + – + + + – + 

C5H8N4O12 + – – + + – – 
 
 
 
 
 
TABLE 13. The experimental values of the heat of formation (H0) and of the maximum charge density (ρ0,max), and the 
predicted detonation parameters (D, PCJ, TCJ) of new hydrogen-free explosives. The computations are carried out by means 
of  the TDS code with the EOS model developed in this work. The results are shown for the specified values of ρ0,max and also 
for ρ0 = 1.90 g/cm3 (if ρ0,max > 1.90 g/cm3). The predicted mole fractions of the liquid nanocarbon at the CJ point are listed 
in the last column. 
Explosive State H0, 

kcal/mol 
ρ0,max and  
ρ0 = 1.90 

g/cm3

D,  
km/s 

PCJ, 
GPa 

TCJ, 
K 

Liquid 
nanocarbon, 

mol. % 
C4N8O8 solid 159.6 2.003 10.0 53.3 5278 1.4 

   1.90 9.56 40.6 5376 – 

C4N6O6 solid 151.7 2.020 9.90 50.4 5084 14.2 
   1.90 9.43 44.6 5354 12.8 

C8N14O12 solid 314.9 1.990 9.84 48.2 4938 12.7 
   1.90 9.48 43.9 5140 11.7 

C8N12O12 solid 273.8 1.950 9.59 45.8 5095 13.3 
   1.90 9.40 43.6 5203 12.6 

C6N10O6 solid 277.1 1.990 9.66 43.0 4446 26.1 
   1.90 9.28 38.9 4626 25.2 

C4N6O5 solid 149.8 1.930 9.43 42.2 4850 19.6 
   1.90 9.31 40.9 4911 19.3 

C4N6O7 fusible 73.1 1.906 9.35 42.7 4932 5.6 
   1.90 9.33 42.4 4945 5.5 

C6N12O9 liquid 261.3 1.800 9.17 39.8 5263 9.4 

C3N8O7 liquid 145.7 1.630 8.07 25.4 5330 – 
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ABSTRACT 
A multiphase approach for the modelling of liquid and multiphase mixtures dispersion in 
air is presented. The dispersion results from explosion or high velocity impact conditions. 
The dispersed multiphase mixtures are made of liquid droplets or solid particles in air (or 
both). In any case the main difficulty comes from the transition from an interface 
problem with a single velocity to a multiphase mixture evolving with several velocities. 
Initially, an interface separates a high pressure gas from a pure liquid or a mixture. This 
interface becomes unstable and gas penetration increases mixing and cloud formation. 
Thus the model has to deal with permeable interfaces with two velocities as well as liquid 
fragmentation. Simultaneously, strong rarefaction waves propagate through the liquid 
that becomes metastable and undergoes a phase transition. It means that dynamic 
interfaces appearance has to be considered. Thus, the overall model has to deal with an 
unified formulation involving single velocity zones (interfaces) as well as multiple 
velocities, fragmentation and phase transition. The multiphase model relies on an 
extended version of the Discrete Equation Method [1], that also accounts for the 
heterogeneous explosives detonation [2] as well as evaporation fronts propagation into 
liquids [3]. 
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1 ABSTRACT 
 

In detonics experiments, specimens are loaded through intense shock waves produced by 
explosives, and hence the simultaneous occurrence of large strains and high strain rates makes the 
analysis delicate. Attention is here focused on tantalum and copper because elasto-plastic properties of 
these both materials are quite complex, possibly involving strain localization. In order to face this 
challenge, the choice has been made to use imaging techniques, both for quasi-static tests (few images 
per second at most) and dynamic experiments (up to one million frames per second). Displacement 
fields are analyzed through digital image correlation techniques applied to monovision for in-plane 
displacements, and stereocorrelation when the three dimensional components of the surface 
displacement field are sought. 

Quasi-static tests on a tantalum specimen give access to the elastic properties (Young’s 
modulus and Poisson’s ratio), but also reveal strain localization occurring in the plastic flow regime.  
Extension of this technique to stereocorrelation is underway in order to have access to microsecond 
time resolution, and sub-millimeter space resolution. 
 
 
 
2 INTRODUCTION 
 

Classical techniques used to measure strains on the surface of a loaded material are gauges and 
extensometers.  These two methods have some limitations, namely, they are point measurements, the 
sample and the measurement system are in contact, the measurable strain range is around ± 5 percent.  
For the present applications, gauges and extensometers cannot be used because of high strain and 
strain rate levels.  That is why alternative methods using images are developed.  A first class of 
approaches, not studied in this paper, uses coherent light and interferometry (see Refs. [1, 2, 3] for 
more details) and a second one use incoherent light.  The main advantage of the latter concerns the 
number of measured points that is more important than with gauges and extensometers and the fact 
that images are obtained for various strain rates.  In two dimensions, digital images correlation (DIC) 
is currently used in two or three dimensions and has become popular to analyze experiments [4, 5] in 
two dimensions.  Even if DIC is essentially used in monovision, some studies are carried out in 
stereovision (see Refs. [6, 7, 8] for some examples).  In both cases, DIC is rarely used in experiments 
involving very high strain rates.  The aim of this paper is to show an application where DIC is used in 
three dimensions for low and high strain rates. 

 - 1 - 
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Before studying the results obtained in monovision and stereovision, some basics about 
camera vision are introduced.  The second part deals with the principle of two-dimensional DIC, the 
results given by this technique and the limitations when one uses only one camera.  The stereovision 
principle is then explained and results given by this method are commented. 
 
 
 
3 MONOVISION 
 

Let us first recall some basic principles of image acquisition.  The camera models used in the 
sequel are either the pinhole or orthographic models [9]. It is necessary to define the different sets of 
coordinates used in monovision as shown in Figure 1. A point, whose three dimensional homogenous 

coordinates are written { }  in the laboratory frame, is transformed into a point of 

homogeneous coordinates { }  in the image plane, through a linear relationship 

( )1,,, ZYXX t =

)1,,( vuu t =

 { } [ ]{ }XMu =  (1) 

where [  can be split into the product of an intrinsic ]M [ ]K  and an extrinsic [ ]A  matrix [9, 10] 

 [ ] [ ][ ]),( RtAKM =  (2) 

The first matrix contains the camera parameters while the second one accounts for the translation t  
and rotation R  between the laboratory frame and the image plane. This approach may be extended to 

account for lens distortion [11] at the expense of the linear transformation [ ]K , but the latter will not 
be used herein. Dealing with such two dimensional images, only in-plane displacement components 
are measured. 
 
 
 
4 DIGITAL IMAGE CORRELATION  
 
4.1 PRINCIPLE 
 

The principle of DIC is to compare two images taken at different loading stages.  The first one 
is referred to as reference image, and the second is the deformed image.  This comparison aims at 
evaluating the displacement field that would allow for the coincidence of the two pictures.  First, a 
black and white paint is sprayed on the surface of the sample (Figure 2a).  This operation is very 
important because it provides the texture of the surface from which patterns can be tracked.  The 
reader is referred to Ref. [12] for more details about the texture characterization.  The reference and 
deformed images are respectively denoted by f(x) and g(x), giving the gray level value of image 
coordinate x.  The displacement field u(x) is assumed to be the only alteration of the image in the 
loading, so that the conservation of optical flow reads 

 ))(()( xuxx += fg  (3) 

Assuming that the reference image is differentiable, a Taylor expansion up to the first order yields 

 )().()()( xxuxx ffg ∇+=  (4) 

 - 2 - 
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To estimate u, the quadratic difference between right and left members of Equation (4) is integrated 
over the studied domain and subsequently minimized 

  (5) xxxxxu dgff∫∫
Ω

−+∇= 22 )]()()().([η

The displacement field is decomposed over a set of test functions Ψj(x) [12, 13].  Each component of 
the displacement field is treated in a similar manner, and thus only scalar shape functions are 
introduced 

 ∑=
ji

ijija
,

)()( exxu ψ  (6) 

The objective function is thus expressed as 

  (7) xxxxex dgffa
ji

ijij∫∫ ∑
Ω ⎥

⎥
⎦

⎤

⎢
⎢
⎣

⎡
−+∇=

2

,

2 )()()(.)(ψη

and hence its minimization leads to a linear system 
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that is written in a compact form as 

 [F] {a} = {b} (9) 

Although many choices for ψj are possible, square bilinear finite element shape functions (Q4P1) will 
be used in the following.  In practice, a Region of Interest is selected, on which a regular square mesh 
is applied (Figure 2).  The size of the elementary squares is called Zone of Interest (or ZOI) to match 
other classical techniques that use independently such elements.  Contrary to what is commonly 
performed, the displacement field is continuous and the price to pay is the coupling of the different 
degrees of freedom as written in Equation (9).  The Taylor expansion can be seen as a linearization of 
the problem that is performed iteratively up to convergence from coarsened images to original ones, 
while progressively correcting the deformed image [12].  Typical displacement uncertainties depend 
crucially on the texture, but they easily reach 10-2 pixel when sprayed paint is used. 
 
4.2 MONOVISION RESULTS 
 

A tensile test has been carried out on a parallelipedic tantalum specimen.  At small loads, the 
strain is homogeneous and proportional to the applied stress (Figure 3), thereby allowing for the 
determination of the elastic properties (Young’s modulus, E, and Poisson’s ratio, ν) 

 lE
ε
σ

=                   l

t

ε
εν −=  (10) 

where σ is the applied stress, εt the transverse and εl the longitudinal strains.  The latter are determined 
from the displacement field obtained with DIC.  The Young’s modulus is equal to 171 ± 2 GPa and the 
Poisson’s ratio is 0.33 ± 0.02.  

For larger stresses, plastic flow occurs.  As shown in Figure 4, we observe that the strain rate 
field (or rather the strain increment) is not homogeneous, a feature that could not have been detected 
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by using a local (strain gauge) or global displacement (extensometer) measurement.  This is very 
important since such inhomogeneous strain field may trigger a global failure for which macroscopic 
(mean) measurement are meaningless. 

Surface measurement is typically not a limitation on the use of DIC.  However, in the case of 
tantalum, this is not the case.  A significant non-planar surface distortion can be seen, hence giving 
rise to measurement artifacts due to out-of-plane motions [14].  When one uses a single camera, 
information is only in two dimensions, which allows one to reconstruct only planar objects and in-
plane strains.  An out-of-plane displacement in three dimensions is then treated as an in-plane 
distortion (Figure 5) leading to an error on displacement and strain field estimates.  The deformation 
of the majority of materials is essentially planar when the stress applied is planar but it was not true for 
the present tests on tantalum, particularly in the plastic domain (Figure 6).  Consequently, DIC results 
in monovision cannot be trusted at the failure load.  As can be seen in Figure 3b, failure seems to be 
reached for a strain level of 43% but in the literature, this limit is for a strain level equal to 30%.  To 
overcome this difficulty, we have tried to use another technique, i.e., stereovision, giving access to all 
three components of the displacement field.  
 
 
 
5 STEREOVISION 
 
5.1 STEREOVISION PRINCIPLE 
 

The interested reader is referred to Refs. [15, 16] for stereovision applications in Solid 
Mechanics.  Two cameras are used to observe the same scene (Figure 7), so that each point X in the 
(3D) laboratory frame is imaged on two points of (2D) coordinates xg and xd, collectively denoted as a 
four dimensional vector ξ.  A simple manipulation of the equations presented in Section 2 leads to  

 { } { })()]([ ξξ PXQ =  (11) 

where the 4×3 matrix [Q] and the vector {P} are both affine in ξ.  This provides an over-constrained 
system to determine {X} from ξ.  A pseudo-inverse solution is proposed (as easily obtained from a 
least squares solution of Equation (11)) to yield 

 { } [ ] [ ] [ ] { }PQQQX tt 1)( −=  (12) 

so that the 3D coordinates are estimated from the two images.  
One may further combine the two above presented techniques, namely, DIC and stereovision, 

to obtain a stereocorrelation algorithm, which provides the change under load of the three dimensional 
displacement field of the observed face.  
 
5.2 STEREOVISION APPLIED TO QUASI-STATIC EXPERIMENTS 
 

We have mentioned in Section 4.2 that even under a simple tensile test, the surface of a 
tantalum specimen did not remain flat, and hence a stereovision study on the same sample has been 
performed.  In Figure 8, the result of the analysis of the (initially flat) surface of the specimen at the 
end of the tension test is shown just prior to failure.  To compare that result, a dimensional control has 
been performed just after failure.  Both techniques give a similar shape and the same order of 
magnitude (about 1 mm) of the surface deflection.   
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5.3 STEREOVISION APPLIED TO DETONICS EXPERIMENTS 
 

A number of dynamic experiments have also been performed and are currently being 
analyzed.  The potential of stereovision applied to such tests is here exemplified for very high strain 
rate experiments obtained on a copper hollow cylinder subjected to rapid expansion (Figure 9a).  As 
compared to quasi-static experiments, these dynamic tests give rise to a number of difficulties in the 
image acquisition stage.  Figure 10 gives a schematic overview of the experimental set-up.  The use of 
explosive to generate a shock wave requires special care to be taken to protect all measurement 
devices.  Consequently, several mirrors are used, and hence observation is distant and the close 
neighborhood of the specimen has a limited accessibility.  On the same experiment, other 
measurements (DLI and VISAR velocimetry) are performed that further limit the accessibility.  
Moreover, only one camera is available for synchronization problems for an acquisition rate of about 
106 fps.  Compared with the monovision approach, an additional mirror is required and hence two 
synchronous views of the object at different angles are exposed on the film.  A sufficiently high 
stereoscopic angle is needed to obtain the best accuracy from the stereovision inversion [17].  The 
theoretical optimal angle is equal to 19 ° [18], while in practice 15 ° could be reached during the tests.  
In addition, the expansion of the cylinder may lead to a possible occultation between the two pictures 
(and the object). 

In the present case, the specimen was only partially sprayed with paint (Figure 9b), and a 
regular grid was drawn on its surface.  The stereovision technique was used to reconstruct the surface 
in three dimensions as shown in Figure 11a.  Using the axisymmetric geometry features, the 3D shape 
analysis was compared to the radial profile extracted from the image as shown in Figure 11b, and an 
excellent agreement is observed.  Iterative use of this shape analysis at different times provides the 
incremental motion of the surface, as displayed in Figure 12, which is then compared with the laser 
velocimetry measurements.  The comparison still shows a slight discrepancy that may be due to a 
problem of accurately positioning the measurement points.  

At present, laser velocimetry measurements are very precious because of their fine time 
resolution.  The stereovision technique is a complementary approach that provides spatial fields and 
details on the distribution of displacement increments all along the specimen height and azimuth. 
 
 
 
6 CONCLUSION AND PERSPECTIVES 
 

A general overview of DIC and stereovision were presented and some results are given both 
on quasi-static and dynamic tests.  Beside their use as a kinematic analysis, they also open the way to 
have a better insight into the mechanical properties of the material used in the test.  Elastic constants 
were estimated, and more importantly, the occurrence of localized plastic shear bands was evidenced.  
In the case of non-planar motion, stereocorrelation appears to be the ideal complement of DIC to 
correct for spurious strains induced by surface distortions.  

The dynamic tests, which go together with a series of experimental difficulties and 
measurement challenges, can still be analyzed with these tools as demonstrated on a copper cylinder 
explosion.  Stereovision appears to be of great interest in the domain of contact-free quasi-static and 
dynamic tests for mechanical characterizations.  

Future developments concern the intimate association of DIC and stereovision techniques to 
have access to the full three dimensional velocity field at the surface of a non-flat sample, which is 
expected to offer some insight into the necking phenomena that ultimately lead to fragmentation.  The 
use of more than two independent views [19, 20] is also considered.  This may enhance the accuracy 
and robustness of the technique.  
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Fig 1: Coordinate system used in monovision 
 

 
                                                     a                                                     b   

Fig 2: Steps in DIC, choice of the ROI (a) and choice of the ZOIs (b) which yield a finite element decomposition 
 

 
Fig 3: Tensile stress / strain curve of tantalum 

 

 - 7 - 



EUROPYRO 2007-34th IPS 
 

Contact-free characterization of materials used in detonics experiments 

 
 

Fig 4: Strain rate field during plastic deformation 
 

 
 

Fig 5: Limitation of monovision: an out-of-plane displacement is seen as an in plane displacement 
 

 
 

Fig 6: Observation of the sample after failure. The out of plane displacement is observed. 
 

 
Fig 7: Principle of stereovision 
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a                                                                          b 

Fig 8: Reconstruction of the surface sample by using a standard three-dimensional device (a) and stereo-correlation (b) 
 
 

 
          a                                                             b 

Fig 9: Copper cylinder at the initial time: (a) with a mesh, (b) with mesh and heterogeneous texture 
 

 
 

Fig 10: Experimental set-up 
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       a                                                  b 

Fig 11: Surface reconstruction at a given time by stereovision technique: (a) mesh generation among dots given by 
stereocorrelation, (b) superposition between contour extraction (solid lines) and dot reconstruction (blue dots) units in mm 

 

 
a                                                                b 

Fig 12: Displacement (a) and velocity (b) of the surface at a given time 
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ABSTRACT 
 
This paper begins with an introduction to thermal batteries in terms of performance 
and construction. The benefits of this technology are then reviewed. 
A second part provides some examples of applications in the field of pyrotechnics and an 
innovative battery design is presented. This battery is designed especially for smart 
munitions but the technology remains applicable for miniaturized systems. 
 
A few words about thermal batteries 
 
A thermal battery is a one shot device offering a primary electrical source (no need for a 
preliminary charge). 
A thermal battery is inert at ambient temperature; electrochemical components are all 
solids. Once heated, these components melt and the battery becomes active in a few 
tenths of a second. The electrical source is then able to comply with stringent power 
requirements.  
This operating principle allows exposure to harsh environments. Thermal batteries are 
qualified to withstand the toughest shocks, vibrations, accelerations in demanding 
programs in the domains of defence, spatial and aeronautics. Thermal batteries can 
operate over a wide range of temperatures (a 120°C/250°F span is common). 
Thermal batteries offer a very high level of reliability and safety as demonstrated by 
calculation and field proven in most of defence programs including nuclear systems. 
Inert at ambient temperature and hermetically sealed, a thermal battery can be stored 
for more than 15 years prior activation without requiring any maintenance or 
surveillance. 
From the electrical point of view, a thermal battery offers a high power density and can 
supply high peaks of current. 



1 GENERAL PRESENTATION OF THERMAL BATTERIES 

1.1 THERMAL BATTERY TECHNOLOGY 

1.1.1 Electrochemistry 
 
Thermal batteries are power sources in which the electrolyte is solid and non-conductive at ambient 
temperature. These batteries are fitted with built-in heat sources which provide the thermal energy 
requires bringing the electrolyte above its melting point and thus allowing the conduction of ions as 
needed per electrochemical operation. 
 
The capability to withstand stringent mechanical stress and harsh temperatures allows using them 
without accessories (such as absorbers, heaters, exhaust…) where other technologies of battery are not 
applicable. 
 
Currently, the electrochemistry is based upon a couple made of Lithium and Iron disulphide and the 
main reaction is: 

Li  Li+ + e- 
2 FeS2 + Li+  Li3FeS4 +3 e- 

 
The Lithium can be used as an alloy or pure. 
 
The reaction is at constant potential and is the first stage of a global reaction resulting in Li2S and Fe. 

1.1.2 Implementation 
 
The electrochemistry principle explained here above is implemented in pellets which are stacked to 
form a battery. A cell is composed of pellets, each of which provides an electrochemical component.  
 
Self heating thermal batteries are equipped with heat pellets which bring the calories required for 
electrolyte melt and electrochemical reaction. Heat pellets are realized by cold pressing of a powder 
which is made of iron powder (Fe) and potassium perchlorate (KClO4). Heat pellets are featuring: 

• An operating temperature about 1000°C without melting 
• Good electrical conductivity 
• High calorific capacity ranging from 100cal/g to 400 cal/g 

Some batteries may be heated by an external device. In this case, heat pellets are not stacked in the 
battery. 
 
The cathode is made of pyrite (FeS2) which is the result of crushing natural mineral and mixing with 
salts which improves performances and ease manufacturing. Pellets are created by the cold pressing of 
this powder.  
 
The electrolyte is used as a separator between anode and cathode. Once melted, it allows conduction 
of Li+ ions. It is mainly made of binary or ternary salts (LiCl-KCl or LiF-LiCl-LiBr respectively) 
which are also cold pressed to form a pellet. 
 
The anode is made of lithium (Li) which is currently the best anodic material thanks to its high 
reduction potential (-3.01V) and its Coulombic capacity (3.86 Ah/g). Its low melting point (180°C) 
allows to use it as an alloy of aluminum (Al(Li)) or silicium (Li(Si)) or pure in a metallic cup. 
 



Heat pellet

Ignitor

Heat paper

Last, a metallic separator blocks the migration of ions between the anode and the cathode of next cell 
but ensure electrical conduction with the next cell. 

1.1.3 Building a battery 

1.1.3.1 General assembly 
The cells are stacked in a Volta type battery. Each cell offering an 
open circuit voltage around 2V, the stack provides nx2V. 
 
Self heated batteries are started by an electrical igniter or a 
percussion cap which generates the initial heat spike. This spike a 
heat paper fuse which is a paper impregnated with a mix of 
zirconium and oxide. The heat paper can be rolled as a tube and 
located in the middle of the battery or shaped in strips which run 
along the side of the stack. In either of these two implementations, 
the heat paper is in contact with heat 
pellets. Therefore, when the flame 
initiated by the igniter propagates 
along the heat paper, it lights up the 

heat pellets which then activate the electrochemical cells.  
 
Then the active cell stack is terminated with current collectors which 
are made of a metallic conductor (e.g. iron, copper) in order to 
connect them to electrical terminals usually located at one end of the 
battery. 
 
The stack is wrapped in isolating materials and fitted in a hermetic 
welded package usually made of stainless steel but titanium may also 
be considered when weight is a stringent constraint.  

1.1.3.2 Multiple outputs 
 
Above explanation has been provided for a stack having current collectors located at each end of the 
stack. Nevertheless, it is possible to implement multiple current collectors in order to output different 
voltages. 

For instance, a collector may be fitted in 
the middle of the stack to allow the output 
of a lower voltage. Typically, a device 
powered by the battery may require a 
voltage of 28V for the onboard electronic 
and a higher voltage (e.g. 96V) for some 
electrical actuators which are more power 
demanding. 
 

That configuration can be considered when the electronic circuitry is fitted with a regulating device 
because the voltage may vary depending on the load of the higher voltage section. However, the 0V 
reference may be fitted in the middle of the battery and the different voltages build up on each side of 
the stack to prevent such variation. 
 
Thermal batteries allow a very high current density but some applications are demanding very high 
power obtainable only with high current. In that case it may be interesting to consider a parallel 
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0 V
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architecture in which different parts of the stack are wired in parallel through connection of current 
collectors. 
 
From these basic arrangements, more sophisticated configurations are feasible through a mix of such 
parallel and multiple outputs. Among ASB’s products is a battery developed to replace multiple silver 
zinc batteries in a missile; this thermal battery is composed of two stacks comprising 3 and 11 outputs. 

1.1.4 Integration 
 
As explained here above, each thermal battery stack is protected from outside by a metallic 
canister fitted with electrical terminals on one side. 
 
This basic packaging is perfectly fitted to some applications but the integration may be 
eased thanks to optional features for mechanical mount or cabling.  

1.1.4.1 Mechanical mount 
 
When the battery is stressed with axial forces, the battery may be fitted with a 
flange welded on the outside cylinder of the packaging. 
 
As depicted here aside, the flange may offer screws instead of basic hole for the 
fixture of the battery. 

 
Should the stress be radial, brackets may be more efficient than a 
flange. Brackets may be realized with a shaped metal sheet spot 
welded on the canister. An alternative is to consider blocks TIG 
welded on the canister.  

1.1.4.2 Cabling 
 

On a basic battery, the electrical 
connection is usually done through 
soldering to the power terminals. 
 
To avoid soldering, the battery can be 
fitted in factory with a harness terminated 
with customized connectors.  
 

A standardized connector may also be directly 
implemented on the battery header or through an 
intermediate circuit. 
 
With such cablings, the integration of the battery is 
simplified and eased. 

1.1.4.3 Complex batteries 
 
ASB is able to provide complex configurations featuring several elementary batteries combined in a 
single plug and play module. For instance, ASB has developed a kit composed of a mechanical 
structure receiving 2 thermal batteries fitted with brackets and a sophisticated circuitry (PCBs and flex 
are molded in potting) distributing the signals on the various connectors. This single kit is used instead 



a set of 2 silver-zinc batteries; actually it uses the volume/weight of 1 Ag-Zn battery and the saving 
from the other former Ag-Zn battery has allowed addition of new electronics modules. 

1.1.4.4 Additional features 
 
Beyond these interface features, ASB can integrate sensors to detect shocks or other physical variation 
to activate the batteries. Typically, the activation of a thermal battery in a munition is activated by the 
launching shock. 

1.2 WHY THERMAL BATTERIES? 

1.2.1 Use 

1.2.1.1 Safe handling 
 
Prior to activation, thermal batteries are inert, no voltage is delivered thus handling is without risk of 
electrical shocks. After activation, the battery cools down after some time (from minutes on small ones 
and hours on bigger ones) which causes a freeze of the electrolyte making back the battery in an inert 
stage. Therefore, the battery returns to a safe state. 
 
This allows a safe handling of the battery and ease intervention on a device powered by thermal 
batteries. 
 
In addition, components are solid outside the activation state. There’s no risk of leak of hazardous 
materials during handling. During activation, the battery remains hermetically sealed and does not 
generate any gas or liquid. 

1.2.1.2 Ease of use 
 
Thermal batteries are delivered ready for use as primary sources. There is no requirement for electrical 
charge or loading of any kind of material (e.g. fluid, electrolyte…). 
 
In addition, customized interfaces can be fitted to the battery according to application requirement in 
order to ease mounting and connection. 

1.2.1.3 Non classified product as per UN regulations 
 
Thermal batteries are not classified as per recommendations of the United Nations Committee of 
Experts on the Transport of Dangerous Goods. The statement is supported by official certificates from 
duly authorized laboratories. 
 
The transport of thermal batteries is therefore standard and has no special transport requirements. 

1.2.2 Performances 

1.2.2.1 Power density 
 
Thermal batteries feature the highest power density for primary sources: for instance a 20kg battery 
used as an emergency power supply of an aircraft is able to deliver a steady 20kW with spikes at 
40kw. 



1.2.2.2 Current density 
 
A thermal battery can deliver a high current surface density: a cell can withstand a constant load above 
1.5A/cm² with peaks at 3A/cm². 

1.2.2.3 Behavior in harsh environment 
 
Thermal batteries are designed to withstand a wide range of temperature, vibrations, shocks, high/low 
pressure as demonstrated during many stringent qualification programs. In addition, this technology 
does not require any transfer of material thus increasing the robustness in harsh conditions. 
 
Thanks to their design, thermal batteries can operate on a wide temperature range without performance 
degradation. For instance, a typical requirement is operation between -40°C and +71°C as per military 
standards. 

1.2.3 Reliability 

1.2.3.1 Availability 
 
Thermal batteries are ready to operate at full power in tenths (1/10) of a second after years of storage. 

1.2.3.2 Reliability 
 
Many thermal batteries have been developed for defense and space programs requiring extreme levels 
of reliability. Methods from these domains have been considered and applied during the design and 
manufacturing stages. Feedback from operations demonstrates a high grade of confidence. 

1.2.3.3 Long standing experience 
 
ASB group has manufactured thermal batteries for more than 30 years and has developed a real know 
how in all processes. Operational procedures and manufacturing processes ensure a high level of 
quality. 

1.2.4 Logistics 

1.2.4.1 Storage during more than 15 years 
 
Being inert at ambient, thermal batteries can be stored during long lasting periods without 
performance degradation. 
 
This statement comes from theoretical studies and is, in addition, supported by operational feedback.  
 
In reality, longer life duration has been calculated but ASB prefer to rely on facts coming from real 
aging programs. Each year, the commitment is extended. 

1.2.4.2 Maintenance free 
 
Again, since it is inert at ambient temperature, a thermal battery is not subject to self discharge or 
passivation. Therefore, this technology does require any particular care during storage.  
 
In addition, components are solid at ambient thus avoiding any gazing or leakage. There is no need for 
any surveillance. 



1.2.4.3 Easy storage 
 
Compared to other types of batteries, thermal batteries can withstand harsh storage conditions in terms 
of temperature or vibration. 
 
Low temperature storage is not an issue since components are already solid at standard ambient. The 
only constraint is to avoid exposure above 150°C since some standard igniters may self start above this 
limit. Should this be a constraint, alternate types may be considered during the design phase. 

2 THERMAL BATTERIES FOR PYROTECHNIC DEVICES 

2.1 BENEFITS 
 
The above section gives the key benefits of thermal batteries from a general point of view. Regarding 
pyrotechnics, reliability and life duration of thermal batteries are well suited but this technology brings 
also more advantages to operations of such particular devices.  

2.1.1 Safety 
 
A thermal battery does not provide electrical power prior activation. Prior activation, the electrolyte of 
a battery is solid and, therefore, not ion conductive. Hence, the internal resistance of the battery (in the 
MΩ range) blocks any current demand. 
 
This particular feature allows considering thermal battery as a safe and secure power source for 
ignition systems. 
 
Similarly, the battery cools down after activation. Within minutes for small batteries to hours for 
larger battery designs, the electrolyte returns to a solid state and the internal resistance rises to a high 
value. 
 
This provides a security means for the recovery of a device whose firing has not been triggered.  
 
Among our applications, a robot is fitted with a shaped load whose firing relies on a thermal battery. 
While the robot is moving toward the target, the thermal battery is not activated. Hence the transit is 
safe with no risk of ignition. Upon arrival, the target is qualified and the firing may be authorized. The 
authorization is used to start the thermal battery which powers the ignition circuitry.   

2.1.2 Power spike 
 
Due to their mode of operation, thermal batteries are able to deliver a spike of power during the course 
of the discharge. 
 
For missiles or rockets, the battery can be activated just before the launch and is able to deliver a spike 
of power for the ignition of the explosive after the ammunition cruise. 
 
The intrinsic safety of the thermal battery, as explained in §2.1, remains: prior launching the missile 
explosive is not powered. Should the missile miss the target, the thermal battery will cool down and 
won’t be able to deliver the ultimate power spike thus avoiding hazards upon recovery and/or 
collateral damages.  
 



2.2 EXAMPLES 
 
Performances are always improving but here are some orders of magnitude indicating the range of 
capabilities: 

• Voltage :  from 2 to 200V, and more considering series 
• Current :  Up to 300A, and more when used in parallel 
• Power: Steady 20kW + peaks at 40kW 
• Specific energy: Up to 120Wh/kg with high rate of discharge 
• Operation duration : Up to 2h 
• Activation time: From 30ms 

 
Among ASB wide range of designs, the following paragraphs provide some example of 
implementation used in pyrotechnic domain. 

2.2.1 Compactness: “Smart batteries” 
 
ASB has developed an innovative compact thermal battery: a cylinder of Ø 10mm x 16mm length 
hosts all the value of the technology. 
 
This battery is activated by a percussion cap fitted to the bottom of the canister. 
Specific striker mechanism can be fitted as well, for activation during the 
launch shock 
 
This tiny battery delivers 9±2V under a steady 200mA during about 10s and 
withstands peaks of 1A. 
 
These batteries are named “smart batteries”, due to their application for smart munitions and artillery 
shell. The selected performances correspond to a typical order of magnitude of artillery shell 
applications. 

2.2.2 Standard batteries 
 
These medium size batteries are developed for munitions applications 
because of their robustness to shocks and vibrations. 
 
The battery shown on the left is exposed to a launch shock of 18000g prior 
activation, a spin of 6000rpm during operation and an acceleration of 
1500g during operation. This battery of 95g, Ø 32mm x 28.5mm provides 
4 voltage outputs from 16 to 23V and delivers a current of 2A during 55s. 
 
The longer battery (133mm) has an integrated striker mechanism which 
activates the battery when exposed to 7500g. It also offers 4 voltage 
outputs from -19V to +19V with a current of 5A during 70s. The last one 
is activated by an electrical igniter and is qualified to withstand 18000g. It 
delivers 15 to 12V under 1A during 42s. 
 
 



3 CONCLUSION 
 
Because of their intrinsic qualities, Thermal Batteries become ideal solution, everywhere power has to 
be combined with reliability and performance. They are obviously not the only battery technology, but 
they show very specific operational advantages due to their technology. 
 
Multiple thermal batteries are used to power devices featuring pyrotechnics since they can improve 
safety in a reliable manner, the life duration is of same order of magnitude as pyrotechnic devices. 
Furthermore, operations are eased since integration can be facilitated and the technology is 
maintenance free over the life duration 
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1 ABSTRACT 
 
It is often necessary to analyse high explosives for quality of products, for environmental 
aspects or for safety reasons. This presentation deals with the analysis of 
chromatographic behaviour of secondary high explosives, impurities of synthesis and 
metabolites of TNT, and the Solid Phase Extraction (SPE) of polluted aqueous samples. 
After a description of the compounds to be analysed, two detection modes in Liquid 
Chromatography (LC) are described: the UV detection and the mass spectrometry 
coupled with the LC. 
The analysis of the compounds’ behaviour in liquid chromatography in reversed phase, 
was carried out on several phases. Different selectivities were shown according to the 
stationary phase used and 17 compounds were separated in 32 minutes on column 
Alltima C18. 
Regarding the Solid Phase Extraction (SPE), we defined the best type of stationary 
phase, adapted to the purification and concentration of industrial water. The SPE with a 
polymeric cartridge Lichrolut EN 200 mg, showed an excellent yield of extraction, more 
than 90%. We were able to detect 0.05 ppm concentration of TNT metabolites in 
industrial waters. 
Finally the Micellar Electrokinetic Capillary Chromatography (MEKC) was tested with 
addition of an organic modifier (methanol) or a cyclodextrine ( HP-β-CD) in the buffer. 
Using this technology, we were able to separate 17 compounds in 18 minutes. 
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1 INTRODUCTION 
 
Today, several imperatives make necessary the knowledge of analysis technology for the secondary 
high explosives. We can quote: the knowledge of the quality of high explosives used to guarantee the 
application safety, the stability and the performance of ammunition, the problems bounded to the 
hygiene and to the environmental aspects that require to be able to discover possible traces of these 
substances within the nature and the legal analysis following terrorism attempts for example. 
The analysis of the secondary high explosives can be carried out with various separating technologies 
coupled with various modes of detection. 
The separation of secondary high explosives by Gas Chromatography (GC), has been the subject of 
some publications. However, the thermic sensitivity of the secondary high explosives limits the 
exploitation of this technology. 
The separation of secondary high explosives by Liquid Chromatography (LC), gave place to many 
publications which do not deal with the same products and describe different conditions of analysis. 
We shall thus study this technology coupled with several modes of detection. 
The Micellar Electrokinetic Capillary Chromatography (MEKC) is mentioned within a restricted 
number of publications; it was interesting to adapt the conditions of analysis described in these 
publications to the products described in this report. 
Regarding the environmental issue, it was necessary to study the pre-concentration of aqueous 
samples, in accordance with the chromatographic behaviour of the worked products, to be able to 
discover possible traces of products in the natural environment. 
 
This report will be organised according to the following structure:  

• The second chapter will describe the worked products. 
• The third chapter will treat of modes of detection with Liquid Chromatography (LC). 
• The fourth chapter will present the chromatographic behaviour of the worked compounds. 
• In the fifth chapter, we shall speak about the Solid Phase Extraction (SPE). 
• In the sixth chapter, we shall develop the potentialities of the Micellar Electrokinetic 

Capillary Chromatography (MEKC). 
 
2 WORKED COMPOUNDS 
 
The secondary high explosives are organic nitrated compounds. They are mostly cyclic compounds 
having or not aromatic character. Their main use is military purpose for the load of several 
ammunitions. The secondary high explosives are classified in several categories following the nature 
of the atom bounded to the nitro groups present in the molecule. We shall quote: nitrated compounds 
for the connections carbone-NO2; nitramine compounds for the connections azote-NO2; nitric esters 
for the connections oxygène-NO2. There are also compounds containing several types of functions. 
Products worked in this report can be classified in three categories: secondary high explosives, 
impurities of synthesis and by-products of bacterial degradation. Figure 1, Figure 2 and Figure 3 in the 
following 2 pages show the 21 compounds worked in this report. The dimethyl-phtalate considered a 
standard reference for analysis. 
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Figure 1: High explosives and standard 
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Figure 2: Bacterial degradation products of TNT 
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Figure 3: Impurities of TNT synthesis 

 
3 DETECTION MODES 
 
Two detection modes were studied, the UV detection and the Mass Spectrometry (MS). 
 
3.1 UV DETECTION 
 
The absorbance spectre under UV was worked for each compound, in acetonitrile solution with 
concentrations between 10 to 15 ppm. The spectrometer used, is a device Beckmann OF 640 equipped 
with a quartz cell (optical length: 1 cm). 
The variation of the molar extinction coefficients (ε) for the 21 worked compounds was checked in a 
domain of wavelength between 210 to 310 nm; beyond 310 nm no compound shows a significant 
absorbance. 
We can notice that among products containing an aromatic cycle, those who absorb least are 
mononitrated, in the series of both toluene and benzene, the absorbance increases then with dinitrated 
then trinitrated compounds. We can thus deduct that the more a molecule contains nitro groups the 
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more it absorbs the UV radiations. For example we shall notice that HNS, which contains two 
aromatic cycles and six nitro groups, shows a very high absorbance with ε of 40 000 at 230 nm. 
The aromatic nitrated amines exhibits an important absorbance, with values of ε between 10 000 and 
18 000, similar to the aromatic trinitrated products. 
Nitramines RDX and HMX also exhibit a high level of absorbance (ε 18 000 at 230 nm). 
PETN, which does not contain aromatic cycle, exhibits an extremely weak absorbance at 230 nm and 
it is necessary to be set at 210 nm to reach an ε of 10000. 
The wave length (λmax) corresponding to the highest absorbance is an important data to identify 
compounds with the maximum of sensitivity, we can notice that 10 products among the 21 worked 
have a λmax close to 230 nm, which is true with aromatic nitrated amines, HMX, TNT, HNS, 
1,3DNB, and DMP. 
Nevertheless, isomers of nitro toluene, nitro benzene, 1,4DNB, PETN, exhibit weak absorbance at 230 
nm. Their λmax is between 260 and 280 nm except for PETN, which presents a continuous diminution 
of its curve of absorbance. 
Other isomers of dinitro benzene and dinitro toluene, as well as RDX have a λmax different of 230 nm 
but present an important absorbance for this wavelength. 
A wavelength of analysis at 230 nm appears to be a good compromise, for the detection of products 
worked in this report. 
 
3.2 MASS SPECTROMETRY (MS) 
 
We analysed the compounds’ behaviour according to the mode of ionization:  

• Atmospheric Pressure Ionization (API) IonSprayTM and turbo IonSprayTM (trade brand of 
PERKIN ELMER SCIEX) 

• Warmed Atomizer (Atmospheric Pressure Chemical Ionisation, APCI) 
We used a triple mass spectrometer, four-pole, API 300 from PERKIN-ELMER SCIEX. Compounds 
were diluted in a mobile phase methanol/water 50/50 (V/V) with 5mM of ammonium acetate. The pH 
of this mobile phase was then adjusted to 5 by addition of acetic acid. The analysis of compounds was 
made in negative mode with -20V voltage at the orifice and -3800V voltage at the electrode for 
IonSprayTM and turbo IonSprayTM. The temperature of the source turbo IonSprayTM (API) was fixed at 
150°C. The warmed atomizer (APCI) was set at a temperature of 400°C. 
The table 1 compares the molecular masses obtained, according to the various modes of ionization. 
We can notice that among three modes of ionization, the mode IonSprayTM allows to discover the 
maximum of compounds. Among these compounds TNT, isomers of dinitro toluene, as well as 
4Me3,5DNA, 2Me3,5DNA and PETN (figure 5) show a peak corresponding to the molecular mass –1 
(M-1), resulting from the deprotonation to obtain the ion [ M-H]-. The ammonium acetate links with 
certain molecules giving acetate parts, as seeing with HMX (Figure 4), RDX, 2Me5NA and its 
isomers, as well as with 4Me3,5DNA, 2Me3,5DNA and PETN (figure 5). On the other hand, benzene 
nitrated compounds and mono nitro toluene do not give enough significant peaks to be interpreted. 
HNS gives a very complex spectre where does not appear the molecular peak. The compound HMX, 
RDX and PETN also contain a peak corresponding to a loss of mass of 14g, this loss can correspond to 
nitrogen or to a CH2 group. The coupling LC / MS enables to identify the majority of compounds, 
except benzene nitrated compounds and mono nitro toluene. This technology gives us the possibility 
to detect compounds with different molars masses, even in case of chromatographic co-elution. 
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Compounds Molecular Mass IonSprayTM Turbo IonSprayTM Warmed atomizer 

HMX 296 341/355 355/409 341/355 
RDX 222 267/281 281 267/281 
TNT 227 226* nd 226 

2,4DNT 182 181* nd 181 
3,4DNT 182 181* nd 168/181 
2,6DNT 182 181* nd 181 
1,2DNB 168 nd nd nd 
1,3DNB 168 nd nd nd 
1,4DNB 168 nd nd nd 
2Me3NA 152 211 nd nd 
2Me5NA 152 211 nd nd 
4Me3NA 152 211 nd nd 

4Me3,5DNA 197 196*/256 196 196 
2Me3,5DNA 197 196*/256 196 196 

PETN 316 315*/361/375 nd 375 
HNS 450 255,5 nd 403 
NB 123 nd nd nd 
2NT 137 nd nd nd 
3NT 137 nd nd nd 
4NT 137 nd nd nd 
DMP 178 nd nd nd 

 
Table 1: Masses obtained, in grams, according to the ionization mode. Non-detected: nd  
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Figure 4: Mass spectrum of HMX 
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Figure 5: Mass spectrum of PETN 

 
4 COMPOUNDS’ BEHAVIOUR IN LIQUID CHROMATOGRAPHY 
 
The compounds’ chromatographic behaviour is worked, according to various stationary phases and 
two hydro organic mobile phases with acetonitrile and methanol in isocratic elution. This study will 
enable to determine if there is a simple analysing method for all the compounds, but also will help us 
in the choice of the type of support to use for the Solid Phase Extraction (SPE). We analysed the 
compounds’ behaviour with five types of stationary phases described in table 2 below. 
 
 Dim 

(mm) 
Particules 
size (µm) 

Pores size 
(Å) 

Specific 
surface 
(m2g-1) 

Type Carbon 
%  

End 
capped 

Brand 

Alltima 250x4,6 5 100 Nd C18 16 Yes Alltech 
Hypersil BDS 250x4 5 130 170 C18 11 Yes Hypersil 
Sphérisorb 250x4,6 5 80 220 Phenyl 2,5 No Waters 
PLRP-S 250x4,6 5 75 415 PSDVB   Hamilton 
Hypercarb 100x4,6 5 250 120 PGC   Hypersil 

Table 2: Characteristics of stationary phases. C18 Octadecyl silica, PSDVB polymer, Phenyl silica, PGC Porous 
Graphitized Carbon. 

Concerning the worked compounds, we can say that the polar compounds are nitramines and methyl 
nitro aniline, the least polar compounds are mono nitro toluene, HNS and PETN, according to their 
behaviour on phases silica C18. 
The stationary phase Spherisorb phenyl exhibits a very weak retention of compounds and an efficiency 
ten times less important than the phases Alltima C18 and Hypersil BDS C18. 
The stationary phases Alltima C18 and Hypersil BD C18 are similar but present some significant 
differences, a higher retention of compounds and a better selectivity for the column Alltima C18, 
notably for the compounds 2,4DNT and 2,6DNT, as well as for the isomers of methyl nitro aniline. 
The comparison between the stationary phases Alltima and PLRP-S shows us a similar behaviour, 
with generally a higher retention of compounds on PLRP-S notably with the methanol. It is however 
necessary to notice the particular behaviour of PETN, much retained on PLRP-S than on Alltima, what 
tends to show that the steric configuration of the molecule plays a role in the mechanism of retention 
of PETN on PLRP-S. 
The study of the stationary phase PGC showed the strong interactions of the worked compounds with 
this phase and showed the importance of the steric configuration of the compounds in the mechanism 
of retention. Consequently, we observed that compounds’ behaviours are very different from the ones 
observed on Alltima or PLRP-S. This enables us to obtain new selectivities. For example, compounds 
2,4DNT and 2,6DNT are separated with difficulty on Altima C18 but can be perfectly separated on 
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PGC. It is also necessary to note that PETN is the less retained compound with pure solvents methanol 
and acetonitrile, but the most retained compound in the presence of water. We also showed that on all 
the stationary worked phases the influence of the solvent is significant and that methanol enables to 
obtain better resolutions of the compounds than these obtained with acetonitrile. Comparison of 
selectivities and efficiencies enabled to select the system ALLTIMA C18 with methanol-water (50:50) 
as the most suitable laboratory procedure, for a whole separation in isocratic elution, as shown on the 
following figure 6. 
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Figure 6: Separation of 19 compounds on ALLTIMA C18, MeOH/H2O 50/50 (V/V), UV 230 m. 

The study of compounds’ retention in pure water allowed us to identify the PGC as being the most 
retentive stationary phase, followed by the phases Alltima and PLRP-S then by the phase Hypersil 
BDS. Capacity factors were correlated versus the volumic fraction Φ of ACN in ACN-water mixtures 
according to the following linear relation  

log k = log kw - S Φ  
where: 

• log kw is the extrapolated retention in pure water 
• log kw - S is log k(ACN) in pure ACN.  

These two values enable to respectively estimate adsorption potential with water and desorption 
potential with organic solvent see figure 7. 
ACN-water mixtures were used because the large retention of compounds on PLRPS and PGC with 
MeOH-water mixtures does not permit to have the sufficient number of points to establish such 
correlation. 
This result brought us to select three types of stationary phases, PGC, C18, polymeric, for the study of 
the Solid Phase Extraction SPE. 
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Figure 7:Capacity factors in ACN/Water mixture. 
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5 SOLID PHASE EXTRACTION (SPE) 
 
For the study of Solid Phase Extraction we chose three types of stationary phase: 

• Octadecyl silica SEP-pak Vac Waters 100 mg-1 mL. 
• Porous Graphitised Carbon Hypersep 100 mg-1 mL. 
• Polymeric DVB-EVB Lichrolut EN MERCK 100 mg-3 mL. 

First, we determined the elution volume (Ve), which is the minimal volume of solvent needed to 
extract the compound from the stationary phase. For that, 5 mL of TNT in water (50 mg/L) was 
percolated on cartridge Seppak Vac C18 (400 m2/g), Lichrolut EN (1200 m2/g) and PGC (150 m2/g). 
Desorption is made by a volume (0.4 or 1 mL) of organic solvent then adjusted to 2 mL with LC 
mobile phase. LC analysis of fractions enables to determine the percentage of recovery. The table 3 
shows the elution volume (Ve) for TNT with maximal recovery on the three types of stationary phase. 
 

Solvent Sep-pak C18 Lichrolut EN PGC
ACN/MeOH (1/1)  2.2* / 2.5** (96%)  

ACN 1 (96%) 1.4* / 1.9** (86%) 2* / 2**(80%) 
MeOH 1 (96%) 5* / 4.1** (84%) 6* / 6.3** (85%) 

CH2Cl2/ACN (1/1)   1.4* / 0.9** (94%) 
 
Table 3: Elution volume in mL (Ve) of TNT with maximal recovery (%). 
* Experimental Ve. ** Theoretical Ve = Vr + 2.3σv, Vr = Vo (1 + k)  with k in pure ACN. 

Secondly, we determined the breakthrough volume (Vb), which is defined as the maximal volume of 
sample that can be percolated on a cartridge before the beginning of compounds’ elution. For that, a 
constant quantity (250 µg TNT), was percolated through the cartridge in various volumes (5mL to 
1000mL). Adsorbed solute was eluted and the percentage of recovery was determined. The high 
specific surface area of Lichrolut EN involves percolating a high sample volume, the recovery is over 
90% with 1 liter sample percolated. On PGC electronic interactions enhance adsorption, the recovery 
on PGC is about 80% with 200 mL of sample percolated. On Sep-pak C18 only 25 mL were percolated 
before the elution of the solute.  
The high surface specific area of Lichrolut EN involves the highest breakthrough volume (Vb) and it 
is possible to elute compounds with a very little volume of ACN-MeOH (1/1) mixture. 
To simulate a pollution of natural water, samples of industrial water were doped with RDX and TNT, 
and then were introduced into a natural environment. The samples were analyzed after several days or 
one month in the natural environment. The sample figure 8 was analyzed after a stay of one month in 
natural environment. The sample figure 8 does not show detectable products before the operation of 
preconcentration. The sample was then concentrated on cartridge Lichrolut EN by following the 
protocol. One liter of sample was percolated, then the retained compounds were eluted with 3,5 mL of 
a mixture ACN / MeOH 50/50 ( V/V), this volume is then adjusted by precise way in 10 mL with a 
mixture MeOH / H2O 50/50 ( V/V). The rate of enrichment of SEP is thus 100. 
We can notice, figure 8, the absence of TNT but the systematic presence of RDX for a concentration at 
about 0,1ppm and of 4Me3,5DNA for concentration of 0,1ppm and 2Me3,5DNA for a concentration 
of 0,05ppm. These results can be explained by the fact that TNT under the effect of bacterial 
degradation in the natural environment disappears in sample taken after a month of stay in this 
environment. All the samples were filtered on filter 0,45µm then, analysed on column Alltima with a 
eluent MeOH/H2O 50/50 ( V/V) in a flow rate of 1mL / min and a UV detection at 230nm. 
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Figure 8: Sample analyzed before and after SPE 

 
6 MICELLAR ELECTROKINETIC CAPILLARY CHROMATOGRAPHY 

(MEKC) 
 
The capillary electrophoresis (CE) enables the separation of cations and anions, but does not allow the 
analysis of neutral molecules. The addition of an ionic surfactant in the buffer permits to separate the 
neutral molecules. The MEKC can be considered a hybrid technique between the EC and the LC in 
reversed phase. The mechanisms of migration and separation are connected to the electro-migration 
and to the hydrophobic interactions between the solution and the hydrophobic part of the surfactant. 
The surfactant must be present in the buffer at a concentration greater than the Micellar Critical 
Concentration (MCC) to form hydrophobic interactions. It appears that micelles or aggregates of 
surfactant used in MEKC can be: 

• Anionic: Sulphate Dodecyl Sodium (SDS) / CH3 ( CH2)11SO3, Na / MCC = 8,1mM. 
• Cationic: bromide of dodecyltrimethylammonium (BDTA) / MCC = 15 mM. 

In an equivalent series and in constant temperature, the MCC doubles when the hydrophobic chain 
loses a carbon. 
Micelles formed in the buffer behave as ions and due to this fact have their own mobility. Neutral 
molecules carried by the electro-osmotic flow interact with micelles according to their hydrophobicity. 
Non-polar molecules migrate with micelles, the non-ionic and very polar molecules migrate with the 
electro-osmotic flow (EOF). 
Neutral molecules, shared between the aqueous phase and the micelles that can be considered as a 
pseudo stationary phase by analogy with the LC, migrate between the duration of the electro-osmotic 
flow and the duration of micelles’ migration (tmc). 

T0 

2Me3,5DNA 
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50µg/L 
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The equipment used for this study was the Applied Biosystems 270A-HT with a UV detector, with 
variable wavelength, an injection by depression and an oven. The detection of compounds is made at 
230 nm, and analysis of compounds at a temperature of 30°C. 
The capillary used was the following one: LT = 68 cm, Ld = 46 cm, 50 µm internal diameter, 375 µm 
external diameter. The voltage of analysis is +20kV. 
The activation of the capillary is realized by rinsing with different solutions: NaOH 1N during 5 min, 
H2O 5 min, buffer during 3 hours and buffer under 20 kV during 35 min. Between two analysis’s and 
for the same electrolyte: buffer during 2 min. 
The buffer used for the study is: NaH2PO4 11 mm and Na2HPO4 13 mm. 
The characteristics of the buffer according to the software Phoebus are the following ones: power 
buffer = 14,5 mmol / L.pH; Ionic force = 49,92 mM; pH estimated = 7,0. 
 
First, the influence of SDS concentration in the buffer was studied for several following 
concentrations: 50, 75, 100 mM. 
The current obtained during analyses is: 

• 30 µA for a concentration of SDS of 50 mm under a voltage of 20kV 
• 39 µA for a concentration of SDS of 75 mm under a voltage of 20kV 
• 48 µA for a concentration of SDS of 100 mm under a voltage of 20kV 

The best separation was obtained with the buffer containing 100 mM of SDS, however the resolution 
between TNT and 2Me3NA and between 4NT and 2Me3,5DNA is too weak. The 16 compounds were 
separated within 16 minutes, migration of PETN took approximately 21 minutes. 
 
Then, we studied the influence of an organic solvent MeOH with 5% and 10% in the buffer containing 
100mM of SDS. A percentage of 10 % of methanol in the buffer enabled the improvement of the 
resolution of 2 compounds TNT and 2Me3NA. However, the time of analysis was increased because 
the first 16 compounds migrated within 24 minutes. The last compound, PETN, had a time of 
migration of 46 minutes, which corresponds to the time of micellar migration (tmc). 
 
At last we have studied the influence of an other organic modifier the HP-β-cyclodextrine (HP-β-CD) 
see figure 9. 
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Figure 9: HP-β-CD 

With a concentration of 20 mM of HP-β-CD in the buffer containing 100 mM of SDS, the separation 
of 17 compounds was realised in 18 minutes, the first 16 compounds migrated within 14 minutes (see 
figure 10). It is the best separation that we obtained. We can notice that the values of efficiency for all 
peaks are spread out from 136 000 to 250 000 of theoretical plates, to be compared to the values 
obtained in LC near 15 000 theoretical plates (stationary phase silica C18 with a mobile phase  
MeOH / H2O). 
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Figure 10: Separation of 17 compounds with a phosphate buffer, SDS and HP-b-CD. Capillary : LT = 68 cm, Ld = 46 
cm, d.i = 50 µm ; Buffer NaH2PO4 11 mM, Na2HPO4 13mM, SDS 100 mM, HP-β-CD 20 mM, pH = 7 ; ionic force = 50 
mM ; voltage + 20 kV ; temperature 30°C. 
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7 CONCLUSION 
 
We have seen that all the compounds can be detected by UV spectrometry. It is however necessary to 
note that the sensitivity of detection decreases with the number of nitro groups present in the molecule. 
PETN, which does not possess aromatic character, exhibits the weakest absorbance among all the 
worked products. 
The detection by mass spectrometry coupled with the analysis by LC showed that it was possible to 
discover nitramines, TNT, amines compounds and PETN. This technology also allows to identify 
products by their molar mass. 
The study of compounds’ chromatographic behaviour showed the existing differences between the 
stationary phases of silica C18, polymeric PS-DVB and PGC. We can note that the use of stationary 
phases silica C18 and PGC are complementary for separation of isomers, with different selectivity, 
notably for dinitro toluene. 
The Solid Phase Extraction (SPE) was studied with three stationary phases, silica C18, polymeric and 
PGC. The interest of the polymeric cartridges Lichrolut EN was demonstrated, with the possibility to 
percolate a high volume of water (1L) and to easily eluate the solutes. The PGC also enables 
percolation of big volumes of water (> 200mL), however the elution requires the use of chlorinated 
solvents. The application SPE with cartridge Lichrolut EN in the analysis of industrial water shows the 
interest of this study. 
The Micellar Electrokinetic Capillary Chromatography (MEKC) gives us the possibility to separate 
the majority of the studied products. The interest of this technology is the huge efficiency. The 
contribution of an organic modifier HP-β-CD improves the separation of the compounds, as we were 
able to separate 17 compounds in 18 minutes. This technology also brings complementarities to 
separate isomers, notably for dinitro toluene. 
So the various technologies investigated in this report give us the possibility to check the quality of the 
products, but also the quality of our environment. 
 
8 LIST OF REFERENCE, BIBLIOGRAPHY 
 
[1]  P.Chaimbault, Analyse d’Acides Aminés non dérivés par Chromatographie en phase Liquide 

avec le Détecteur Evaporatif à Diffusion de la Lumière et Couplage avec la Spectrométrie de 
Masse, thèse de doctorat de l’Université d’Orléans février 2000. 

[2]  A.Schreiber, J.Efer, W.Engewald, J.Chromatogr A, 869 (2000) 411-425. 

[3]  C.Viron, P.André, M.Dreux, M.Lafosse. Chromatographia 49 (1999) 137. 

[4]  S.Guenu, Le carbone graphitisé poreux en chromatographie en phase liquide : étude du 
mécanisme de rétention et application à l’extraction liquide-solide des solutés polaires dans 
l’eau ; thèse de doctorat de l’Université de Paris VI (1996). 

[5]  C.G.Bailey, C.Yann, Anal.Chem 70 (1998) 3275. 

[6]  S.A.Oehrle,.J.Chromatogr.A, 745 (1996) 233. 

[7]  A.T.Balchunas, M.J.Sepaniak, Anal.Chem, 59 (1987) 1466. 

[8]  S.Terabe, Y.Miyashita, O.Shibata, E.R.Barnharte, M.R.Alexander, D.G.Patterson, B.L.Kargel, 
K.Hosoya, N.Tanaka, J.Chromatogr, 516 (1990) 23. 

[9]  S.Terabe,Y.Ishihama, H.Nishi, T.Fukuyama, K.Otsuka, J.Chromatogr, 545 (1991) 359. 

[10]  S.A.Oehrle, Electrophoresis, 18 (1997) 300. 

[11] JC.Meunier, Analyse par les techniques séparatives et préconcentration des explosifs secondaires, 
mémoire d’ingénieur CNAM (2001). 



EUROPYRO 2007 - 34th IPS  

Performance Characteristics of the M119 Whistling 
Booby Trap Simulator Formulation as a Function of 

Percent Composition 
 

Raymond Hartley (1), Edward Hochberg (1), Mark Motyka (1),  
Jay Poret, Ph.D. (2) 

(1) US Army, Picatinny, USA 
(2) SAIC, Picatinny, USA 

 
 
 
 
ABSTRACT 
 
The M119 Whistling Booby Trap Simulator is used as a training device in the 
installation, detection, and use of booby traps, and to instill caution in troops exposed to 
traps set by the enemy.  In FY07 a production contract was awarded to a new 
manufacturer that had not previously produced the M119.  During the quality 
assurance tests of the whistle composition questions were raised with regards to the 
accuracy of the test methods and the required tolerances of the formulation.  In response 
ARDEC evaluated the current testing methods for their accuracy and reproducibility.  
Additionally, the effects of altering the percentages of potassium perchlorate, sodium 
salicylate, and red gum were evaluated to determine if the specified tolerances on the 
drawing were justified and if changes to the tolerances affected performance and safety.  
For each sample tested the dominant frequency, overall sound output, and the duration 
were recorded.   
 
 
 
BACKGROUND 
 
The M119 Whistling Booby Trap Simulator is a training device used by soldiers to make them more 
aware of the proper installation, use, and detection of booby traps.  Figure 1 is an overview of all the 
components of a M119.  The main body of the simulator is installed on a vertical surface such as a 
post or a tree 3.5 feet off the ground.  When the trip wire is pulled a spring is released that pulls the 
scratch composition against an abrasive surface initiating the pyrotechnic train.  The scratch 
composition ignites a quickmatch that transfers the flame into whistle tube.  Inside the whistle tube 
loose grains of class 1 black power pops the cap off the tube and ignite the whistle composition.  The 
whistle composition is made up of 69% potassium perchlorate, 28% sodium salicylate, and 3% red 
gum.  The M119 produces a loud whistle for 2.5 to 5 seconds.  The item has surface danger zone of 6 
feet. 
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In FY07 a new company was selected to manufacture the M119 Whistling Booby Trap.  The new 
company had no previous experience with manufacturing the M119 and was experiencing difficulty 
with the composition analysis for the whistle formulation.  The approved procedure is found in MIL-
S-10522K Simulator, Booby Trap, Whistling, M119 Parts for Loading, Assembling, and Packing 
section 4.5.2.3.  Manufacturing engineers raised concerns about the tight chemical tolerances, 
difficulties encountered in carrying out the analysis, and the use of expensive equipment and 
chemicals.  The drawing calls out a +/- 2% tolerance on the potassium perchlorate, +/-1% tolerance on 
the sodium salicylate, and a +/- 0.5% tolerance on the red gum.  While it is not difficult to make the 
mix to the correct percentages, the company had difficulty proving they had the correct composition 
using the approved analysis procedure.  In addition to questions about the method’s accuracy the 
manufacturer was also experiencing loss of sample during the oven drying operation due to splattering 
and mini explosions.  Finally the approved method calls for the use of costly platinum crucibles and 
large amounts of silver nitrate for each analysis, which increases the manufacturing cost of these 
items. 
 
These issues raised several questions that needed to be answered.  1.  Was the current composition 
analysis capable of meeting the requirements?  2.  If not, can the existing analysis method be improved 
to meet specifications?  3.  Can manufacturing and testing costs be reduced for this item?  4.  Are the 
tight tolerances needed?  The issues were approached by two different groups within ARDEC.  The 
Energetic Material Analytical Lab at ARDEC was tasked with analyzing and developing improved 
composition analysis methods.  The Pyrotechnic Research and Technology Lab at ARDEC was tasked 
with determining the effects of widening the tolerance on the formulation and possibly suggesting a 
new formulation. 
 
CHEMICAL ANALYSIS TESTING AND IMPROVEMENTS 
 
EXPERIMENTAL METHOD 
 
The current method for the determining the percentages of each component are as follows.  Two 5 
gram samples of whistle composition are taken from each batch of mix.  The samples are added to a 
measured amount of water to dissolve the potassium perchlorate and the sodium salicylate.  The 
solution is then filtered to collect the red gum, which is dried and weighed.  The filtrate is reserved for 
potassium perchlorate percentage determination.  The water is evaporated off and the sample is heated 
to 600oC.  Through the heating the perchlorate is converted into soluble chloride salts.  The residue is 
then dissolved into a beaker of water.  Silver nitrate solution is added to the beaker and the silver 
chloride is precipitated out.  The solution is then filtered to collect the silver chloride and the amount 
of potassium perchlorate in the whistle composition is determined by how much silver chloride is 
formed.  The percentage of the sodium salicylate is determined by subtracting the red gum and 
potassium perchlorate percentages from 100.   
 
Analyses were first performed on synthetic samples and later on as-provided whistle compositions.  
Experiments were also done on red gum alone to determine if there is any weight loss during filtration.  
Variables tested for possible changes included: 
 

a. Sample size 
b. Type and porosity of filtering crucible for red gum determination 
c. Volume and temperature of water used in eluting potassium perchlorate and sodium salicylate 

from the mix 
d. Volume of aliquot taken from filtrate for perchlorate testing 
e. Crucible type for perchlorate to chloride conversion 
f. Amount of silver nitrate solution used for silver chloride precipitation 
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g. Crucible type used to collect silver chloride 
h. Adjustments to current equation to obtain weight percent potassium perchlorate 

 
RESULTS AND DISCUSSION 
 
Sample Size 
 
The current method specifies a sample weight of 10 g, which is divided into two 5 g aliquots.  A 
sample weight of this size ensures at least 0.1 g red gum.  The 5 g aliquot is washed five times with 20 
ml of water heated up to between 60 and 70 °C.  The water is added to the crucible, stirred for one 
minute, allowed to stand for three, and then drawn through by vacuum. The high temperature is 
necessary because potassium perchlorate has relatively low solubility in water.  The collected volume 
is eventually adjusted to 200 ml.  The problem with the sample size is that sometimes not all of the 
potassium perchlorate comes through.  Very slight differences in temperature or filtering rate can 
mean complete or incomplete elution.  Therefore 4 g aliquots were used with the same 5 additions of 
20 ml.  No leftover potassium perchlorate was observed. 
 
Type and Porosity of Filtering Crucible 
 
Older crucibles can filter slowly.  A coarse porosity crucible was tried but finely powdered red gum 
came through.  A Gooch crucible with removable filtering mats was tried, but stirring can move the 
mat.  Medium porosity crucibles should be retained, but they should periodically be tested by filtering 
with water, and older, slower crucibles should be discarded. 
 
Volume and Temperature of Water 
 
The use of five aliquots of 20 ml of water heated between 60 and 70 °C is retained.  It was found that 
0.12 g of red gum loses about 7 % of its weight during elution.  This was verified with red gum by 
itself and in the synthetic sample.  Each red gum batch should be examined for factor F, the amount 
lost during the elution process. 
 

% red gum = (A-B) x 100  
         W x (100 -F) 
 
A = weight of crucible and contents after the water extraction 
B = weight of the empty crucible 
W = weight of the original sample 
F = % of red gum extracted into water 
 

Volume of Aliquot Taken for Perchlorate Testing 
 

The specification calls for 20 ml aliquots from the 200 ml collected. The specification calls for heating 
nearly to dryness on a hotplate, and finishing off on a steam bath.  That requires the analyst to keep a 
constant vigil on the crucible.  Hot plates cause more spattering.  10 ml aliquots were tried with 
heating only on the steam bath.  This should reduce the danger of spattering and frees the analyst to do 
other work. 
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Crucible Type for Perchlorate to Chloride Conversion 
 

Platinum evaporating dishes and crucibles are very expensive.  Nickel crucibles were tried but were 
shown to react with the sample and, therefore, should not be considered.  50 ml porcelain crucibles 
with covers worked fine.  The cover is not needed for heating 10 ml aliquots on the steam bath but 
should be used for ignition in the muffle furnace.  No mini-explosions were detected. 

 
Amount of Silver Nitrate Solution Used for Silver Chloride Precipitation 

 
The amount of silver chloride prescribed for a 10 g sample is fifty ml of a 10 % solution.  For a four 
gram sample use twenty ml. 

 
Crucible Type Used to Collect Silver Chloride 

 
A Gooch crucible with a 934AH removable filter mat is perfectly adequate.  The mats are disposable, 
so cleanup is easy. 

 
Adjustments to Current Equation to Obtain Weight Percent Potassium Perchlorate 

 
Because 10 ml aliquots are being used instead of 20 ml; the equation is adjusted by a factor of two. 
 

% potassium perchlorate = 1933.2 B/W 
 
B = gain in weight of the crucible 
W = weight of original sample 
 

Four samples were tested from the original mix.  The first from the top of the container weighed five 
grams.  Subsequent five gram samples displayed obvious signs of potassium perchlorate not 
completely eluted.  Three samples from near the bottom of the container were run with four grams.  
 

Table 1: Analysis Results 
Sample # Sample Wt % Potassium

Perchlorate 
% Red Gum 

factor adjusted 
% Sodium 
Salicylate 

by difference 
1 5 g 66.78 3.32 29.90 
     

2 4 g 69.85 2.51 27.64 
3 4 g 69.18 2.63 28.19 
4 4 g 68.90 2.66 28.44 
     

Average  2-4  69.51 2.60 28.09 
 
The lower value of potassium perchlorate and higher value for red gum for sample 1 may indicate 
some potassium perchlorate being retained on the crucible or non-homogeneity in the sample. 
 
CONCLUSIONS 
 
Only slight improvements were needed to the existing procedure to both improve performance and 
reduce cost.  First the sample size was reduced from 5 g to 4 g this both reduces cost by using less 
chemicals and increases yields during dissolving and filtering operations.  Next the equation for 
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calculating the red gum percentage was revised.  The new equation accounts for the possibility of the 
red gum containing water soluble components.  The expensive platinum crucibles were successfully 
replaced with porcelain ones with no effect on the results.  The procedures for the drying of the filtrate 
and conversion of perchlorate to chloride have been modified to improve the yield of the process.  
Finally the equation to determine the potassium perchlorate content was modified to account for the 
change in sample size.  Overall only slight modifications of the process were needed to meet the 
composition specifications. 
 
WHISTLE PERFORMANCE COMPOSITION TESTING 
 
EXPERIMENTAL METHOD 
 
Three phases of testing were conducted to determine the effect of compositional changes on the 
whistle performance.  For each phase of testing, a baseline mix of the current formulation was also 
manufactured to provide a reference point in case outside factors were affecting the results.  Table 2 is 
a summary of all the mixes that were tested. 
 

Table 2:  Test Plan 
 Composition (wt%) 

Mix Testing Phase KClO4 NaC7H5O3 Red Gum 
1 (baseline) 1 69.0 28.0 3.0 

2 1 70.8 28.7 0.5 
3 1 64.5 26.2 9.3 
4 1 79.0 18.0 3.0 

5 (baseline) 2 69.0 28.0 3.0 
6 2 70.8 28.7 0.5 
7 2 66.7 27.0 6.3 
8 2 59.0 38.0 3.0 
9 2 64.0 33.0 3.0 

10 2 74.0 23.0 3.0 
11 (baseline) 3 69.0 28.0 3.0 

12 3 68.0 27.0 5.0 
13 3 61.5 35.5 3.0 
14 3 71.0 26.0 3.0 
15 3 72.0 25.0 3.0 

 
The items were all manufactured by the same process.  First the potassium perchlorate was passed 
through a 30 mesh screen and all three ingredients were placed in the oven to dry overnight at 140oF.  
The compositions were mixed on the next day.  The size of each mix was limited to 25 grams.  First 
the red gum and sodium salicylate were dry blended by hand.  Ethanol was added to wet the mix (~10 
ml).  The potassium perchlorate was mixed in by hand and the composition was mixed until a nearly 
dry brick could be formed.  The mix was then passed through a 20 mesh screen and placed in the oven 
to dry overnight at 140oF.  Five whistles were pressed for each mix.  Each whistle comprised of 4 
increments of 0.875 grams of powder pressed at a load of 500 lbs and a dwell time of approximately 2 
seconds.  After pressing the fill height of each mix was measured.  Four grains of class 1 black powder 
were placed on top of the whistle composition and a cap was glued onto the tube using a white water 
based glue.  The loaded tubes were kept in the oven overnight at 140oF. 
 
The whistle tubes were functioned in ARDEC’s light tunnel.  An electric match was used to set off the 
black powder charge in the whistle tube.  Each round was filmed and sound data was recorded.  The 
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sound meter was set up 20’ away from the whistle tube.  The sound waveform of each item was 
captured with a Bruel and Kjaer Model 2250 sound meter equipped with a ½-inch microphone1.  The 
analog output from the soundmeter was digitized with a 16-bit National Instruments datacard 
operating at 100k samples/second for a total of 10 seconds.  Frequency and amplitude content of each 
sampled was analyzed with the National Instruments Sound and Vibration toolkit.  Total band power, 
maximum band power, third octave frequency, and burn time was calculated for each sample. 
 
RESULTS AND DISCUSSION 
 
Fill Heights 
 
The fill height given is the distance from the top of tube to the top of the whistle composition.  
Since the mass of whistle composition was held constant for each round, larger fill height 
values mean greater density of the pressed whistle mix.  From this data it can be seen that 
increasing Red Gum percentages decreased the pressed density of the mix and increasing 
Potassium Perchlorate at the expense of Sodium Salicylate increased the density of the 
pressed mix.  Unfortunately no data was recorded for Mix #1. 
 

Table 3: Average Fill Heights 
Mix Average Height 

(in) 
Std. Dev. 

(in) 
Mix Average Height 

(in) 
Std. Dev. 

(in) 
2 1.122 0.015 9 1.073 0.010 
3 0.966 0.017 10 1.124 0.018 
4 1.088 0.013 11 1.088 0.011 
5 1.102 0.010 12 1.023 0.021 
6 1.167 0.016 13 1.051 0.023 
7 1.053 0.016 14 1.115 0.025 
8 1.057 0.021 15 1.101 0.015 

 
Whistle Functioning Phase 1 
 
All the whistles that functioning burned for longer than the maximum time specification of 5 seconds.  
On some of the whistling samples three distinct pitch changes were observed, possibly due to the four 
pressing increments.  Three out of the five whistles from mix #3 exploded on initiation.  Since some 
whistles from mix #3 worked and others exploded it suggests that 64.5% potassium perchlorate, 
26.2% sodium salicylate, and 9.3% red gum is right on the edge of a feasible composition for this 
specific configuration.  The first whistle burst, partially split the tube, but left some remaining whistle 
mix.  This can be seen in the figure 2.  The split was not as pronounced as show in the picture but 
rather the cardboard was pulled away later to expose the unburned whistle composition.  Three 
increments can be seen in the picture and evidence of charring can be seen on the inside of the tube 
and some part of the whistle composition.  The charring suggests that the flame spread down the inside 
of the tube in between the cardboard and the whistle mix.  As a side note, when the remaining 
composition was ignited in the same configuration as shown in the photo a slight whistle sound was 
observed possibly due to the small section of tube that remained intact.  The third whistle from mix #3 
started to whistle upon initiation then exploded.  All five whistles tested from mix #4 exploded upon 
initiation.  Mix #4 was comprised of 79% potassium perchlorate, 18% sodium salicylate, and 3% red 
gum.  This mix had the highest percentage of potassium perchlorate.  In each case the whistle tubes 
were either fragmented or split. 

                                                 
1 The unit was calibrated with a 1 kHz reference source generating sound with an intensity of 94 dB. 
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Whistle Functioning Phase 2 
 
Again all the functioning whistles burned for longer than the 5 second maximum time duration.  On 
some of the whistling samples three distinct pitch changes were observed, again possibly due to the 
pressing of four increments.  One out of the five whistles from mix #7 exploded on initiation.  Since 
some whistle from mix #7 worked and other exploded it suggests that 66.7% potassium perchlorate, 
27.0% sodium salicylate, and 6.3% red gum is still on the edge of a feasible composition for this 
specific configuration.  The whistle burst and partially split the tube.  Two out of the five whistles 
from mix #10 exploded on initiation.  The formulation of 74% potassium perchlorate, 23% sodium 
salicylate, and 3% red gum may be on the edge of stability for a whistle composition.  The tubes in 
both cases were partially split open.  The whistle became very faint at the end of the burn for mix #8.  
Mix #8 comprised of 59% potassium perchlorate, 38% sodium salicylate, and 3% red gum.  This mix 
had the highest amount of sodium salicylate. 
 
Whistle Functioning Phase 3 
 
As in the previous two phases all the functioning whistles burned for longer than 5 seconds.  On some 
of the whistling samples a single distinct pitch change was noticed.  After reviewing the video it was 
observed that the change in pitch occurred at the same time as the expulsion of the electric match from 
the quickmatch hole.  Three out of the five whistles from mix #13 failed to eject the end cap and as a 
result failed to whistle.  The problem with the end caps could have been caused by using too much 
glue during assembly or too little black powder during loading.  The other two whistles from mix #13 
functioned properly but had the longest burn times.  Mix #13 comprised of 61.5% potassium 
perchlorate, 35.5% sodium salicylate, and 3.0% red gum.  This mix had the greatest percentage of 
sodium salicylate during this phase of testing and its longer burning time correlates with observations 
from the previous two phases of testing. 
 
CONCLUSIONS 
 
From the compositional testing some new insights were gained about the performance of the whistle 
composition.  Unfortunately, burn times in the baseline mixes increased for each successive phase 
despite the use of the same ingredients and procedures.  Despite the increase in burn time the total 
band power of the baseline mixes did not significantly change between phases.  Because of this the 
results of each phase can not be directly compared.  In order to test how red gum affected the 
performance of the whistle it was chosen to keep the ratio of potassium perchlorate to sodium 
salicylate constant and vary the amount of red gum.  This would simulate a manufacturer accidentally 
adding too much or too little red gum.   Decreasing the red gum percentage to 0.5% of the total 
increased the burn time.  Increasing the amount of red gum past the specified 3% decreased the burn 
time.  At 6.3% and 9% red gum some of the rounds exploded upon initiation instead of whistling.  It 
was observed that whistles made with a potassium perchlorate percentage of 74% or greater 
sometimes exploded.  Increasing the sodium salicylate percentages generally increases the burn time 
and reduces the total band power.  Mix #8 had 38% sodium salicylate and still produced a whistling 
sound but a low total band power that probably would not be acceptable.  Slightly shifting the 
specification to a higher sodium salicylate amount should allow for a wider tolerance on the mix 
however, further testing with the new specifications and tolerances will be needed.  
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Table 4: Summary of Composition Performance Testing 

Mix 
# 

Total Band Power Burn Time (s) 
Average Std. Dev. Average Std. Dev. 

1 108.1 0.8 5.34 0.17 
2 104.7 1.7 6.09 0.31 
3 103.9 1.0 5.41 0.05 
4 No data all rounds exploded 
5 107.4 0.7 5.62 0.23 
6 102.4 0.8 6.35 0.12 
7 105.3 0.5 5.19 0.09 
8 96.7 1.7 7.05 0.07 
9 104.7 1.7 6.12 0.21 

10 106.9 0.2 5.12 0.07 
11 108.6 1.8 6.13 0.38 
12 108.2 1.5 5.40 0.30 
13 102.8 3.9 7.02 0.69 
14 108.0 1.4 5.57 0.26 
15 108.7 0.7 5.56 0.10 

 

 
Figure 1: M119 Whistling Booby Trap Simulator 

 

 
Figure 2: Exploded Round with Non-Burnt Composition 
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1 ABSTRACT 
 
The NIR and MIR spectra of deuterated flare compositions based on ammonium 
perchlorate and anthracene and pool flames based on acetone-d6 have been recorded.  
 
 
 
2 INTRODUCTION 
 
The development of spectrally adapted flare compositions for use in advanced decoy flares with an 
increased colour ratio B/A is an ongoing challenge to the countermeasure community [1]. So far 
different concepts have been applied to enhance the radiation in B-band. These include the combustion 
of oxygen-rich carbon fuels with slightly endothermal oxidizers such as e.g. perchlorates [2] as well as 
the co-combustion of both low-continuum thermites with energetic organic additives [3]. 
Introduction of deuterium in lieu of hydrogen in an organic fuel or ammonium compound is a unique 
measure to alter the spectral performance of flare compositions [4, 5]. Radiometric and burn rate 
measurements of anthracene and perdeuteroanthracene based flare compositions show influence of 
deuteration on both spectral performance as well as burn rate. That is perdeuterated compositions burn 
more slowly and in addition to bathochromic shift of D2O relative to H2O also display reduced 
continuum emission as hydrogenated composition [6]. The latter can been explained on basis of 
influence of deuteration on cylodehydrogenation reaction – the main path upon soot formation in 
aromatic fuel flames -. A similar effect of deuteration on burn rate has been observed with aliphatic 
nitrates [7]. After preliminary radiometric investigations confirming improvement of band ratio B/A 
with various compositions [3, 4], it was intended to record IR spectra of flames containing deuterated 
species as there are no reports available in the public domain about IR emission spectra of the 
combustion flames of deuterated compounds. Thus pool flames of acetone and acetone-d6 as well as 
compositions containing ammonium perchlorate/anthracene and perdeutero ammonium perchlorate 
and perdeuteroanthracene were recorded. 
 
 
2 EXPERIMENTAL  
 
Anthracene-d10 was purchased from Sigma Aldrich GmbH Taufkirchen/Germany. Ammonium 
perchlorate-d4 was synthesised from aqueous ND3 and DClO4 (see 5. Acknowledgement). Anthracene 
was purchased from MERCK KG  Darmstadt/Germany. Acetone-d6 was purchased from FLUKA 
Buchs/Switzerland. Acetone was laboratory grade. 
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The components were passed through a 325 mesh sieve and mixed intimately in an agate mortar. The 
compositions – for stoichiometric details and thermochemical calculations of compositions see Ref. 
[5] - were pressed in a cylindrical die having 19 mm diameter at a pressure of 4.2 kbar to give strands 
of about one tenth calibre length.  
 
The pellets were fixed in plastic dough on a laboratory lifter. The spectroscopic measurements were 
carried out in the NIR between: 1.0 – 2.5 µm, and MIR: 2.5 – 5.5 µm. For the NIR a HGS 
spectrometer based on a Zeiss MCS 511 NIR spectrometer, which is a grating spectrometer with an 
InGaAs diode array (0.9 – 1.7 µm) was applied with. The spectral resolution is ca 15 nm at a rate of 
300 spectra per second. For the MIR a CVF spectrometer was used with a rate of 130 spectra per 
second. In addition a FTIR spectroradiometer was used also.  The focus of the spectrometers was set 
about 1 cm above the strand or the pool. The experiments were conducted in a laboratory hood with a 
suction fan. The photographs were taken with a commercial Panasonic NV-DX 110 3CCD camcorder. 
 
 
 
3 RESULTS AND DISCUSSION 
 
3.1 POOL FLAMES 
 
 
The combustion flames of both acetone and acetone-d6 in a small diameter (3 cm) ceramic vessel filled 
with sand are depicted in Fig. 1. The frame rate is 50 Hz. Both fuels burn in a turbulent mode [8]. It 
can be seen (best observed on CD on the coloured charts) that the acetone-d6 flame is less luminous 
than the acetone flame. In addition the separation of the lift flame ball from the base flame is less 
pronounced with the acetone-d6-flame.  
 
 

 
 

 
 
 
Figure 1 Flickering pool fire flame of acetone (top) and acetone-d6 (down) 
 
The NIR spectra reveal distinct differences between both fuels (Fig. 2). The continuum level is lower 
with acetone-d6, indicating a lower soot level and explaining the lower luminosity of its flame. A 
signal in both traces at 1.37 µm corresponds to abundant the H2O.  Distinct differences can be seen in 
the 1.8 – 2.1 µm range. Whereas H2O band systems shows two peaks at 1.80 and 1.86 µm and a 
multiplet like signal at 1.95 µm, the spectrum of acetone-d6 displays strong signals at 1.82, 1,88, 1.93 
and 2.02 µm for D2O and probably HDO.  
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Figure 2 NIR spectra of both acetone and acetone-d6  
 
Fig. 3 displays the normalised spectra of both acetone and acetone-d6 pool flame. Whereas H2O causes 
a peak at 2.7 µm this has vanished in the spectrum of the acetone-d6. Instead a nicely rotationally 
resolved D2O band system is seen in the lower chart centred at 3.7 µm. A small signal in the top graph 
at 3.4 µm is tentatively assigned to CH4.  A strong signal at 4.8 µm then is assigned to CD4. The mass 
spectra of both acetone and acetone-d6 differ in that the methylcarbonyl fragment is more abundant in 
case of acetone-d6 [9]. Hence the weak broad signal at 5.8 µm can be assigned to a CO stretching 
vibration of a D3CO fragment [10]. The stronger noise of the CO2 signal at 4.4 µm of the 
perdeuterated flame is due to magnification to achieve same size as acetone spectrum.  
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Figure 3 Normalised FTIR spectra of both acetone (top) and acetone-d6 (down) 
 
 
3.2 FLARE COMPOSITIONS 
 
 
Figure 4 shows the general setup of the flare combustion measurements showing also the 
photoconductor of the NIR spectrometer. The flame of ammonium perchlorate/anthracene pyrolant is 
not very luminous as has been indicated earlier [5]. Hence the flames are quite dark, as can be seen in 
Figure 5.  
 
 

 
 
Figure 4 Experimental set-up for flare measurements 
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Figure 5 Flame pictures taken from ND4ClO4/C14D10 pyrolant DC4 
 
The NIR spectra (Fig. 6) in general reveal a high continuum level with superimposed signals from 
H2O at 1.37 and 1.81 µm and D2O as well as HDO species between 1.80 – 2.02 µm. DC2 displays 
both signals due to H2O and HDO and D2O. The good resolution of long wavelength signal group in 
DC4 trace calls for lesser soot content compared to DC1 and DC2. 
 

 
 
Figure 6  NIR Spectra from DC-1, DC-2 and DC-4 
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The CVF-IR spectra of the compositions are given in Figure 7. The H2O peak present at 2.5 µm in 
DC1 and DC2 vanishes in DC4. Therefore a broad peak due to D2O is present between 3.3 . 4.1 µm.    

 
Figure 7  IR Spectra from DC-1, DC-2 and DC-4 
 
 
 
4 CONCLUSION 
 
The IR spectra for pool flames of acetone-d6 show distinct signals for deuterated species. The main 
feature of the perdeuterated flames is the absence of the prominent 2.7 µm water band. Therefore a 
distinct broad band between 3.4 – 4.1 due to D2O occurs.  Another unexpected D2O band system 
appears close to the the 1.87-µm water band in perdeuterated flames. It is evident that the presence of 
deuterium influences the soot level.  This can be observed with both pool flames and the deuterated 
flare compositions based on ammonium perchlorate and anthracene.  
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1 ABSTRACT 
 
Laminac 4116 is an unsaturated polyester-base resin for use as a binder in many 
pyrotechnic munitions including the Hand Held Signals (HHS).   Laminac 4116 has been 
identified as a critical single point failure (SPF) material with potential interruption in 
supply.  Several environmental and health hazardous issues are associated with the use of 
Laminac 4116 due to toxic nature of its constituents.  The unsaturated resin has also led to 
undesirable short shelf-life.  This paper describes a study conducted to develop 
environmentally compatible binder materials to replace the existing Laminac resin in 
parachute and cluster star illuminant compositions for HHS.  Several vinyl alcohol acetate 
co-polymers (VAAR) with different hydrolysis levels and a polyvinyl acetate resin were 
investigated.  Based on the static burn test results, two candidate binders (VAAR-1 at 30% 
hydrolysis and VAAR-2 at 47% hydrolysis) were down-selected for performance 
optimization, system-level prove-out, and demonstration.  The results indicate that the 
signals with the replacement binders met or exceeded the performance requirement of the 
current Laminac-based counterparts.  Energetic material sensitivity tests were also 
conducted to assure the safety of illuminant compositions with alternate binder materials.   
 

 

2 INTRODUCTION 
 
This effort is part of a broad-base program and mission directed to identify Single Point Failure (SPF) 
materials, issues and risks, potential impacts and mitigation actions. Laminac 4116 is used as a binder 
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material in illuminant or first fire compositions for a good number of munitions and is being considered to 
be a critical SPF Material.  It is produced by a single US source. The producer finds that it is not 
economical to continue production due to limited commercial applications and unstable market demand. 
Other issues involved with the use of Laminac material include environmental and health hazardous 
concerns.  Laminac 4116 is a polyester base resin that cross-links to a thermo-set copolymer with a vinyl 
monomer, styrene. Lupersol DDM-9 serves as a catalyst for the polyester resin cross-linking and it 
contains methyl ethyl ketone peroxide (MEKP). Both styrene and MEKP are toxic materials and are 
extremely hazardous to health and environment. Load plants have complaints about these materials.  
Another drawback of Laminac is that it has a limited pot life when incorporated with the cure agent, 
forcing manufacturers to blend a mix and press it within a very short time. Based on the above concerns 
and issues, an investigation was conducted to identify suitable alternate and environmentally compatible 
binder materials for pyrotechnic compositions. 
 
3 TECHNICAL APPROACH 
 
Hand Held Signals (HHS) was chosen as the technology demonstration candidate for this program. This 
particular family of signals (figs 1-2) consists of two types, Star Clusters (Green, Red and White) and 
Parachutes (Green, Red and White).  The current illuminant charge compositions for HHS consist of 
magnesium fuel, various oxidizers and Laminac 4116 binder. The overall thrust of this effort is to 
determine the use of alternate binder materials without compromising the performance characteristics of 
the signal systems.  Vinyl acetate based resins produced by different manufacturers were identified for 
evaluation based on several criteria including degree of hydrolysis (mole %), environmental acceptability 
(toxicity characteristics), solubility in solvent, thermal stability, commercial availability, and 
compatibility with pyrotechnic ingredients. The alternate materials include UC/DOW VAAR (trade name 
Bakelite, degree of hydrolysis 30 mole %, and conforming to military specification Mil-V-50433) [1] [2], 
VAAR-1 (degree of hydrolysis 30 mole % and conforming to military specification), VAAR-2 (degree of 
hydrolysis 47 mole %) and VAAR-3 (degree of hydrolysis 33- 40 mole %) and polyvinyl acetate resin 
(PVA - B100).  UC/DOW VAAR has been discontinued since 2005. VAAR-1 is produced by Picatinny 
through a commercial company based on the licensed process from DOW. VAAR-2 and VAAR-3 are 
commercially available materials.  The binders except PVA-B100 (solid beads) were all viscous liquids of 
vinyl alcohol acetate resins with a slight difference in the degree of hydrolysis, solid contents, and 
physical properties (table 1). Static burn tests were performed (per military specifications) measuring 
candlepower (CP), burn time (BT), color characteristics ((%) purity and dominant wavelength (DW)) for 
each illumination candle with alternate binder materials.  The composition of fuel, oxidizer and binder 
were adjusted in several iterations to optimize the candle outputs. Based on the test results two binders 
were down-selected and performed the first article testing (FAT) protocol procedures for over 1500 signal 
units to qualify two binders for the illuminant compositions. The preparation of illuminant candles, 
signals, static burn tests and function tests were conducted at a production facility. Energetic material 
qualification (EMQ) sensitivity tests were also conducted to assure the safety of illuminant compositions 
with alternate binder materials. 
 
4  FULL-UP STATIC BURN TEST  
 
More than fifteen hundred illuminant candles/star samples were tested over several iterations with 
UC/DOW-VAAR, VAAR-1, VAAR-2, VAAR-3 or PVA-B100 in illuminant compositions for all the 
signals to optimize the required performance (CP, BT, DW and percent (%) purity).  Several iterations 
and tests were necessary for each signal to fine tune the composition to meet or exceed the performance 
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requirement.  Three binders (VAAR-1, VAAR-2 and PVA-B100) in illuminant candle composition for 
each signal met or exceeded the static burning performance requirements. The color characteristics (% 
purity and dominant wave length (DW)) for illuminant candles also met the required spec values for each 
signal.  The results are all comparable to that of Laminac binder in compositions. After the first iteration 
further tests were discontinued with VAAR-3 binder due to difficulties experienced in preparing 
homogeneous composition and consolidation. Two candidates had to be selected among the three 
successful binders.  Since PVA-B100 is available only as solid pellets, it has to be dissolved in a solvent 
(ethyl acetate) prior to use as a binder in illuminant compositions.  It was also observed that the mixes 
using PVA-B100 binder emitted very strong smelling vapors during the mixing process requiring the mix 
operator to wait for fumes to dissipate before removing the mix from the mixer.  This would obviously 
increase the mixing cycle time as well.  This procedure would require an extra step/process in the 
production environment with the associated additional cost and control; hence, PVA - B100 binder was 
not selected.  Both VAAR-1 and VAAR-2 are available in liquid form and can be used readily to 
mixing/blending with the fuel and oxidizers to prepare illuminant mixes.  Based on the source availability, 
overall performance and processing improvement in the preparation of mixes, two binder candidates, 
VAAR-1 and VAAR-2, were down-selected for engineering testing.  The reproducibility results for static 
burn tests were good for all illuminant candles using VAAR-1 and VAAR-2 in the compositions for 
cluster star signals and parachute signals (tables 2-3).  

 
5 FULL-UP FUNCTION TEST  
 
Using the final successful illuminant compositions with VAAR-1 and VAAR-2 binders the qualification 
tests were conducted per first article test (FAT) protocol.  These include function tests for full-up signals 
at hot temperature (68oC-74oC) ambient temperature (18oC-24oC) and cold temperature (-57oC to -51oC). 
Over nine hundred sixty cluster stars (Green, Red and White) and parachute stars (Green, Red and White) 
signal assemblies were tested (32 units per signal at hot, 32 units per signal at ambient and 16 units per 
signal at cold).  The packed signals were conditioned at hot, ambient or cold temperature for a minimum 
of 16 hours prior to function testing. The performance of the signals was observed for compliance of 
specification requirements. Overall, there were no single failure in premature bursts, premature ejection, 
and launch delay.  The function tests for all signals with VAAR-1 or VAAR-2 binders in illuminant 
compositions at hot, ambient and cold conditions met or exceeded the performance requirements and the 
results are comparable to that of signals with Laminac 4116 in the illuminant composition (results for 
Laminac signals were obtained from the recent production lot testing). The data at hot and cold conditions 
are recorded mainly for informational purposes.  It was necessary to make sure the rocket motor won't 
blow out and no critical defect occurs either at hot and cold conditions.  And the signals must perform the 
best at ambient condition. The results at ambient temperature for cluster and parachute star signals are 
summarized in tables 4-5.  The average altitude (feet) for illuminant assemblies for all signals was higher 
by 16-18% with VAAR-1, higher by 14-21% with VAAR-2 and higher by 10-21% with Laminac 4116 
than the specification requirement (min 725 feet).  The average burn time for illuminant assemblies was 
higher by 10-26% with VAAR-1, higher by 7-25% with VAAR-2 and higher by 5-37% with Laminac 
4116 than the requirement.  The average angle of deviation from the vertical for illuminant assemblies for 
all signals was lower by 25 -55% with VAAR-1, lower by 31-47% with VAAR-2 and lower by 45-59% 
with Laminac 4116 than the spec requirement (average angle of deviation must be below 12 degree and 
lower values are better).  There were no critical failures observed in any of the function tests and very few 
major defects/failures occurred.  Over all, there were no premature bursts, no premature ejection, and no 
launch delay (signals exited within two seconds) for all signals. All the signals have met the acceptance 
criteria without any critical failure. Detailed full-up item function test for replacement binders in hand-
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held signal clusters and parachutes is described in the Technical Report [3]. 
 
6 ENERGETIC MATERIAL QUALIFICATION (EMQ) TESTS 
 
The safety of munitions and explosives is of fundamental importance to the military user and to the public 
at large. The sensitivity tests were conducted in accordance with the DoD Energetic Material 
Qualification (EMQ) program for Pyrotechnic Explosives to assure the safety of illuminant compositions 
with alternate binder materials [4].  The test protocols and pass/fail criteria are described in Mil-STD-
286C [5], Mil-STD-650 [6], Mil-STD-1751A [7], and TB700-2, Department of Defense Ammunition and 
Explosives Hazard Classification Procedures, AVSEAINST 8020.8C, Review Draft, 17 June 2005.  The 
sensitivity test matrix and data for green, red and white clusters and parachutes using Laminac 4116 and 
replacement binders are summarized in table 6.  The results indicate that the compositions exhibited 
thermally stability at 75oC for 48 hours and typical pyrotechnic burning characteristics without detonation 
or explosion.  All the pyrotechnic compositions with the replacement binder materials passed the specified 
criteria for the vacuum thermal stability (100oC for 40 hours), small-scale burn, electrostatic discharge 
(ESD), impact (ERL and BOE) and friction (ABL and BAM) tests.  
 
7 CONCLUSIONS  
 
Based on the static and function test results, it is concluded that both VAAR-1 and VAAR-2 binders can 
be effectively used to substitute Laminac 4116 binder in the illuminant compositions for hand held signals.  
VAAR-1 is considered as the primary replacement candidate for its conformance to the military 
specification.  It was observed that the preparation of mixes using VAAR-2 required an additional effort to 
clean the mixer after completing mixes due to its tendency to harden up in the mixer, particularly for white 
parachute star with sodium nitrate oxidizer in the composition.  This would increase cycle time for mixing 
and therefore may reduce production capacity.  Therefore, VAAR-2 is used only as a secondary 
replacement.  In general, VAAR-1, like UC/DOW VAAR, is very stable and has a long shelf life of over 5 
years.  It is a proven material for approx. 50 munitions items.  In addition, since UC/DOW VAAR has 
already been used in delay compositions for all hand held signals, using VAAR-1 in illuminant 
composition would be an added advantage.  It should be noted that although Dow Chemical Company has 
discontinued producing VAAR, the U.S. Army has bought unlimited rights for its manufacturing process 
for production of a Picatinny version (VAAR-1), as a second source.  Hence, in future, there will be 
continuous supply of military specification complied VAAR.  In summary, Laminac 4116 binder 
replacement program has been successfully completed to mitigate a critical single point failure material 
with alternate VAARs that are environmentally compatible and safe for use in illuminant compositions.  
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8 FIGURES AND TABLES 
 

 

                     

 
Figure 1. Signals, Illumination, Ground, Clusters 

 (Green, Red and White) 
 
 
 
 

 

 

 

 

 

 

 
Figure 2. Signals, Illumination, Ground, Parachutes 

(Green, Red and White) 
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Table 1. Resin properties 
 

 
 
Binder/Resin 

 
Solvent for  
Resin 

 
 
Appearance 

Color (cpu) 
Cobalt 
Platinum 
Method 

 
OH % by 
wt, Dry 
Resin Basis  

 
 
% Solids 

DOW/UC-VAAR* 
(30 mol % hydrolysis)  

Methanol  + 
Methyl acetate  

 
Clear 

 
300 max 

 
16-19 

 
26 -29 

Picatinny VAAR-1** 
(30 mol % hydrolysis )  

Methanol + 
Methyl acetate  

 
Clear 

 
100 

 
17.5 

 
27.6 

VAAR-2 
(47 mol % hydrolysis) 

Methanol  Brown 
yellow 

100 -150  
30-32 

 
35 

VAAR-3 
(33-40 mol % 
hydrolysis) 

Methanol + 
Methyl acetate  

Water white 
to pale  

     
40 - 60 

 
20-26 

 
25– 27 

PVA - B100 Not  
Applicable 

Beads Colorless/ 
Straw 
Yellow  

Not 
Applicable 

Not 
Applicable 

 * Mil-V-50433 specifications       ** Conforming to Mil-V-50433                            
 
 

Table 2. Static burn test data (CP, BT, WL Purity) data for 
 cluster star signals  

 
 
 

Spec Data 
 

 
Laminac 

4116  
(Control)    

 
VAAR-1    

 
VAAR-1  
Repeat        

 
 VAAR-2 

 

 
VAAR-2        
Repeat 

 
Cluster-Green 

CP: 9000 min 10717    11970    11662   13051      11675 
BT: 6.5-10.5s  7.21      6.78      7.29        7.20        6.95 

(WL): 520-560 nm 557.87  556.53   556.29   556.50    557.43 
Purity: 50% min 62.87    61.58     60.21      59.65      61.71 

Cluster-Red 
CP: 30000 min 36017   36203   32685   34050   35666 
BT: 6.5-10.5s 7.24      7.71      7.78       7.07 7.47 

(WL): 600-640 nm 609.27  610.01   609.88   609.93 610.15 
Purity 50% min 84.83    86.12    85.38     86.99 86.56 

Cluster-White 
CP: 25000 min 29109   28676   28239   27131 26880 
BT: 6.5-10.5s  7.40      7.59      7.45 7.60       7.77 

(WL): 565-585 nm 580.62 580.32  580.19 580.41 580.46 
Purity: 50% max 48.76    48.51    48.13 49.26 49.09 
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Table 3. Static burn test data (CP, BT, WL, Purity) data for 
parachute star signals  

 
 
 

Spec Data 
 

 
Laminac 

4116 
(Control)    

 
VAAR-1    

 
VAAR-1  
Repeat        

 
 VAAR-2 

 

 
VAAR-2        
Repeat 

 
Parachute -Green 

CP: 5000 min  6163    7983     7515 7873 8861 
BT: 50s (min)   55.34    52.60   52.47 52.02 52.66 
(WL): 525-560 nm  556.04  556.57  556.17 554.06 556.74 
Purity: 50% min  58.35   61.22    61.11 61.35 61.97 

Parachute -Red 
CP: 10000 min  16086   15838   16437 16619 14735 
BT: 50s (min)  56.30   55.13    55.42     54.65     60.40 
 (WL): 600-640 nm   612.01  612.0    612.0     612.26   612.41 
Purity: 76% min  91.16    91.38    91.50     91.70     91.33 

Parachute –White* 
CP: 90000 min  114193  118258  103946  97387 99399 
BT: 25s (min)  30.11     30.34     28.96     31.21 31.96 
* No WL and Purity requirements 

 
Table 4. Function test data (ambient temp) for cluster signals 

 
 
Binders 

Cluster-Altitude (ft) Cluster-Burn Time 
 (sec) 

Cluster-Angle of  
Deviation 

Green Red White Green Red White Green Red White 
SPEC* 725 725 725 6.5 6.5 6.5 12 12 12 
VAAR-1 844 858 846 8.09 7.6 8.2 7.08 9 7.2 
VAAR-2 827 878 870 7.49 7.8 7.9 8.02 7.2 6.4 
Laminac 879 907 828 8.68 8.6 8.9 5.59 5.4 5.5 
* Specifications (SPEC): minimum for Altitude and Burn Time and maximum for Angle of Deviation  
 

Table 5. Function test data (ambient temp) for parachute signals 
 

 
Binders 

Parachute - Altitude (ft) 
 

Parachute - Burn Time 
(sec) 

Parachute -Angle of 
Deviation 

green Red White Green Red White Green Red White 
SPEC* 725 725 725 50 50 25 12 12 12 
VAAR-1 844 858 846 56.7 54.2 27.5 6.8 5.5 5.4 
VAAR-2 827 878 870 62.5 56.7 26.7 7.6 6.3 6.4 
Laminac 879 907 828 57.1 52.7 29.9 4.9 5.8 6.6 
* Specifications (SPEC): minimum for Altitude and Burn Time and maximum for Angle of Deviation  
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Table 6. EMQ test matrix and results for illuminant charges with different binders  
 

EMQ 
Tests/Protocols 

Laminac 4116 
(Control) 

VAAR-1 VAAR-2 Results 
 

Vacuum Stability 
at 100°C/40 
Hours 
Mil-STD-286C 
Method 403.1.3 

All 3 Clusters  
All 3 Parachutes  
 

All 3 Clusters  
All 3 Parachutes 

All 3 Clusters  
All 3 Parachutes 

Minimal gas 
liberation, less 
than the max of 
2 ml/g gas 
evolved at STP 

Thermal Stability 
at 75°C/48 Hours 
TB 700-2, UN 
3(c) 

All 3 Clusters  
All 3 Parachutes  
 

All 3 Clusters  
All 3 Parachutes 

All 3 Clusters  
All 3 Parachutes 

Minimal loss of 
weight, less 
than 0.75% due 
to moisture  

Small Scale Burn 
test, TB-700-2 
UN Test 3(d)(i) 

All 3 Clusters  
All 3 Parachutes  
 

All 3 Clusters  
All 3 Parachutes 

All 3 Clusters  
All 3 Parachutes 

No detonation 
or explosion 

Ignition - 5 sec 
Explosive Temp 
MIL-STD-650, 
Method 506.1 

All 3 Clusters  
All 3 Parachutes  
 

All 3 Clusters  
All 3 Parachutes 

All 3 Clusters  
All 3 Parachutes 

No reaction 
(flame or 
audible report) 
in test trials up 
to 500°C 

Electrostatic 
Discharge (ESD) 
MIL-STD-1751A 
Method 1032 

All 3 Clusters  
All 3 Parachutes  
 

All 3 Clusters  
All 3 Parachutes 

All 3 Clusters  
All 3 Parachutes 

No reaction 
(flash, spark, 
burn or noise) 
in 20 trials at 
0.25 joule 

ERL/Bruceton 
Impact test 
MIL-STD-1751A 
Method 1012 

All 3 Clusters  
All 3 Parachutes  

All 3 Clusters  
All 3 Parachutes 

All 3 Clusters  
All 3 Parachutes 

Impact 
insensitive per 
MIL-STD-
1751A criteria 

BOE Impact  
TB 700-2 
UN Test 2(a)(i) 

All 3 Clusters  
All 3 Parachutes  
 

All 3 Clusters  
All 3 Parachutes 

All 3 Clusters  
All 3 Parachutes 

Impact 
insensitive per 
TB-700-2 
criteria 

ABL Friction 
Sensitivity 
TB 700-2 
UN Test 3(b)(iii) 

All 3 Clusters  
All 3 Parachutes 

All 3 Clusters  
All 3 Parachutes 

All 3 Clusters  
All 3 Parachutes 

Friction 
insensitive per 
TB-700-2 
criteria 

BAM Friction 
Sensitivity 
MIL-STD-1751A 
Method 1024 

All 3 Clusters  
All 3 Parachutes  

All 3 Clusters  
All 3 Parachutes 

All 3 Clusters  
All 3 Parachutes 

Friction 
insensitive per 
MIL-STD-
1751A criteria 
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ABSTRACT 
 
We suggest an approach to building a computationally efficient analytical equation-of-
state (EOS) model of condensed explosives for hydrocode simulations. The EOS models 
constructed with this approach a) are based on reliable thermodynamic data provided 
by a modern thermochemical code, b) reproduce these data with good accuracy, and c) 
are incommensurably much faster to compute than in the case of a direct incorporation 
of the thermochemical code solvers into a hydrocode. The approach allows for taking 
into account the phase transitions that may occur in the detonation products, for 
example, the phase transformations of the carbon nanoparticles. We show that the built 
analytical EOS models yield good agreement with thermochemical code calculations 
both for the reactive detonation products and for mixtures of the products with the 
unreacted explosive. Thus, the suggested approach is also suitable for reliable and 
computationally efficient thermodynamic description of the detonation reaction zone. 
 
 
 
1 INTRODUCTION 

 
There is a continuous need for accurate and computationally efficient equation-of-state (EOS) models 
in hydrocode simulations of explosions and detonations. In most cases, the analytical EOS models 
being used in hydrocodes are too simple to accurately describe the real thermodynamic behaviour of 
the reaction products, which may be rather complex due to variations of the thermal properties and the 
chemical and phase composition of the products. At the same time, the most sophisticated 
thermochemical codes such as the TDS code [1], Cheetah, CHEQ, CARTE, IDeX, and the code of 
Jones and Zerilli, which involve theoretical EOS models based on intermolecular potentials and 
reliable statistical-mechanical theories, do allow for realistically computing the thermodynamics of the  
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products under high-pressure conditions with taking those variations into account (see, e.g., [2] and 
recent works [3,4] where a comparative analysis of the predictive abilities of different thermochemical 
codes is given). A direct incorporation of the numerical solvers of such thermochemical codes into 
hydrocodes might be, hence, a good way towards performing much more realistic hydrodynamic 
simulations. However, although the corresponding implementations had recently begun to appear [5], 
this way still remains too expensive in terms of computer time consumption, especially in the case of 
3D-simulations. Furthermore, this method has a related problem of possible periodic failures of the 
built-in thermodynamic solver that may complicate running a hydrocode. All these circumstances 
motivate a great practical interest to developing simpler approaches, which would combine high 
predictive abilities of best thermochemical codes with low expenses of computer time. 

One of such approaches was shown in [6-8] where the hydrocode [6] employs a pre-calculated 
thermodynamic data in the form of a tabular EOS computed with the thermochemical TDS code using 
reliable EOS models for the gaseous and condensed detonation products. The hydrocode just 
interpolates the tabular data that is rather fast in terms of computational time. The results obtained 
with this method are in good agreement with the TDS predictions for the detonation parameters and 
with experiments. This approach is informatively capacious since in addition to accurately tracing the 
thermodynamic parameters behind the shock it also describes evolution of the chemical composition 
of the products including phase transitions. 

Another reasonable approach was implemented in [9,10]. It is also based on using the pre-
calculated TDS EOS tables but they are generated separately for the reactive products and the 
unreacted initial components. A special “light” (comparatively fast) thermodynamic solver was 
developed and built into the hydrocode to provide the latter with the equilibrium state parameters for 
mixtures of the products with fully or partially unreacted initial components. This method is 
informatively capacious to the same extent as the complete (reacting fractions-dependent) pre-
calculated EOS tables [6-8]. Although such an approach is slower than the complete EOS tables, it 
might be more reasonable for the case of mixtures containing more than two initial reactants with 
individual kinetic laws. 

In this paper, we consider one more method of linking a hydrocode with accurate 
thermodynamic EOS data generated by a thermochemical code. The method uses the analytical CW2 
EOS [11] for both the detonation products and the unreacted explosives. The parameters of the 
analytical model are determined from the TDS computations for the products and from available 
experimental data for the non-reactive explosives. Having a simple mathematical form but being based 
on reasonable physical assumptions [11,12], the CW2 EOS is able to yield the thermodynamic 
parameters with sufficient for practice accuracy at very low computer time expenses. This has been 
confirmed by hydrodynamic simulations performed in our recent studies [7,8]. The CW2-based 
approach was shown there to be significantly less time consuming as compared to using the pre-
calculated EOS tables. We note that the CW2 model has been extended [8] to allow for taking into 
account the phase transitions that may occur in the detonation products. This noticeably improves both 
the informative capabilities and accuracy of the approach making it possible to apply CW2 to a wider 
class of practical hydrocode simulations. 

The present work continues our investigation of the predictive abilities of the CW2 model. 
Below we briefly summarize our previous results on CW2 [7,8] and give a new, more detailed analysis 
of the reliability of this analytical EOS, which is necessary to understand the validity boundaries of the 
approach. Besides studying on how accurately CW2 reproduces the results of equilibrium 
thermochemical computations for the detonation products, of our special interest in this work is an 
important question on whether the CW2 model allows for accurately describing the thermodynamic 
states of mixtures of the products with a partially unreacted explosive, i.e. the thermodynamics of the 
detonation reaction zone. We show that the approach does allow for this, keeping its main attractive 
feature of a high computational efficiency. We also give a recommendation on how to calibrate the 
CW2 parameters in order to have more accurate results within the reaction zone. 
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2 THE CW2 EQUATION OF STATE 
 
The CW2 model [11] is an analytical EOS based on simple but reasonable physical assumptions. Their 
validity was confirmed [12] by comparisons to the results obtained with modern thermochemical 
codes for the thermodynamic properties of the detonation products of a typical explosive. The CW2 
expression for the Helmholtz free energy F contains ten parameters (Γ0, a, λ, μ, Cv, δ, ρr, θr, Sr, Er) and 
is given by 

[ ] rVK TSxxTCVEVTF −⋅−+= δ)ln()(),( ,                                     (1) 
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Here, T is the temperature, V is the specific volume, and ρ = 1/V is the density. All other 
thermodynamic properties can be found by differentiation of (1). The resulting expressions for the 
pressure P, T, and the sound velocity written as functions of the internal energy E and V are analytical 
and simple. This is an important feature of CW2 that allows for very fast EOS computations inside a 
hydrocode. 

The CW2 EOS has an identical form for both the detonation products and the unreacted 
explosive. The best-fitting of the ten CW2 parameters for the products can be determined from the 
results of thermochemical code calculations based on sophisticated EOS models. The CW2 parameters 
for the unreactive explosive can be adjusted to match its experimental Hugoniot and the data of static 
measurements. To calculate the thermodynamic properties of mixtures of the products with a partially 
unreacted explosive with a given burnt fraction y, Heuzé [11] suggested a computationally efficient 
approach that assumes the mixture EOS to have the same form (1) but with the parameters ϕi = (Γ0, λ, 
μ, etc.) following a simple mixing law: 

( ) products
i

unreacted
ii yyy ϕϕϕ −+= 1)(                                                  (2) 

Such a mixture model is very fast to compute. Below in Section 4, we will show whether this model 
can yield accurate results.  

Hydrodynamic simulations [7] of nitromethane (NM) detonation, which were carried out with 
both the CW2 EOS and the TDS tabulated EOS, showed a reasonable agreement of the results 
obtained with the two approaches. CW2 is naturally preferable from the viewpoint of computer time 
expenses. We note that the CW2 model is faster than the well-known JWL EOS, although CW2 
returns not only pressure but also temperature at any given (E,V)-state of the product mixture. 
Furthermore, the hydrodynamic profiles computed with CW2 are smoother than those of the tabulated 
EOS due to the analytical nature of CW2. However, the informative capabilities of CW2 are poorer 
than those of the TDS tabulated EOS. For example, the latter approach allows one to see that the 
graphite nanoparticles, which are present in the NM products at the Chapman-Jouguet (CJ) state, 
rapidly disappear as pressure decreases from its CJ level (Fig. 1a). For the case of RDX, simulations 
[8] based on the TDS EOS tables show that the diamond nanoparticles are formed behind the shock in 
a wide zone whose thickness increases with time and that as soon as pressure drops below some 
threshold value, the nanodiamond-to-nanographite transition begins and there is a relatively wide zone 
downstream of the CJ point where both carbon phases coexist until the equilibrium definitely shifts in 
favor of the nanographite (Fig. 1b). 
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3 EXTENSION OF CW2 FOR THE CASE OF PHASE TRANSITIONS 
 

To extend the predictive abilities of CW2-based hydrodynamic simulations, we have suggested an 
improved technique of using the CW2 EOS in hydrocodes. The new approach is fast enough to be 
suitable for multidimensional simulations but, in contrast to [7], also allows for tracing the phase 
transitions that may occur in the detonation products. An example of practical implementation of the 
improved technique is given in [8] where detonations of RDX are simulated taking into account phase 
transformations of the carbon nanoparticles. 

We use the TDS thermochemical code computations to calibrate the parameters of the CW2 
model. This code involves a new accurate theoretical EOS of a dense multicomponent gas (the KLRR-
T EOS) based on a recently improved version [13] of the perturbation theory [14,15]  and a multiphase 
EOS model of the nanocarbon. With these EOSs, TDS reliably predicts the thermodynamic properties 
of complex, multiphase and multicomponent chemical systems (such as, e.g., the detonation products 
of explosives) over a wide range of pressures and temperatures [3,4]. As a result, TDS reproduces the 
detonation experiments for different explosives with good accuracy. That is why we have chosen TDS 
to generate the thermodynamic data for determining the CW2 parameters. 

For the detonation products of RDX, the TDS code predicts different phase transformations 
depending on the values of thermodynamic state variables. The computed phase diagram of the RDX 
products is shown in Fig. 2a and it is seen there that, in particular, the CJ point may fall into different 
phase composition regions depending on the initial charge density ρ0. At ρ0 < 1.20 g/cm3, the 
detonation products consist of the multicomponent gaseous (fluid) phase only. At ρ0 = 1.20 g/cm3, the 
graphite nanoparticles appear in the products. This moment is noticeable in Fig. 3a,b as a break in the 
T-vs-ρ0 and P-vs-ρ0 theoretical dependencies. The corresponding break in the D-vs-ρ0 slope is also 
visible (see Fig. 2b) and is consistent with experimental detonation velocities. The concentration of the 
nanographite grows with increasing ρ0. At 1.49 < ρ0 < 1.57 g/cm3, the thermodynamic parameters of 
the CJ point fall into the region of the nanographite-to-nanodiamond phase transition, where the 
thermodynamic properties of the detonation products become very specific [2]. In this range of initial 
densities, TDS predicts that RDX detonations occur in the anomalous regime [2] with the failure of the 
CJ condition and an unusual structure of the detonation wave. The corresponding discontinuities in T 
and P are clearly seen in Fig. 3a,b. At ρ0 > 1.57 g/cm3, detonations of RDX are predicted to be 
classical (CJ) and the products consist of a number of gaseous species and the diamond nanoparticles. 

The real phase diagram of the RDX detonation products is, however, more complicated than 
shown in Fig. 2a. In particular, at high densities, TDS predicts that the gaseous products of RDX may 
separate into two phases of different chemical compositions. In this regard, our computations confirm 
earlier results of Ree [16]. At high temperatures (T > 4100 K), TDS predicts the carbon nanoparticles 
to be in the liquid state. However, the four different phase composition zones displayed in Fig. 2a are 
quiet sufficient for demonstrating our improved technique of using the CW2 model in hydrocodes. 
That is why we employ this somewhat simplified phase diagram for RDX. 

Accordingly, three different sets of CW2 parameters are determined for the detonation 
products of RDX from TDS equilibrium computations in contrast to the single CW2 EOS used for the 
products of NM [7]. Each of the three sets separately describes the corresponding phase region of the 
detonation product phase diagram. One of the CW2 EOSs is for the single-phase (fluid only) region, 
the other two equations correspond to the two-phase (fluid+nanographite and fluid+nanodiamond) 
zones. We did not use an additional, fourth set of CW2 parameters for the nanographite-nanodiamond 
coexistence region. It is narrow for RDX so that pressures and temperatures inside this area are 
satisfactorily described by simple linear dependencies on the nanographite relative weight fraction that 
can be calculated at given (E,V). For the non-reactive RDX, a separate CW2 EOS was obtained by 
matching the experimental standard-state and Hugoniot data on the explosive. At each given energy-
density state of the product mixture, a hydrocode chooses an appropriate CW2 domain among the 
available ones. This choice is based on where the given thermodynamic state lies in the product phase 
diagram. To make the check fast, we use approximating polynomials for the phase equilibrium lines. 
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Such a multi-domain CW2 approach keeps the hydrocode computer time consumption 
practically at the same low level as that of the original single-domain CW2 EOS. The new method is 
found [8] to be about five times faster to compute than interpolating through the tabulated EOS. 
Furthermore, the definition of the analytical model in several separate domains improves its accuracy. 
Figures 2b and 3a,b show that the three-domain CW2 model allows one to calculate detonation 
velocities, CJ temperatures and pressures of RDX in good agreement with the TDS results based on 
sophisticated EOS models over a wide range of initial charge densities. It is important that the CW2 
model also provides sufficiently accurate description of differential thermodynamic parameters of the 
detonation products such as the sound velocity and the Gruneisen coefficient (Fig. 4a,b). The results 
plotted in Fig. 2b, 3a,b, and 4a,b correspond to the CJ states of the RDX products and cover the region 
of high temperatures of about 3400–4400 K and a rather wide range of pressures (~ 2–40 GPa). To 
check the predictive abilities of CW2 in a wider area of thermodynamic state variables, we have 
calculated the thermodynamic properties of the RDX detonation products along the isentrope passing 
through the CJ point at ρ0 = 1.77 g/cm3. These results cover pressure and temperature ranges of about 
0.05–60 GPa and 1400–4500 K, respectively. We note that the CW2 parameters were calibrated to fit 
the TDS pressures and temperatures for a regular grid of input (E,V)–variables rather than for the 
thermodynamic states obeying the isentrope. Nevertheless, as seen in Fig. 5a,b, the CW2 model keeps 
reasonably good accuracy in reproducing the TDS computations in this significantly extended (T,P)–
area. With these results, it comes as no surprise that hydrodynamic simulations based on the TDS 
tabulated EOS and on the new CW2 approach yield the profiles that are in good agreement with each 
other [8] (see Fig. 6a,b) and, hence, with experimental CJ parameters. 

Thus, the improved technique of using the CW2 model in hydrocodes extends the predictive 
abilities of the approach. Keeping the most attractive CW2 feature of low computer time expenses, the 
approach provides a hydrocode with information on the current phase composition of the product 
mixture and improves a quantitative agreement with thermochemical code computations. 

 
4 COMPUTING THE THERMODYNAMICS WITHIN THE REACTION ZONE 

 
This work and our earlier studies related to CW2 show that this analytical EOS model can reproduce 
both the equilibrium thermodynamic parameters of the detonation products computed with a 
thermochemical code and the experimental data on the unreactive explosives with accuracy sufficient 
for practical hydrodynamic simulations. However, there is one more important question that should be 
investigated in detail to ensure the reliability of CW2-based detonation simulations. This is the 
accuracy of the CW2 model in describing the thermodynamic states of mixtures of the detonation 
products with a partially unreacted explosive, i.e. the thermodynamics of the detonation reaction zone. 
CW2 employs very simple mixing rules (2) for such mixtures that allows for extraordinarily fast 
calculations of pressure, temperature, and other thermodynamic parameters of the mixtures without the 
use of any iterative procedures. It would be interesting to know whether this approach leads to 
significant errors or not. The present paper answers this question. 

In order of further improving the approach [9,10] based on the use of “light” thermodynamic 
solvers in hydrodynamic simulations, we have developed a new fast solver designed for computing the 
thermodynamic parameters of multiphase mixtures (such as, e.g., the HE1-HE2-HE3-Products or 
HE1-HE2-Me-Products systems, etc.) and suitable for incorporating into hydrocodes. The solver 
allows one to describe the thermodynamics of each phase with EOSs of different types including 
analytical models and/or tabular EOSs. In the present work, we use this solver to calculate the true 
(P,T)–equilibrium states of pseudo-two-phase mixtures, namely, 1) the unreacted NM and its 
detonation products and 2) the unreacted RDX (ρ0 = 1.77 g/cm3) and its detonation products. Each 
phase is described by the CW2 model with parameters determined in [7] for NM and in [8] for RDX. 
The input data for these calculations are the values of the internal energy and density of the mixtures 
and of the explosive reacting fraction y taken from hydrocode simulations [7,8]. The calculations are 
based on the equations of the additivity of internal energies and volumes and on the conditions of the 
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equality of pressures and temperatures in each phase. The reacting fraction varies from the magnitude 
of y = 1 for the non-reactive explosive to the value of y = 0 for the completely reacted case. Thus, what 
we compute are the equilibrium states of the mixtures of the detonation products with the partially 
unreacted explosive within the entire reaction zone of NM and RDX detonations. The results obtained 
for different thermodynamic parameters of the mixtures with the solver are compared to those 
calculated with the simple CW2 mixing rules (2). 

Figures 7a-f represent the relative deviations (in %) of P, T, the sound velocity, the Gruneisen 
coefficient, the entropy S, and the heat capacity at constant pressure CP of the mixtures calculated with 
the CW2 mixing law (2) from the results of equilibrium computations. Positive and negative values of 
the deviations mean that the CW2 rule, respectively, overestimates or underestimates the equilibrium 
magnitude. One can see that the CW2 results for NM are in reasonably satisfactory agreement with the 
equilibrium data. In particular, the errors in P and T do not exceed 3.8 and 15 %. Although the 
accuracy of the simple mixing rules is not perfect, a very high computational efficiency of this model 
may motivate its practical use depending on the purpose of simulations. 

However, the same mixing rules can yield noticeably more accurate results if the CW2 
parameters are calibrated according to the following recommendation. Our analytical analyses show 
that the accuracy of describing the thermodynamics of a multiphase CW2 mixture becomes better if 
the each phase present in equilibrium has the same values of ρr, Er, and θr CW2 coefficients. These 
parameters are chosen freely in the EOS calibration procedure and one can set the same magnitudes 
for the detonation products and for the non-reactive explosive. We have taken such a technique to 
determine the CW2 model of RDX keeping the equal values of ρr, Er, and θr for each of the four EOSs 
of the analytical model. The results displayed in Fig. 7a-f demonstrate a significant improvement of 
the accuracy within the reaction zone as compared to the case of NM where the values of θr were 
noticeably different (2500 K for the detonation products and about 991 K for the unreacted explosive). 
Now the errors in P and T do not exceed 1.8 and 1.3 %, respectively, over the entire reaction zone. 
Thus, the CW2 model can provide a reasonably good accuracy not only in describing the 
thermodynamics of the detonation products and the unreacted explosive but also of their mixtures 
within the reaction zone.  

 
5 CONCLUSION 

 
An approach to linking hydrocodes with reliable thermodynamic EOS data, which can be generated 
with modern thermochemical codes, has been suggested. It is based on using the analytical CW2 EOS 
that is shown to be able to yield the thermodynamic parameters (pressure, temperature, sound velocity, 
etc.) with sufficient for practice accuracy at very low computer time expenses. This allows one to 
employ the CW2 model even in multidimensional hydrodynamic simulations. The original version of 
CW2 has been extended to provide taking into account the phase transitions that may occur in the 
detonation products. This noticeably improves both the informative capabilities and accuracy of the 
approach making it possible to apply CW2 to a wider class of practical hydrocode simulations. 

The improved CW2 model keeps its most attractive feature of a high computational efficiency.  
The model is shown to provide a reasonably good accuracy not only in describing the thermodynamics 
of the detonation products over a wide range of pressures and temperatures and of the non-reactive 
explosives but also of mixtures of the products with a partially unreacted explosive within the reaction 
zone. We give a recommendation on how to calibrate CW2 parameters in order to have more accurate 
results for the reaction zone. The work on further improvement of the accuracy of the analytical model 
and on its extension to the case of multicomponent explosive mixtures is under progress. 
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FIGURE 1a. Hydrodynamic profiles of mole fractions of CO (dashed line), NH3 (dotted line) and the nanographite (solid 
line) in the detonation products of NM computed with the TDS tabulated EOS [7] at three different instants of time (t = 21, 
41, and 61 μs). 
 
FIGURE 1b. Hydrodynamic profiles of mole fractions of the nanographite (dashed line)  and the nanodiamond  (solid line) in 
the detonation products of RDX (ρ0 = 1.77 g/cm3) computed with the TDS tabulated EOS [8] at two different instants of time 
(t = 20  and 50 μs). 
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FIGURE 2a. The computed phase diagram of the equilibrium products of RDX in the internal energy – density coordinates. 
The three lines divide the (E,ρ)–space into four zones: the single-phase (multicomponent fluid only) zone; two 2-phase 
(fluid+nanographite and fluid+nanodiamond) zones; and a narrow 3-phase (fluid+nanographite+nanodiamond) zone. 
Circles display the CJ points of RDX at different initial charge densities, 0.4 ≤ ρ0 ≤.1.8 g/cm3. 

FIGURE 2b.Detonation velocity of RDX versus initial charge density. Solid line shows the results of TDS equilibrium 
computations. Dotted line displays the calculations with  the CW2 model. Symbols are experimental data.  
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FIGURE 3. RDX CJ temperature (a) and pressure (b) versus initial charge density. Solid line shows the results of TDS 
equilibrium computations. Dotted line displays the calculations with the CW2 model. Symbols are experimental data. 
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FIGURE 4. RDX CJ sound velocity (a) and Gruneisen coefficient (b) versus initial charge density. Solid line shows the 
results of TDS equilibrium computations. Dotted line displays the calculations with the CW2 model.  
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FIGURE 5. Isentropes of pressure (a) and temperature (b) computed for the detonation products of RDX with the TDS code 
(solid line) and with the CW2 model (dotted line). Circles indicate the location of the CJ point (ρ0 = 1.77 g/cm3).   
 
 
 
 
 

 
FIGURE 6. Hydrodynamic profiles of pressure (a) and temperature (b) for detonation of RDX (ρ0 = 1.77 g/cm3) computed 
[8] with the TDS tabulated EOS (solid lines) and the CW2 model (dotted lines) at different instants of time:  t=30 and 
50 μs.  
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FIGURE 7.Relative deviations of pressure (a), temperature (b), sound velocity (c), Gruneisen coefficient (d), entropy (e), and 
heat capacity at constant pressure (f) of mixtures of the detonation products with a partially unreacted explosive calculated 
with the CW2 mixing model from the exact results of equilibrium computations. The presented results correspond to the 
reaction zone of NM (dotted lines) and RDX (solid lines). 
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ABSTRACT 
 
The M118 Illumination Booby Trap Simulator is used as a training device in the 
installation, detection, and use of booby traps, and to instill caution in troops exposed to 
traps set by the enemy.  It produces a flame for 30 seconds with a light output of 8-12 
candela (Cd) when activated.  As part of the US Army’s environmental initiatives to 
eliminate the use of perchlorates in munitions systems, the illuminating charge of the 
M118 was selected for replacement.  Initial technical approach focused on the use of 
current US ARMY qualified pyrotechnic candle formulations namely those containing 
magnesium and sodium nitrate.  These compositions were found to be excessively bright 
(human safety concern) and fast for this application.  Further investigation through a 
series of parametric testing in a prototype platform indicates that the 
Charcoal/Potassium Nitrate and Epon 828/Epikure/Potassium Nitrate based 
formulations provided the most promising results in comparison to the baseline (Red 
Gum/Potassium Perchlorate/Dextrin).  Several metallic components and catalysts were 
also investigated as additives to increase the light output while not causing choking 
problems during burning.  As result, three viable formulations that exhibited similar 
performance to the perchlorate counterpart were developed and proven-out in a full-size 
configuration. 
 
 
 
BACKGROUND 
 
The M118 Illuminating Booby Trap Simulator is a training device used by soldiers to make them more 
aware of the proper installation, use, and detection of booby traps.  Figure 1 is an overview of all the 
components of a M118.  The main body of the simulator is installed on a vertical surface such as a post 
or a tree 3.5 feet off the ground.  When the trip wire is pulled a spring is released that pulls the scratch 
composition against an abrasive surface starting the pyrotechnic train.  The scratch composition ignites 
a quickmatch that transfers the flame into flare tube.  Inside the flare tube 3 or 4 loose grains of class 1 
black powder pops the cap off the tube and ignites a pressed increment of class 3 black powder that 
then ignites the illuminate composition.  The M118 when tripped is designed to produce a flame for a 
duration of 28 seconds.  The item has a surface danger zone of 6 ft.  The main charge consists of a wet 
blended mix of 80% potassium perchlorate, 14% red gum, and 5% dextrin. 
 
The Federal Environmental Protection Agency (EPA) has identified the perchlorate anion (ClO4-) as a 
ground and surface water contaminant due to its high solubility, persistence, and potential effects on 
human health.  Perchlorate exposure has the potential of interfering with iodide absorption by the 
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thyroid gland.  A preliminary estimate of the current DOD ordnance inventory indicates that over 250 
different munitions types contain perchlorates.  These ordnances utilize ammonium perchlorate (AP) 
in rocket and missile propellants and potassium perchlorate in pyrotechnic simulator, delay, 
incendiary, illumination, gas generation, and tracer compositions.  In February 2005, the EPA 
followed the National Research Council’s (NRC) recommendation and established an official 
reference Drinking Water Equivalent Level of 24.5 ppb, a daily human exposure level that is not 
expected to cause adverse health effects.  As part of the DOD efforts to mitigate the excessive use of 
perchlorate in munitions systems, the ARDEC Pyrotechnic Research and Technology Branch initiated 
a product improvement program to develop and prove-out a perchlorate free illuminant composition 
for use in the M118 Booby Trap simulator. 
 
BASELINE TESTING 
 
The baseline mix contains 6% dextrin which is soluble in water and 14% red gum which is soluble in 
ethanol, both of which are well know binders.  From our testing no significant differences were seen 
between the two solvents.  Using water as a solvent produced a flare that burned for 31.5 seconds (22.3 
s/in) and produced an average light output of 8 Cd.  Using ethanol produced a flare that burned for 
32.1 seconds (22.0 s/in) and produced an average light output of 8.5 Cd.  Given these results it was 
determine that using ethanol as a solvent would be preferred in order to minimize mixing and drying 
times.  It should be noted that these baseline compositions were used to create M118s to be tested 
during each phase of testing as a method of direct comparison for the quality of the experimental 
compositions.  Previous testing has shown that slight alterations in the experimental set up and 
environmental conditions can affect the light output and its collection over the different days of 
testing.  Additionally the light output is frequently presented as a percentage of the output of these 
baseline M118s tested that same day. 
 
POTENTIAL FORMULATION IDENTIFICATION 
 
The development of the perchlorate free M118 illuminating composition was a two fold approach.  
The first approach utilized pre-qualified US ARMY compositions.  The energetic material 
qualification procedure for a newly developed pyrotechnic composition can be a lengthy and costly 
process.  So as a cost and time saving technique it is beneficial to first evaluate those compositions that 
have already undergone this process.  The second approach consisted of an extensive literature search 
followed by an iterative test plan that would create a custom composition to match the performance 
specifications of the M118.  Given the environmental nature of the program any material previously 
identified as having a negative environmental impact would also be excluded from the development 
project.  Additionally the M118 produces a white flame and oxidizers such as strontium nitrate would 
not be considered as a primary oxidizer since they tend to produce off white flames. 
 
US ARMY QUALIFIED COMPOSITIONS 
 
Initial research provided very few potential compositions that would meet the M118 minimal 
specification.  The difficulty presented by the M118 is the size of the item.  The length of the flare tube 
will allow for a maximum length of 1.639 inches of flare composition.  This translates to a flare 
composition that burns at a rate of 17 seconds per inch.  The most commonly used military illuminant 
composition is a mixture of sodium nitrate, magnesium, and binder.  One variation of this composition 
is used in the M127 hand held signal and uses VAAR as a binder (Lakshminarayanan et al 2006).  
Initial testing on this composition produced a very bright flare but it also burned very fast.  The 
average luminous intensity was roughly 100 times that of the baseline and burned for 16 seconds (11.0 
s/in). 
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The second iteration of this composition focused on slowing down the burn rate and as a result 
lowering the light output.  The M49 trip flare is also a sodium nitrate and magnesium based mixed, but 
is engineered to burn a much slower rate with less light output.  The Army qualified mix calls for the 
use of laminac as a binder which is being phased out and as a result VAAR will be used as a 
replacement.  Testing for this composition showed that while it produced less light, it still produced far 
too much light for the M118.  Additionally the composition was unable to produce a full burn through 
the length of the flare tube. 
 
Given the success and familiarity that the Army has with sodium nitrate and magnesium based 
illuminant compositions the M118 item engineer pushed for additional testing.  The final phase of 
testing was a custom composition that contained 45.5% sodium nitrate, 45.5% magnesium, and 9% 
VAAR.  This composition would only burn when ignited from the top where as the M118 burns from 
the bottom up.  Even when burned from the top down the composition burns 100 times brighter than 
the baseline.  From this work it was determined that sodium nitrate and magnesium based illuminate 
compositions would not burn slow enough or dim enough for use in the M118 with out additional 
modifications to the composition which would defeat the purpose of using a pre qualified US ARMY 
composition. 
 
DEVELOPMENTAL COMPOSITIONS 
 
Epoxy (E) 
 
An internet search yielded the results of an open air burn rate test for an experimental rocket propellant 
(Nakka 2004).  The results of this open air test produced a strain of propellant that when burned 
linearly burned at a rate of 25 s/in with a substantial flame.  This propellant consisted of a mixture of 
potassium nitrate, red iron oxide, and epoxy.  An initial screening test was completed using the 
recommended composition with the substitution of Epon 828/Epikure 3125 epoxy for the recommend 
East Systems epoxy.  The initial epoxy based composition consisted of 70% potassium nitrate, 8% red 
iron oxide, 14.7% Epon 828, and 7.3% epicure 3125.  This composition produced a 24 second burn 
with 17 seconds of good flame.   
 
Blending… 
 
The mixes would then be loaded into the M118 flare tube in 2 equal increments at the desired load 
pressure with a dwell time of 2 seconds.  70mg of class 3 black powder was loaded with the second 
increment of white flame composition.  Finally 3-4 grains of class 1 black powder would be place in 
the flare tube and a cap would be glued on.  The items where then tested for burn time and photometric 
output.  Each flare would be ignited with using an electric match which is inserted into the side of the 
flare tube where the quick match would normally go in the full up item.  The electric match would 
ignite the class 1 black powder granules which would blow the cap off and ignite the pressed class 3 
black powder igniter.  This igniter would then ignite the flare composition. 
 
Each loaded M118 flare tube would be tested to determine its’ burn time and photometric output.  The 
photometric output was measured using a silicon photo detector collected and analyzed via LabVIEW.  
In order to minimize the random variation imparted on the results due to slight differences as a result 
of testing on various days the light output is presented as a percentage of the baseline light output 
tested on each respective day.  The burn time was determined by analyzing the video recording of each 
sample.  
 
The initial phase of epoxy mixes set to evaluate the composition found online and evaluate the effects 
of using red vs black iron oxide.  The first phase of epoxy testing can be seen in Table 1. 
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Table 1:  Summary of Phase 1 Testing – Epoxy System 
Mix # Ingredient % Composition Notes Burn Time 

E-1 

KNO3 70 
Ignition Issues 
(delayed start) 

 
50s 

BIO 8 
Epon 828 14.7 
Epikure 3125 7.3 

E-2 

KNO3 70 

18s before slag issues 30s 
RIO 8 
Epon 828 14.7 
Epikure 3125 7.3 

E-3 
KNO3 78 

did not ignite - Epon 828 14.7 
Epikure 3125 7.3 

E-4 

KNO3 70 

28s before slag issues 32s 
BIO 4 
RIO 4 
Epon 828 14.7 
Epikure 3125 7.3 

 
Epoxy-3 was a mixture of potassium nitrate and epoxy and did not ignite.  When black iron oxide is 
added to composition the mixture shows some ignition issues, but once ignited burns for 50 seconds.  
Black powder was used as an igniter and the use of a hotter, more energetic igniter should reduce the 
ignition issues.  Using red iron oxide produced the fastest burning composition burning for 30 seconds.  
Although after 18 seconds of good flame production the flame was choked out by the formation of iron 
slag in the flare tube.  By splitting the 8% iron oxide equally between red and black iron oxide the burn 
time was slightly increased to 32 seconds, but more importantly the slag issues did not appear until 28 
seconds into the burn.  While this would meet the M118 specification further testing was used to 
remove the slag formation and increase the light output. 
 

Table 2:  Summary of Phase 2 Testing – Epoxy System 
Mix # Ingredients %'s Mass Notes Burn Time Light %BL 

E-5 

KN 74 

3.6g Slag - no choking 40.4s  
RIO 4 
Epon 828 14.7 
Epikure 3125 7.3 

E-6 

KN 70 

3.6g 
Slag - no choking 
more light than E-

5/-7 
24.2s  RIO 4 

Epon 828 17.4 
Epikure 3125 8.6 

E-7 

KN 76 

3.6g Slag - no choking 39.4s  RIO 2 
Epon 828 14.7 
Epikure 3125 7.3 

E-8 

KN 72 

3.6g Slag - strobe 28.0s 44.8 
RIO 2 
B 4 
Epon 828 14.7 
Epikure 3125 7.3 
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E-9 

KN 70 

3.6g Slag - choking 
good light 24.5s  

RIO 4 
B 4 
Epon 828 14.7 
Epikure 3125 7.3 

E-10 

KN 70 

3.6g Slag - choking 27.4s 41.6 
RIO 4 
B 2 
Epon 828 16 
Epikure 3125 8 

E-11 

KN 70 

3.6g Slag - strobe 25.7s 55.2 
RIO 2 
B 4 
Epon 828 16 
Epikure 3125 8 

E-12 

KN 70 

3.6g Slag - choking 31.5s  
RIO 4 
Si 4 
Epon 828 14.7 
Epikure 3125 7.3 

 
The second phase of testing showed that 8% red iron oxide produces to much metal slag in this 
configuration and chokes out the flame.  Testing showed that 4% red iron oxide would reduce the 
choking effect without significantly reducing the light output.  The remaining 4% can either be shifted 
towards the fuel to increase the burn rate or the oxidizer to slow the burn rate down.  Also the addition 
of adjuncts to composition was evaluated for their ability to increase the light output.  Silicon was 
found to increase the choking due to the formation of a glass type slag, while boron was found to 
successfully increase the light output with no negative effects.   
 

Table 3:  Summary of Phase 3 Testing – Epoxy System 
Mix # Ingredients %'s Mass Notes Burn Time Light %BL 

E-6 (750#) 

KN 70 

4.0g  28.0s 32.6 
RIO 4 
Epon 828 17.4 
Epikure 3125 8.6 

E-13 (750#) 

KN 70 

4.2g Slag 29.8s 36.0 
RIO 2 
B 2 
Epon 828 17.4 
Epikure 3125 8.6 

E-14 (900#) 

KN 70 

4.2g Slag 27.5s 46.9 
RIO 1 
B 3 
Epon 828 17.4 
Epikure 3125 8.6 

E-15 (750#) 
KN 70 

4.0g  35.1 37.3 B 4 
Epon 828 17.4 
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Epikure 3125 8.6 

E-17 (750#) 

KN 70 

4.0g  32.1s 82.5 B 8 
Epon 828 14.7 
Epikure 3125 7.3 

E-18 (750#) 

KN 70 

4.0g Difficulty 
mixing 9.9s 232.0 B 12 

Epon 828 12 
Epikure 3125 6 

 
For the third phase of testing the loading pressure and number of load increments was increased in 
order to load as much composition into the flare tube as possible.  This was a highly effective means of 
increasing the burn time of E-6 to the specification minimum level.  Therefore the E-6 composition 
will be further evaluated during the limited quantity system demonstration.  Even though the E-6 
composition produces a lower level of light output it is being included as an option because it burn 
more like the baseline composition.  Producing very few if any sparks during the burn. 
 
As for the compositions with boron, their ability to greatly increase the light output makes them 
worthy of further evaluation during the limited quantity system demonstration as well.  The results of 
the testing showed that 8% boron and no red iron oxide produced the best burning composition.  E-17 
burned for 32.1 s and produced 82.5% of the light that the baseline did.  The only concern with this 
composition is the sparks emitted during the burn, which will be further evaluated during the limited 
quantity system demonstration. 
 
White Flame (WF) 
 
A literature search showed that pyrotechnic lances have been made to produce a consistent slow 
burning flame.  These lance compositions were made from a mixture of potassium nitrate, sulfur, and 
charcoal, which were varied to give the desired burn rate.   
 
The white flame compositions were made in 25 gram batches by hand.  The charcoal and sulfur would 
be preblended to which the liquid binder would be added.  Once the binder is incorporated into the fuel 
blend the potassium nitrate would then be added and blended by hand.  Additional solvent was added 
as required to ensure a uniformly mixed composition.  The composition would then be air dried and 
passed through a 20 mesh screen to form granules and dried at 140F overnight.  The compositions 
would then be loaded, finished, and tested using the same methods as all previous compositions. 
 

Table 1:  Summary of Phase 1 Testing – White Flame System 
Mix # Ingredients %'s Weight Notes Burn Time 

WF-1 

KN 87 

4g inconsistent burn 60s S 4 
Charcoal 4 
VAAR 5 

WF-2 

KN 74 

4g Fast 12s S 9 
Charcoal 14 
VAAR 3 

WF-3 
KN 79 

4g  23s S 9 
Charcoal 9 
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VAAR 3 

WF-4 

KN 79 

4g Very low light 
output 32.5s 

S 8 
Charcoal 8 
VAAR 5 

WF-5 

KN 79 

4g Ignition/Propogation 
Issues - 

S 9 
Charcoal 9 
Hycar 3 

WF-6 

KN 81 

4g  24.6s 
S 8 
Charcoal 8 
VAAR 3 

 
The first phase of testing showed that 3% hycar binder and 5% VAAR slowed the reaction down to 
much to produce a good burning flare.  Of the initial compositions WF-6 maintained a nice flame for 
the duration of 24.6 seconds, slightly below the specification of 28 seconds.  The additional testing 
aimed at tweaking the burn time to the required 28 second minimum and evaluating the light output.  
In order to increase the light output metallic fuels were used to replace the charcoal in the 
compositions.  From an environmental stand point silicon was the best candidates for this task.  Boron 
was also a candidate but reacts with VAAR upon contact immediately solidifying the binder rendering 
it unmixable.   
 

Table 2:  Summary of Phase 2 Testing – White Flame System 
Mix # Ingredients %'s Mass Notes Burn Time Light %BL 

WF-8 

KN 81 

4.2g 2x light output 
of WF-3/6 25.5s 50.4 

S 8 
Si 4 
Charcoal 4 
VAAR 3 

WF-9 

KN 81 

4.2g Smooth burn 27.4s 44.8 
S 8 
Si 6 
Charcoal 2 
VAAR 3 

WF-10 

KN 81 

4.2g Formed molten 
glass 48.4s - S 8 

Si 8 
VAAR 3 

 
Completely substituting the charcoal for silicon did not produce a flame.  The composition burned for 
48.4 seconds and formed molten glass, but no flame was visible.  By substituting 6% of the charcoal 
for silicon the burn time was increased to 27.4 seconds while also increasing the light output.  WF-8 
produced slightly more light at the cost of a faster burn time.  It produced twice as much light as WF-3 
and WF-6 the closest none silicon compositions and produced 50.4% of the light output of the 
baseline.  WF-9 was chosen as the optimal candidate because it was closed to meeting the specification 
burn time requirement.  The final phase of testing evaluated the effects of increasing the loading 
pressure to 750lbs in 4 equal increments. 
 



Perchlorate Elimination in the M118 Illuminating Booby Trap Simulator 
 

Table 3:  Summary of Phase 3 Testing – White Flame System 
Mix # Ingredients %'s Mass Burn Time Light %BL 

WF-8 

KN 81 

4.8g 24.7s 41.2 
S 8 
Si 4 
Charcoal 4 
VAAR 3 

WF-9 

KN 81 

4.8g 29.4s 39.2 
S 8 
Si 6 
Charcoal 2 
VAAR 3 

 
Increasing the load pressure and number of increments successfully increased the burn time of WF-9 
by 2 seconds to 29.4 seconds.  During the various stages of testing WF-9 has performed more 
consistently and reliably than WF-8 and has therefore been selected as the recommend white flame 
formulation for the limited quantity system demonstration.  Although WF-9 produces less than half of 
the photometric output of the baseline composition the differences seen by the human eye is not as 
substantial.  In comparing the light output of the experimental compositions the video recordings 
provided much more information into the quality of the experimental compositions.  WF-9 produces 
an average luminous intensity of 4.1 Cd while the baseline produces 9.7 Cd.  While the baseline is 
technically twice as bright as WF-9 when viewed by the human eyes this 5 Cd difference is only 
noticeable when viewed side by side.  More importantly the flame size and burning characteristics of 
the 2 flames are similar the only difference arising from small slags of material falling from the WF-9 
composition.  
 
CONCLUSIONS 
 
More smart stuff 
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Figure 1:  M118 Booby Trap Simulator System 
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Owing to its expertise in discontinuous «batch» processes for propellant 
production, SNPE Matériaux Energétiques has developed and 
industrialized the continuous mixing process of this highly energetic material.  
 
The mixing technique using a co rotating self-wiping twin-screw extruder, 
retained by the teams of SNPE Matériaux Energétiques meets several 
requirements: 
 

 Process safety requirements, through the reduction of mixed quantities, 
at any given moment; 

 Technical requirements imposed by the product; 
• Example : production of gas generators for airbags 

 Economical requirement, increasingly, present; 
 Durability requirement, by guaranteeing the long term technological 

future of energetic materials production tools. 
 
Major steps of the continuous process 

 
 
 
End of the 1980s : 
Continuous mixing pilot 
facilities. 
 
 
Middle of the 1990s : 
Implementation of industrial 
lines for the continuous 
extrusion of propellant grains 
for airbag gas generators 
 
 
Beginning of the 2000s :  
Start – up of an industrial 
equipment for the production, 
in a near future, of highly 
energetic propellants. 
 
 
 
 

 
 

A continuous 
production line 
for airbag  
propellant grains:
Saint Médard en 
Jalles (33) 

 
 
 
 
 
 

Schéma of the 
industrial 
workshop for 
new propellants: 
Saint Médard en 
Jalles (33) 
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STUDIES ON ILLUMINATING COMPOSITIONS

FOR HIGH ALTITUDE APPLICATIONS

R. S. Palaiah,  S. G. Deshpande, S. M. Panday, M. J. Kohadkar and K. Raha
High Energy Materials Research Laboratory, Pune - 411021 (INDIA)

E mail : rspalaiah@rediffmail.com , Phone No: 91-20-25869302

ABSTRACT

In this study, performance evaluation of illuminating compositions by varying
magnesium content from 30 to 60 % with 4% binder was carried out at different
simulated high altitudes. Compositions are also evaluated for sensitivity, ignition
temperature and calorimetric values. For the fuel lean compositions, luminosity and
luminous efficiency remain constant even on reducing the ambient pressure from 760 -
360 mm Hg level. For fuel rich compositions luminosity and luminous efficiency reduce
on reducing pressure.

INTRODUCTION

It is well known that magnesium based illuminating composition produces  maximum luminous
efficiency well above the stoichiometric composition with a considerable excess of magnesium
present1,2.
Many pyrotechnic devices are intended to work at higher altitudes where the pressure is below sea
level. Illuminating and infrared flares are examples of devices that must perform at reduced ambient
pressures.
The luminosity of pyrotechnic flare flames can be considered to be produced by a two stage process.
In the first stage, metal particles are melted, partially vaporized and oxidized by the decomposition
products of the oxidizer at or very near the flame surface. In addition, the hot gases produced by this
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reaction heat the unreacted metal particles and eject them into the atmosphere. The second stage
process then consists of the combustion of these metal particles with atmospheric oxygen, and with the
gases produced by the decomposition of the oxidizer.
Combustion propagation rate studies of metal / fuel / oxidant / binder systems at simulated high
altitude was carried out by P.L. Farnell and F.R. Taylor3. A study of aluminum containing
compositions shows that the burning time is greatly increased at simulated high altitude/reduced
pressure. Compositions using the same oxidants ( NaNO3 / PTFE ) but using magnesium as a fuel are
not similarly affected and remains almost constant.
D.R. Dillehay4 studied combustion of magnesium / sodium nitrate / binder system in nitrogen and
argon and observed  marked decrease in candle power although  the burning rate was not significantly
affected compared to air as a medium.
P.L. Farnell and F.R.Taylor5 observed that magnesium / sodium nitrate compositions produced very
low light outputs when oxygen was excluded from the atmosphere. With increasing oxygen content
light output was increased by a large factor. For 50 and 40 % magnesium, the burn rate was almost
constant over the range of oxygen atmospheres.
However, fuel rich compositions do not give satisfactory results at high altitudes. The effects produced
under reduced pressures can be attributed to both the reduction in oxygen and ambient pressure. For
stoichiometric or near stoichiometric compositions, the effect is mainly that of pressure.
A systematic study was undertaken to asses the performance of illuminating compositions at higher
altitudes. In this study performance evaluation of illuminating compositions by varying magnesium
content from 30 to 60 % with 4% binder was carried out at different sub-atmospheric pressure levels.
Compositions are also evaluated for sensitivity, ignition temperature and calorimetric values.

EXPERIMENTAL

MATERIALS

1. Magnesium Grade ‘O’, Purity - 98%.
2. Sodium nitrate, Purity - 99%, Particle size 120/240 BSS.
3. Epoxy resin E-605 and Hardener H-762 are Proprietary Items of M/S Dr. Beck and Co (India),

Pune.

METHODS

Preparation and Pressing of Compositions

The compositions were prepared by coating the magnesium powder with resin. Sodium nitrate was
then added to the resin coated magnesium powder and mixed by hand.  Compositions (one each) were
pressed into steel tubes of ID 8.0 mm at a dead load of one ton.

Evaluation of Sensitivity and Calorimetric Value

Impact sensitivity was determined by Fall Hammer apparatus using 2 Kg drop weight on 20 mg
sample. Friction sensitivity was determined on Julius Peter apparatus by placing 10 mg sample over
ceramic friction plate. Calorimetric value (Cal.Val.) was determined under Argon atmosphere in a
Parr1241 adiabatic Bomb Calorimeter. Locally fabricated DTA apparatus was used to determine the
ignition temperature of the sample at a heating rate of 400 C /min using 10 mg sample.
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Experimental Arrangements for Measurement of Luminosity and Burn Time

To evaluate the performance of compositions at high altitudes, a vacuum chamber has been designed
and fabricated. Fig.1 shows the schematic diagram of the chamber. Its height is 183 cm and internal
diameter 33 cm. A steel plate is welded to the top, the bottom plate is movable and can be moved up
and down with the help of a hydraulic cylinder. Two viewing ports are provided near the bottom for
observation, alignment and detection purposes. A mechanical vacuum pump is used to evacuate the
chamber.
Flare assembled with a squib was placed on the movable bottom plate and the chamber was closed
with the help of the hydraulic cylinder. The squib was connected to firing leads. The chamber was
evacuated to required pressure by vacuum pump. After  the required pressure was attained, the flare
was ignited and the luminosity and burning time of illuminating flare were measured by photometer
through a glass window at a distance of 2 m from the flare.

RESULTS  AND  DISCUSSION

Luminosity, luminous efficiency and burning time are presented in Table 1.  Effect of pressure (760
mm Hg – 360 mm Hg) of different compositions (Mg content 30-60 %) on luminosity is given in Fig.
2. For the fuel lean compositions, luminosity and luminous efficiency remain constant even on
reducing the ambient pressure from 760 - 360 mm Hg level. In the case of near stoichiometric
composition (Mg/NaNO3/E-605, 40/56/4), there was not much change in   luminosity and luminous
efficiency  upto 560 mm Hg level, below that it reduces. For fuel rich compositions luminosity and
luminous efficiency reduce on reducing pressure.  Fuel rich compositions react with atmospheric
oxygen and produce maximum luminous efficiency.
On reducing the pressure by evacuation the availability of air in the chamber decreases hence fuel rich
compositions show low intensity and luminous efficiency. The results are in agreement with the
reported data4,5. Luminosity and luminous efficiency were high for the fuel rich compositions as
compared to  stoichiometric  composition at the same pressure level.  Effect of pressure on the  burn
time is very small in the pressure range studied which is in  agreement with the reported data3.
Effect of magnesium content on luminosity at different simulated altitudes is given in Fig. 3. As
expected, luminosity and luminous efficiency of the compositions increase with increase in
magnesium content. On increase in metal percentage thermal conductivity  of the composition
increases and hence  burn rate increases. Luminosity increases with increase in mass flow rate.   This
study clearly shows that, atmospheric oxygen also takes part during combustion and consumes the
excess fuel giving better performance.
Impact and friction sensitivity, Cal.Val. and ignition temperature data are presented in Table 2. Figure
of insensitivity increases with increase in magnesium content due to decrease in Cal.Val.. All the
compositions are friction insensitive upto 36 Kg. Ignition temperature decreases with increase in
magnesium content and fuel lean compositions show high ignition temperature. Fuel lean
compositions show low Cal.Val. and near stoichiometric  compositions show high Cal.Val.

 CONCLUSIONS

1. Fuel lean, near stoichiometric or stoichiometric and fuel rich compositions were studied for
burn time, luminosity and luminous efficiency.

2. For fuel lean compositions no change in performance was observed on reducing pressure.
3. For fuel rich compositions, luminosity and luminous efficiency reduce on lowering the

pressure.
4. For the fuel rich compositions luminosity and luminous efficiency were high as compared to

stoichiometric  composition at the same pressure level.
5. All the compositions were burning smoothly upto 360 mm Hg pressure.
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Table 1.   Luminosity, Luminous Efficiency and Burning Time

Sr. No. Vacuum
level

(mm Hg)

Composition
Mg/NaNO3/E-605

Burn
time
(s)

Luminosity
(cd)

Luminous
Efficiency
(cd.s/g) 103

1
2
3
4
5

6
7
8
9
10

11
12
13
14
15

16
17
18
19
20

760
660
560
460
360

760
660
560
460
360

760
660
560
460
360

760
660
560
460
360

29/67/4
29/67/4
29/67/4
29/67/4
29/67/4

40/56/4
40/56/4
40/56/4
40/56/4
40/56/4

48/48/4
48/48/4
48/48/4
48/48/4
48/48/4

58/38/4
58/38/4
58/38/4
58/38/4
58/38/4

7.7
7.3
8.3
8.0
8.2

5.6
6.0
5.7
6.3
7.0

4.3
4.2
4.0
4.2
4.3

4.2
4.3
4.3
4.5
4.6

140
140
140
150
150

250
220
220
180
160

570
500
400
330
300

710
680
590
530
380

1.0
1.0
1.2
1.2
1.2

1.4
1.3
1.2
1.1
1.1

2.4
2.1
1.6
1.4
1.3

3.0
2.9
2.5
2.4
1.7

Table 2.  Impact and Friction Sensitivity, Cal.Val. and Ignition Temperature

Sr.No. Compositions
Mg/NaNO3/E-605

H 50%
(cm)

FOI Friction
Insensitive

Upto
(kg)

Cal.Val.
(cal/g)

Ignition
Temperature

(oC)

1 29/67/4 55 70 36 1370 618
2 40/56/4 55 70 36 1630 580
3 48/48/4 68 86 36 1585 538
4 58/38/4 77 98 36 1487 526
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Fig. 2. Effect of Pressure of Different Compositions on
Luminosity
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1 ABSTRACT 
 
Eurenco has developed and patented worldwide a new process for the casting and 
curing of cast plastic bonded explosives (cast PBX). An automated industrial production 
facility has been commissioned twelve months ago in our Sorgues plant, to take 
advantage of this proprietary process to fill projectiles (artillery, tank or navy shells, 
mortar rounds) with cast PBX at very competitive prices.  
This paper will describe the process principles, address key parameters and give an 
outlook of this production facility, with a conclusion on industrial and qualified 
applications (120mm and 155mm). 
 
 
2 INTRODUCTION 
 
EURENCO France and SNPE have been promoting cast plastic bonded explosives (cast PBX) for 
more than 35 years. That technology took advantages of the former research, development and full 
scale applications of the rocket composite propellant technology, based on similar processes and 
materials.  
It is a proven and robust technological path to meet IM specifications while keeping the highest 
performance levels and solving the main drawbacks encountered by the classical melt cast explosives, 
such as their intrinsic vulnerability and exudation or life duration recurring question marks. 
The first cast PBX applications were missile, warheads and then underwater warheads where few units 
are filled during batch applications. Thanks to constant improvements in the batch process, 
formulation and charge designs, this technology was successfully applied to the production of general 
purpose bombs as well as heavy penetrators. Over ten thousand bomb units have been produced to 
date.  
A breakthrough proprietary innovation is now allowing the serial production of shell fillings at a very 
economical rate: the so called bicomponent process is a semi continuous process which was developed 
to overcome the pot life limitation encountered in the classical batch method, making possible a short 
curing period. An automated industrial production has been commissioned in 2006 in our Sorgues 
plant and is now producing cast PBX fillings for artillery, mortar, tank and navy shells according to 
this new process. A previous paper gave overall principle and presented safety aspects [1]. This paper 
describes the process main steps.  
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3 PROCESSES 
 
3.1 The Classical Batch Process 
 
Cast cured explosives consist of a polyurethane binder and an explosive filler. Generally the binder is 
based on hydroxyl terminated polybutadiene (HTPB) and isophoron diisocyanate with different 
additives (plasticizer, bonding agent, anti oxidant). The explosive fillers can be I-RDX®, RDX, HMX 
and/or NTO depending of the required performances. Additives such as aluminium and ammonium 
perchlorate can be used to improve blast or underwater bubble effect. 
The classical industrial process used to obtain such explosives is a batch process. A vertical mixer is 
used to obtain an homogeneous paste with the liquid polymer resin and the explosive filler. Then a 
curing agent is added in the mixer. 
When the preparation is finished, the available time for loading is limited, due to the reaction of the 
curing agent with the polymer. This delay, called the pot life, is about ten hours for optimized 
formulations. 
After casting, a curing phase at a controlled temperature (typically 60°C) is necessary, to obtain the 
right level of mechanical properties. 3 to 7 days are classically required. This curing time can be 
reduced by adjusting the formulation of the binder, but the consequence is a reduced pot life, 
undesirable and unacceptable for the manufacturer to achieve economical rates. 
The first applications of cast cured explosives were warheads missiles, underwater mines, torpedo and 
multipurpose bombs. These kinds of munitions are produced at less than a few thousand of items per 
year. The batch process is very well adapted for these applications. 
 
3.2 The Bicomponent Process 
 
The interest in using cast cured explosives for filling artillery, tank or mortar shells clearly appeared in 
the end of nineties. It quickly became obvious that the classical batch process was not adapted to 
produce at the industrial scale with moderated cost such munitions which contain less than 10 
kilograms of explosive with high rate of production. The main limitation comes from the pot life and 
the curing time. 
Eurenco-France has developed and worldwide patented a specific process which permits to bypass 
these constraints. 
  
The explosive formulation is divided in two components: 
 
 - component A which is containing the polymer, the additives and the explosive filler 
 

- component B which is mainly containing the curing agent and part of the plasticizer. 
 

These two components are prepared according to the classical batch process. They can be stored 
during several days. For the filling phase, the two components are put in a specific installation and are 
mixed to the exact ratio through a static mixer, just before filling the shell body. 
With this process, it is thus possible to reduce the curing time by increasing the percentage of catalyst 
in the formulation. The complete polymerisation can be obtained after about 24 hours at 60°C or less. 
The studies have been conducted with a prototype machine (fig.1) installed in Eurenco Sorgues plant 
at the end of nineties. This equipment permitted to manage studies which allowed an optimized 
adaptation of the formulations and the definition of main process parameters (temperature, pressure, 
flow rate, static mixer design, etc …). 
It has also been used to produce the first items for evaluation and prequalification of 120 mm mortars, 
155mm and 120 mm artillery and tank shells. 
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Fig.1 Bicomponent prototype machine 

 
4 AUTOMATED LINE DESCRIPTION: THE “POGS” WORKSHOP 
 
Four years ago, Eurenco France decided to invest in a full scale production line in order to have an 
industrial facility for I.M artillery shells manufacturing. This plant (fig.2), called the POGS workshop 
(production plant of cast PBX charges for I.M. shells), was built in 2004 and commissioned in 2006. 
The first 155mm shell production began in summer 2006. 
 

 
Fig.2 Workshop overview 
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This facility is an integrated workshop, including X-rays controls operated in line. Shell bodies come 
directly from the customer and come out loaded in cast PBX, ready to be delivered to the customer. 
Up to 50 000 155mm or 100 000 120mm I.M. shells can be produced per year. The total duration for 
an I.M. shell manufacturing cycle, from body preparation to shell packing in the customer pallet is 
about 5 days. Most of the equipments being automatic production machines, operating the production 
line requires only 5 workers. The production line is divided in several workstations described 
hereafter. 
 
4.1 1st Work station: Shell body preparation 
 
This workstation corresponds to the production line's feeding, shells washing up, and shell liners 
preparation. A bar code software system is used to ensure in-line quality control and all manufacturing 
parameters for each shell are entered in a processing database.  
After first controls and washing up, the transfer pallets with shell bodies go to the liner/varnish 
preparation station. The liner can be either a pre-moulded plastic piece, inserted into the shell body, or 
it can be made from a liquid plastic, sprayed into the shell body with a specific spraying equipment 
developed by Eurenco France. Once the liner is in place, the transfer pallets enter into an oven for 
preheating before loading stage. 
. 
4.2 2nd work station: Component A mixing 
 
The component A paste used for the bi-component casting process is brought from another workshop. 
It is manufactured from liquid polymeric binder and energetic charges through classical batch method 
with a high shear vertical mixer. The explosive compositions implemented in this workshop have an 
inert binder such as HTPB, some explosive charges such as I-RDX®, RDX, HMX, NTO, PETN, etc. 
and possibly some additives like aluminium. 
 
4.3 3rd work station: Casting phase 
 
The POGS unit is equipped with the Eurenco France continuous proprietary process for cast PBX 
explosive shell filling, called “bi-component process”. 
Taken out from preheating oven, each transfer pallet goes to the bi-component filling station (fig.3): 
once in position, each shell is handled by a handling robot (fig.3) and placed on the first position of a 
rotative table. Then, the table rotates and places the shell under the filling machine. The component A 
paste is mixed, through a static mixer, with the component B, which contains the cross-linking agent. 
This filling operation is carried out under vacuum. The filled shell is then placed on a third position of 
the table, where the explosive level is automatically controlled. 
After this last operation, shells are handled by a robot and put into unitary pallets on an intermediary 
fully automatic conveyor for the fuse well forming step. When the worker receives a unitary pallet at 
his workstation, he can proceed to the punching phase, which is actually the plunging of a specific 
tooling into the PBX explosive so that it moulds the explosive rear face for shell's fuse housing. 
. 
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Fig.3 Mixing and filling bicomponent machine and handling robot 

 
4.4 4th work station: Curing step 
 
After the fuse well forming phase, shells are put back into the initial transfer pallet and forwarded into 
a curing tunnel (fig.4) through the main automatic conveyor. Typical curing time is about 24 hours. 
 

 
Fig.4 Curing tunnel 
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4.5 5th work station: Shell finishing and final inspection 
 
After curing, shells are inspected and finishing operations (fig.5) are performed: 
 

- Fuse housing moulding toolings are removed.  
- The workers visually control the explosive rear face and fuse housing.  
- A lacker or varnish coating is then put onto the explosive rear face. 
- Weight and dimensions are also inspected.  
- Cover plates are put in place and mechanical assembly in done if needed. 
- Shell bodies are labelled. 
 

After finishing operations, the shells are X-rayed to verify the explosive charges quality. The X-ray 
station (fig.5) is installed in the workshop since summer 2007. The particularity of this high energy X-
ray equipment is that it is able to make in-line controls. For the first productions, X-rays were 
performed by a sub-contractor. 
 

    
Fig 5 - finishing workstation and high energy X-ray station 

 
After X-ray inspection, the I.M. shells are packed and placed into the customer's pallets for delivery. 

 
 
 
5 CONCLUSIONS 
 
The automated casting line for projectiles installed at Eurenco plant of Sorgues was opened in June 
2006. The first production started in September 2006. After first lot of 120 items for qualification of 
the line, a lot of 1 000 items of 155 mm I.M. shells has been filled. We have also produced a lot of 
around 1 000 items of 120 mm IM tank shells, for final qualification of the shell design on the 
production line. These productions were achieved in one shift. 
A cycle time of 40 items of 155 per shift was obtained. 
During this period of about one year, each machine, each conveyor, each programme has been 
validated and was proven reliable. 
The installation of the X-ray station has been finished in June and July 2007. 
 
The full scale production line is now fully operational and ready to start in September 2007 the 
production of a first lot of 10 000 items of 155 mm tank shells. 
 



Automated casting line for projectiles 
 

 
 

REFERENCES, BIBLIOGRAPHY 
. 
 

1. How to fill artillery shells at the lowest cost with the highest IMness using cast cured 
PBX.  R. Venzac, P. Benhaim, Y. Guengant and I. Brun 
IMEMTS 2006, Bristol, UK 
 



Thermocinetic Simulation Tool and Applications 
 

THERMOCINETIC SIMULATION TOOL  
AND APPLICATIONS 

 
DAVID MICHELOT 

EADS  Astrium Space Transportation, Les Mureaux (78), France 
 
 
 
 

1. ABSTRACT 
 
This presentation describes EADS ASTRIUM SPACE TRANSPORTATION 
pyrotechnics department software, intended to simulate the coupling between solid 
mechanics and thermodynamics, able to model both mechanical and thermal 
interactions of propellant combustion with fixed and moving parts. 
 
That simulation tool has been upgraded with new developments conducted at EADS-ST, 
and now integrates advanced thermal exchanges models, and propulsion sizing abilities. 
 
Applications on pyro-activated devices are reviewed: pistons (among which the most 
complex is a telescopic jack deployed with hot gases), pyro-cutters, cold-gases equipment 
and propulsive systems. 
 
 
 
2. INTRODUCTION 
 
The lack of commercial solutions meeting its needs has led EADS ASTRIUM SPACE 
TRANSPORTATION to develop an in-house tool, simulating the coupling between solid mechanics 
and thermodynamics. Unlike other commercial software, which are generally specifically designed for 
propellant combustion or mechanical calculations, this one is able to model both phenomena, 
including interactions like convective heat transfers or effects of volume variation on internal pressure. 
Intended to size almost any pyro-activated equipment (pistons, valves, cutters), it has been upgraded to 
comply with many applications among which the most complex is the simulation of a launcher 
telescopic pyrotechnic jack deployment. It has been fully tried and tested through many developments, 
such as the Pyro-Piston used on Ariane 5 and on the Airbus A340, on pyro-valves, on pyro-cutters… 
 
This paper describes the latest technological breakthrough conducted by the Pyrotechnics Department 
at EADS-ST: the first part deals with the main objectives, functions and abilities of the simulation 
tool, then the paper presents the most recent activities conducted with the tool : thermal exchanges 
modelling and propulsive systems sizing. 
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3. TOOL GENERAL DESCRIPTION 
 
For many years, EADS ASTRIUM SPACE TRANSPORTATION has designed pyrotechnical device, 
like Pyropiston, cutters, and more recently a telescopic gas jack. Most of them combine propellant 
combustion and mechanical motion. That is why EADS ASTRIUM SPACE TRANSPORTATION 
Pyrotechnic Department has developped an in-house software, in order to predict and simulate 
performances of its products. 
 
The tool is able to model any pyro-activated product with a combination of the following elements : 

- Chambers (in which propellant combustion can be realized); 
- Nozzles (taking into account compression / relaxation of gases with aerodynamic 

phenomenas); 
- Pistons ( with efforts applying on both sides); 
- regulators. 

 
In these elements, physical phenomenas are simulated by using equations of : 

- perfect gases thermodynamics; 
- gases generation by propellant or initiator; 
- gas exchanges between chambers; 
- thermal exchanges between chambers; 
- flows between chambers trough sonic or subsonic nozzles (depending on pressure ratio); 
- solid mechanics (which takes into account friction, shearing pressure loads, …). 

 
The software calculates the following datas : 

- internal pressure in each chamber; 
- internal and walls temperatures,  
- location and speed of the piston(s), 
- mass of propellant; 
- thermodynamical parameters for each chamber 

 
4. HEADLIGHTS APPLICATIONS 
 
4.1 UNLOCKING PISTON 
 
This product is one of the most recent systems designed by the Pyrotechnics Department. Its aim is to 
remove a protection plate on a launcher. The sketch below describes the product and its elements: 
 

 

INITIATOR 

PISTON 

ACTUATOR 

PIN 
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The parts of the system are described hereafter: 
- an electrical actuator (in grey above), motorizing the mobile pin of the security system 

(preventing unexpected functioning); 
- an initiator; 
- the frame of the system; 
- the piston (in blue in the figure above) 

 
Two specific characteristics of this project were the use of a detonator as an initiator and the very low 
volume of the chambers. The first point was imposed by the use of existing mechanical interfaces and 
in order to avoid the design of a new initiator. 
 
Because of these aspects, the design plan includes the following tests: 

- detonators bomb firing; 
- “real” system test with fixed piston; 
- Functional test in ambient temperature. 

 
Some firings have been performed in bombs. Due to the detonators characteristics, the records of 
pressure show great oscillations, which led to many difficulties while conducting the simulations to 
represent accurately the detonator performance with our tool. Therefore, we made a closer study of the 
test with fixed piston. Reproducing as precisely as possible the pressure record of the piston chamber 
with the simulation tool (there is no leakage in this chamber) led us to the theoretical performance of 
the initiator chamber. Comparison between this model in the bomb volume and the record of a bomb 
firing is shown hereafter: 
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The simulated performance of the detonator is pretty well correlated with the test records. It fits with 
the records of the bomb firings, thus allowing us to use a correct pressure versus time law in the 
initiator chamber for the simulations. 
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In order to definitively validate this model, we simulated one operational test of the system (i.e. with a 
mobile piston). The stroke of the piston, its speed and the pressure in the piston chamber curves versus 
time are shown below (simulation and records): 

 

Recalage du déverrouillage

0

10

20

30

40

50

60

70

80

90

100

110

120

130

140

150

160

170

180

190

200

0 0,001 0,002 0,003 0,004 0,005 0,006

Temps (s)

Pr
es

si
on

 (b
ar

s)

-2
-1
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

Vi
te

ss
e 

(m
/s

) e
t D

ép
la

ce
m

en
t (

m
m

)

Pression code

Pression essai

Vitesse code

Déplacement
code

Déplacement
essai

Vitesse essai

 
 
This good correlation enabled us to prepare future tests, hardened tests or with external loads, with a 
high level of confidence in the results expected. 
 
4.2 TELESCOPIC GAS STRUT AND HEAT TRANSFER SIMULATIONS 
 
4.2.1 General description 
 
The telescopic gas jack is located on a launcher. It is divided into two main parts: the gas generator, 
which includes two initiators, a relay charge and a solid propellant charge, and a mechanical assembly 
of mobile telescopic tubes, which are deployed by hot gas pressure.  
 
This system shall deploy whatever the aerodynamic environment, i.e. with or without dynamic 
pressures applied on it, and in a limited time. The main constraints are to be sure that each sliding link 
between two tubes is “motorised” with enough energy to ensure minimum deployment duration and 
maximum rigidity, while limiting the shock on the interface frame of the launcher. The EADS 
ASTRIUM SPACE TRANSPORTATION software allows the sizing of the solid propellant charge to 
meet these opposite requirements. 
 
A general scheme below describes the different parts of this pyrotechnic jack: 
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4.2.2 Challenges 
 
Initially designed to simulate pyrotechnic systems with one piston only, our software has been 
modified to take into account the volume changes of the jack chamber while it deploys. It was also 
upgraded to predict the real deployment order of the different tubes, modelling as precisely as possible 
the kinematics behaviour of each tube. The prediction of the deployment order was the first challenge 
encountered to predict the performances of the telescopic jack. Indeed, as this order changes the 
volume of the chamber (depending on the diameters of deployed tubes, as shown below), it affects 
each tube deployment speed during the functioning of the pyrotechnic telescopic jack.  
 
 
 
 
 
 
 
 
 
 
 
Its abilities to model both mechanical aspects and thermal interactions of propellant combustion with 
fixed and moving elements have been increased, now allowing the precise modelling of thermal 
exchanges and aerodynamic phenomena. Another difficulty, requiring tests, was constituted by the 
thermal exchanges between hot gases and the walls of the tubes. This phenomenon reduces the internal 
pressure, by cooling the gas, and therefore changes the deployment speed of the pyrotechnic jack. 
 
4.2.3 Thermal simulation functions 
 
The energy exchanges between the gases and the walls are modelled by the tool, taking into account 
the elements described below: 
 

- convective heat transfer 
).(. TpTiShE −=Δ  

with,    ΔE  energy variation  
  h  convective heat transfer coefficient 
  S  exchange surface 
  Ti gases temperature in chamber 
  Tp wall temperature 
 

- radiation heat transfer 
).(.. 44 TpTbScE −=Δ εσ  

with, ΔE  energy variation  
  h  Stefan-Boltzmann constant 
  ε emissivity factor 
  Sc  combustion surface 
  Ti combustion temperature 
  Tp wall temperature 
 

- conductive heat transfer is also considered and integrated into the energetic equation. 
 

Smallest tube  Biggest tube 

Biggest Tube  Smallest tube 
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The main parameter, in the telescopic gas strut, is the convective heat transfer. This thermal loss is 
very important, because of the dimensions of the unfold strut, which is as high as a human being, and 
considering the high speed and temperatures of the gases generated. Knowing the exchange surface 
and being able to calculate the wall temperature, with the tool, we determined a “mean” convective 
heat transfer coefficient “h” thanks to hot gases test campaign results. 
 
4.2.4 Hot gases tests correlations 
 
Before this campaign, a cold gas test was performed: it dealt with the deployment of a flight model of 
the telescopic gas strut, on the ground, with transversal load, using pressurised Nitrogen. This test 
allowed us to determine the loss of energy due to friction, without interaction with thermal losses. 
 
Then, hot gas tests have been performed; two of them are displayed below (for confidentiality reasons 
no unit on the curves below has been displayed). The first is a “high energy” test type. The telescopic 
gas strut is actuated without external load. The speed of the upper tube and internal pressure versus 
time are compared on the curves below, for both test records and simulation: 
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The deployment order is the same in the test and in the simulation. 
  
The kinematics of the tubes is therefore very well simulated by the software, even if this test is a hard 
case to simulate, because if the level of internal pressure is sufficient, any tube could deploy first (only 
depending on its mass and its motorized surface). It is interesting to notice that the speed and the total 
functioning time are well correlated. 
 

One of the tests performed was a “low energy” test type, with maximum longitudinal and transversal 
loads. For the simulation, we have used the “h” value found before and the friction coefficient, 
determined by the cold gas test. The speed of the upper tube and the internal pressure versus time are 
compared on the curves below, both for test and simulation: 
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The deployment order is exactly the same in the test and in the simulation. The kinematics of the tubes 
is therefore very well simulated by the software. We should notice that above a longitudinal load 
value, this order is always the same. The speed of each tube and the total functioning time are very 
well correlated, even if the latest tube speed is lower during the test than expected. 
 
 
5. LATEST BREAKTHROUGHTS 
 
This chapter describes specifically the most recent extensions linked to the latest developments 
conducted at ASTRIUM-ST Pyrotechnics Department. Two major research axes have been integrated 
to the tool: 

- The ability to model cold and warm gases systems, 
- The capability to size and to design mini-booster and propellers 

These points are detailed hereafter. 
 
5.1 EXTENSION TO COLD AND WARM GASES APPLICATIONS 
 
This paragraph describes the latest technological breakthrough conducted by EADS SPACE 
TRANSPORTATION in the Pyrotechnics Department, consisting in the expansion of the simulation 
tool to warm and cold-gases-making applications. Researches are performed to simulate both thermal 
exchanges and pressure drops inducted by complex gas circulation, so as to confer to the tool the 
ability to model with accuracy their effects on hot pyrotechnic gases. The purpose lies in the 
pyrotechnic hot gases temperature reduction: the objective is to compel the gases resulting from the 
combustion to pass towards specific systems to lower their temperature, reducing considerably their 
impact on the surrounding environment.  
 
Several gas-cooling configurations are under consideration, from complicated gas progression through 
twists, curves, bottlenecks… to systems with high heat convective transfers comparable to very 
important thermal capacity storage; the predictive simulation capability of the tool is to be acquired 
thanks to the comparison with elementary tests based on these aspects. At the end of the tests 
exploitations, followed by the appropriate new calculation functions implementation, the tool will be 
able to simulate thermal interchanges, leading to new engineering solutions concerning pyrotechnic 
hot gases applications. 
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5.2 EXTENSION TO PROPULSIVE APPLICATIONS 
 
Recent developments on Boosters have led EADS-ST Pyrotechnic Department to implement a new 
extension to its tool. This additional module allows the user to calculate the thrust profile and to size 
the nozzle. Even if that extension was initially developed as a standalone module (to respond to first 
needs in terms of propulsion systems, without taking propellant in consideration), many interactions 
with the pyrotechnic tool were created then. 
 
Knowing the expected nominal thrust and some required geometric elements, the tool is able to 
compute and size the nozzle, checking at all time if its geometrical parameters are compliant with the 
allocated volume. Besides, the propellant module analyses the influence of the parameters evolutions 
(the collar section, the exit section, the altitude and the energetic dispersion…) in order to get the 
minimum thrust profile and the maximum thrust profile. Thus, the propellant module supplies the user 
with the thrust domain.  
 
A future link to implement between the propulsive module and the pyrotechnic tool will enable the 
module to send its results to the pyrotechnic simulation tool, allowing the precise modelling and 
design of the corresponding power block. Indeed, EADS-ST simulation tool has a built-in propellant 
database, containing information about generic powders used by the Pyrotechnics department and 
thanks to data supplied by propellant manufacturers. Thanks to that database, the simulation tool is 
able to determine the block geometry, nature and to check if the computed performance is compliant 
with expected thrust levels. 
 
An automated procedure is being written and will be implemented on the simulation tool to make a 
direct link with its propulsive module. Following paragraphs deals with an example of booster whose 
characteristics and performances have already been evaluated by tests, and which are correlated by the 
propulsive module, as shown below, in terms of combustion pressure with the Pyrotechnic simulation 
tool and in terms of thrust by the mean of the propulsive model. 
 
Indeed, the following example has been performed to check, on first approach, the accuracy of the 
extension module. Experimental results are confronted with numerical ones, concerning the 
combustion pressure, and then comparing the real thrust with the simulated performance of that 
Booster. The first step was done thanks to the pyrotechnic simulation tool, and the second one was 
computed using its propulsive extension. 
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Afterwards, the evaluated propellant performance is introduced into the propulsive module, in order to 
check the thrust profile, because in that example case, the nozzle geometry is known and the objective 
is to validate the extension module: 
 

 
 
The pink curve is the experimental curve and the blue one is the numerical curve. Both curves are very 
similar. 
 
As a consequence, the use of both modules allows the user to get accurate results about the thrust 
evolution. Moreover, the tool simulation with its propulsive extension is also useful to size the nozzle 
and to help choose the energetic propellant substance that would be compliant with the requested 
specifications. 
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6. CONCLUSIONS 
 
Working on pyrotechnical devices, intended to respond to space or defence applications, EADS 
ASTRIUM SPACE TRANSPORTATION Pyrotechnics Department is able to design its products and 
to analyse the effects of specifications changes, to size hardened tests, and to simulate critical 
performance functioning with very few tests thanks to its in-house software. 
 
This software, able to model both thermodynamic and mechanic phenomena, is a powerful and 
versatile tool. 
In the future, some improvements or new applications will be introduced like: 

- ability to expand the tool capabilities to model accurately complex thermal systems, 
- use of the existing tool by the test department to model the record delays of gauges, due to 

interface chambers, 
- application and correlation with latest developments to bring more possibilities and flexibility 

to the propulsive module. 
 
EADS ASTRIUM SPACE TRANSPORTATION Pyrotechnic Simulation Tool, by the mean of its 
cold-gases-making ability expansion release and by its new propulsive extension module, is to open a 
wide range of new skills for future developments. 
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ABSTRACT 

In the continuity of the shock reduction and weight optimization logics into the new 
developments of the fairing/stages separation systems, ASTRIUM Space 
Transportation knowledge about continuous cutting devices are still in progress; in 
particular, thanks to all the tight pyrotechnical separation systems studies using 
expanding tube technology. 

Many developments have already been performed on several programs: on the 
ARIANE 5 fairing (with a 5.4m diameter) and currently on ballistic missile (in the 
range of 2m diameter separation systems). 

So, this technology could now easily be adapted to small launchers (in the field of 
1m diameter) and derived applications. 

This adaptation consists in the characterization of the influence of a small diameter 
onto the good functioning, onto the cutting performances and onto the “3D” 
structural effects. 

 

 



Separation systems by expanding tube – Adaptation to the small launchers 
- 2 - 

 

1. OBJECTIVES AND BACKGROUND 

1.1 SCOPE OF THE ACTIVITY 

Development of a new pyrotechnical separation system using expanding tube 
technology adapted to low diameters missile stages and fairing. 

1.2 NEW ENVIRONMENT SPECIFICATIONS 

• Be compatible with a military adapted external profile, 

• Be compatible with stage and fairing jettisons (2 orientations of the separation 
system), 

• Be compatible with different low diameters. 

1.3 Heritage available for the activity 

Development of the Ariane 5 upper stages (See Figure 1) : 

• Payload Fairing (Horizontal) : Mono-rupture (HSS) (ASTRIUM-ST) 

• SYLDA 5 : Bi-rupture (SSS)     (ASTRIUM-ST) 

• SPELTRA : Bi-rupture (PSS)     (ASTRIUM-ST) 

• VEB : Bi-rupture       (DASSAULT) 

 

 
FIGURE 1: ARIANE 5 MAIN UPPER STAGES SEPARATION SYSTEMS 
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2. CHOICE OF THE PYROTECHNIC TECHNOLOGY 

In a first time, a choice has been done between two types of technology;  

• a mono rupture type with 1 part to sever, an expanding tube added to the 
structure and suited for radial jettisoning (cf. Figure 2), 

• a bi rupture type with 2 parts to sever, an expanding tube inside the structure 
and suited for axial jettisoning (cf. Figure 3). 

 

 
FIGURE 2: EXAMPLE OF A MONO RUPTURE TYPE SEPARATION SYSTEM 

 

 
FIGURE 3: EXAMPLE OF A BI RUPTURE TYPE SEPARATION SYSTEM 

 
Due to the specification of an adapted external profile, the mono rupture type 
separation system was selected. 

In consequence, the design of the new separation system has been based on the 
HSS one. 
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3. HSS ENVIRONMENT AND TECHNOLOGY 

 

 
FIGURE 4: ARIANE 5 SEPARATION SYSTEMS 

 
Located onto the Ariane5 ‘s payload fairing, the Horizontal Separation System 
(HSS) has a diameter of  5.4m. 

 

 
FIGURE 5: ARIANE 5 – HSS SEPARATION HALVES RINGS 
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At the instant of fairing separation, the disconnection from the launcher is 
pyrotechnically executed by means of breaking the predetermined rupture section 
along both 2 independent separation half ring. 

Simultaneously to the horizontal release, the fairing is split by the Vertical 
Separation System (VSS) into two equal half shells and laterally jettisoned from 
the launcher (See Figure 6). 

 

 
FIGURE 6: HSS AND VSS LOCATION 

 
These coupled devices allow a separation without “3D” structural effect. 

 
NOTE: During the HSS development, some full scale shock tests have been 

performed in a quasi monolithic configuration (See Figure 7). 

 

 
FIGURE 7: HSS SHOCK TESTS USUAL TEST SET-UP 

 

TOP 

GROUND 

 
LOWER 

STRUCTURE 

 
UPPER 

STRUCTURE 

BEFORE FIRING 

HSS 

TOP 

GROUND 

 
LOWER 

STRUCTURE 

 
UPPER 

STRUCTURE 

AFTER FIRING 

COUNTER 
WEIGHT 



Separation systems by expanding tube – Adaptation to the small launchers 
- 6 - 

 

These tests were performed to evaluate only the shock induced by the 
horizontal separation system. 

So, no VSS were used, and moreover, in order to avoid any interference 
during shock measurements, counterweights were installed in order to 
obtain a physical separation between the two severed parts (See Figure 
7). 

During these tests no locking occurred. Consequently, it was concluded 
that HSS definition was able to natural axial separation. 

4. A NEW DEVELOPMENT WITH A NEW ENVIRONMENT 

 

 
FIGURE 8: A NEW ENVIRONMENT : MONOLITHIC SEPARATION RING 

 
Located onto the ballistic missile‘s stages, the new adapted separation system 
“Ensemble PYrotechnique de SEParation” (EPYSEP) has a diameter in the range 
of 2m. 

At the instant of fairing separation, the disconnection from the rocket is 
pyrotechnically executed by means of breaking the predetermined rupture section 
along only one monolithic separation ring. 

Contrary to the HSS, it uses no complementary jettisoning device. 

 

NOTE: It is important to note that the new separation system definition consists 
in two main changes compare to HSS definition, i.e. the diameter of the 
separation and the use of a monolithic ring instead of 2 connected halves 
rings. 
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5. FIRST “SCALE ONE” SEPARATION TEST 

So, this type of monolithic configuration has been retained for the first “scale one” 
separation test with an expanding tube adapted with a low diameter and upgraded 
with the new external profile specification. 

 
FIGURE 9: OPPOSITE STRESSES INTO A MONOLITHIC 

CIRCULAR STRUCTURE ENVIRONMENT 

 
After firing, we noticed an absence of separation whereas the structure is well cut 
in 2 parts. The test specimen analysis demonstrated the existence of a total 
“wedging” “structure/tube/anvil/heel” due to the existence of opposite stresses into 
a monolithic circular structure environment. 

• Appearance of radial circumferential stresses diametrically opposite due to a 
combination of two effects: a low diameter into a monolithic circular structure 
environment. 

• Need of a new definition of the cutting system, able of a natural separation, i.e. 
allowing both axial and radial separation. 

The idea is to attenuate the frictions while transforming the radial force resulting 
from the expansion of the tube into a longitudinal component facilitating the 
dismantling thanks to the creation of a conical plan between the heel and the anvil 
(See Figure 11). 

Heel 

Anvil Structure (Lower part) 

Structure (Upper part) 

TEE 
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6. NEW SEPARATION SYSTEM DESIGN 

A modification of the heel generates a natural dismantling which would make it 
possible to be freed from additional auxiliary system of ejection. 

This modification has an impact on the severance capability, consequently the 
anvil needed also to be changed in order to maintain a sufficient level of severance 
reliability. But the change of anvil definition may have also an impact its bolt 
strength. 

So, the difficulties were to find an optimum solution w.r.t : 

• Natural dismantling, 

• Severance capability, 

• Components integrity. 

Finally, the different studies performed by means of tests and numerical 
simulations, lead to the following design offering the best compromise between 
these criteria (See Figure 10). 

 
FIGURE 10: SECTION OF THE NEW DEFINITION 
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FIGURE 11: PRINCIPLE OF A NATURAL SEPARATION 

 

7. NEW “SCALE ONE” SEPARATION TEST 

According to the new design, a new full scale separation test has been performed, 
and was successful. 

 

 
FIGURE 12: CUTTING AND SEPARATION IN CONFORMITY WITH WAITED 
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8. CONCLUSION 

Working on these new low diameters separation systems, intended to respond to 
civil or defence future applications, EADS ASTRIUM Space Transportation 
Pyrotechnic Department has the ability today to supply and to develop many new 
concepts of separation systems adapted with the new actual market specifications. 

Added with the Simulation department, EADS ASTRIUM Space Transportation will 
perform some tests onto the very low (< 1meter) diameters in order to go on its 
efforts about the versatility and flexibility of the cutting devices and to open a wide 
range of these separation systems skills for future developments. 

 



Structural and reactive study of an aged nanodiamond-based energetic composition 

Structural and reactive study of an aged 
nanodiamond-based energetic composition 

 
Marc Comet, Benny Siegert, Vincent Pichot and Denis Spitzer 

Institut franco-allemand de Saint Louis, NS3E, SAINT LOUIS, France 
 
 
 
 

ABSTRACT 
 
The use of nanodiamond elaborated by detonation as reducing agent in a potassium 
chlorate-based energetic composition (further noted PC / nD) was reported in a recent 
paper1. This work pointed out the unconventional properties of these mixtures, which 
were found to be relatively stable towards thermal stresses. In the present paper, the 
thermal stability of the most energetic PC / nD composition is studied by structural and 
reactive analysis. For this purpose, the powdery material is first pelletized and then 
isothermally aged under atmospheric conditions. Nitrogen adsorption was used to 
measure the specific areas of PC / nD compositions. It was shown that thermal ageing 
induces a substantial decrease in specific area even if the weight loss is insignificant. 
That means that the specific area measurement could be used as an efficient criterion to 
estimate the ageing of the nano-sized energetic compositions. The incidence of ageing 
was also investigated by elemental analysis and Time Resolved Cinematography (TRC).  
 
 
 
INTRODUCTION 
 
Detonation nanodiamond (nD) elaborated and purified at the French-German research Institute of 
Saint-Louis2 was used to elaborate energetic compositions with potassium chlorate (PC), which has 
strong oxidative properties. These deflagrating materials exhibit amazing combustion particularities 
and an exceptional inertness towards thermal stresses. Indeed, when PC / nD compositions are 
pelletized, they can be alternatively put in liquid nitrogen (Tb ≈ 77 K) and then on a hot plate 
(Tb ≈ 473 K) without undergoing chemical decomposition or physical crumbling. This stability was 
attributed to the high thermal conductivity of nanodiamond which homogeneously distributes heat 
within the material. In order to study the stability of PC / nD compositions toward a prolonged thermal 
stress, the ageing was studied at different temperatures (i.e. 150 and 250°C) during fifty hours. The 
structure of the aged materials was characterized by elementary analysis, nitrogen adsorption and 
scanning electron microscopy. An ageing mechanism is proposed from these results.  
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MATERIAL ELABORATION 
 
Potassium chlorate was first ground and then sifted using a 50 microns sieve in order to have relatively 
small particles. PC and nanodiamond powders were mixed by using petroleum ether as liquid 
dispersive medium. Petroleum ether was used for this purpose because it is hydrophobic, does not 
dissolve PC, and can be easily removed by evaporation. The mixing protocol consists in applying 
mechanical stirring during five minutes and then an ultrasonic homogenization for fifteen minutes. 
Petroleum ether was evaporated at 60°C under reduced pressure. The weight proportions of PC to nD 
(72 : 28 wt%) were calculated so as to have an oxygen balance (OB) equilibrated towards carbon 
monoxide. Indeed, we reported in a previous paper that this formulation was the most energetic1.  
The powdery material was compressed in order to obtain 50 mg pellets, which are easier to handle. 
The incidence of compression on the specific area was studied by nitrogen adsorption (Figure 1). The 
specific area linearly decreases with pressure. This result is very interesting insofar as it allows 
predicting the forming pressure (Pf) required for reaching the theoretical maximal density (TMD). The 
value of Pf is calculated from the linear equation assuming that the specific area of a compact material 
is close to zero. The TMD percentage which varies according to a logarithmic law towards forming 
pressure (Figure 1) is impractical for determining Pf.  
PC / nD pellets were isothermally aged in a muffle furnace during fifty hours at temperatures of 150 
and 250°C respectively. The experiments were carried out in an air atmosphere regularly renewed by a 
pump working in reverse order. The thermal cycles (150°C; 250°C) induce a slight increase of the 
length of the pellets (+0.3%; +4.4%) and a decrease of their weight (-1.7%; -64.3%). These results 
allow concluding that the studied PC / nD composition seems quite stable at 150°C whereas it 
significantly ages at 250°C.  
 
STRUCTURAL CHARACTERIZATION 
 
The nanodiamond used to elaborate the PC / nD formulation is composed of nano-sized particles 
having a mean diameter of 5 nm. These particles have a diamond core surrounded by a 0.35 nm thick 
shell of surface functions. In PC / nD mixtures, micron-sized potassium chlorate particles are 
surrounded by the far smaller nanodiamond particles. When these formulations are gently heated by 
using an isothermal treatment, PC slowly decomposes, giving oxygen gas. The surface functions of 
nanodiamond are the first to react, giving gaseous species. Potassium chloride, which is formed during 
this decomposition process, melts due to the heat locally released by the combustion. The 
nanodiamond particles are progressively covered by a KCl layer which protects them from further 
oxidation. This mechanism is in good agreement with the fact that the experimental oxygen loss is 
higher than the one calculated from the theoretical stoichiometry (C:O = 1:2).  
Moreover, an approach based on specific area measurements was used to confirm the supposed 
mechanism. For this purpose, a theoretical specific area value (Sf / th) was calculated according to 
equation (1). Sf / th corresponds to specific area the material would have assuming that carbon and 
nanodiamond content in the sample are proportional and that the specific area is mainly due to the 
nanodiamond particles: 
 
 
 
- S0 is the specific area of the initial pelletized PC / nD composition. S0 was experimentally measured 
by nitrogen adsorption (S0 = 92.3 m2.g-1).  
- %C0 and %Cf are the carbon contents by weight of the samples determined by elementary analysis 
(23.17 wt% and 18.67 wt% respectively).  
The specific area experimentally measured (Sf / exp = 40.8 m2.g-1) on the aged material (250°C, 50h) is 
significantly smaller than the calculated specific area (Sf / th = 74.4 m2.g-1). In other words, the particle 
size increases during the ageing of the material. This result seems surprising insofar as potassium 
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chlorate and nanodiamond particle sizes would decrease during the combustion process. Indeed, 
gasification is characterized by a weight loss which decreases the particle size distribution. Therefore, 
it can be assumed that the nanodiamond is progressively coated by potassium chloride. A model was 
set up to evaluate the mean thickness of the potassium chloride layer surrounding the nanodiamond 
core from the specific area values. By definition, the specific area of a particle is equal to the ratio of 
its external surface to its mass. Assuming that composite nD / KCl particles have a spherical geometry, 
a model can be set up to calculate their size. The corresponding equation (2) is proposed: 
 
 
 
 
 
In this equation, R is the mean radius of the nanodiamond particles. The value of R was determined 
from the experimental specific area of pure nanodiamond (SBET / nD = 372.9 m2.g-1). L is the thickness 
of the potassium chloride shell surrounding the nanodiamond core. The density of the nanodiamond 
(ρnD) was measured by helium pycnometry. Equation (3) is obtained by writing equation (2) as a third 
degree polynomial expression: 
 
 
 
 
 
This equation was graphically resolved (with SBET = 40.776 m2g-1, ρKCl = 1.984 g.cm-3, 
ρnD = 3.18 g.cm-3 and R = 2.53 nm) and three solutions were found: L1 = -3.04 nm; L2 = -2.01 nm; 
L3 = 34.55 nm. L1 and L2 have no physical significance as a distance can not be negative. Hence, the 
accurate value is L3 = 34.55 nm. It corresponds to a mean nD / KCl particle diameter of about 74.2 nm 
(Φ = 2(L+R)).  
 
The microstructure of the aged PC / nD pellets was characterized by Scanning Electron Microscopy at 
several magnifications (Figure 3). The material is composed of micron-sized particles (Figure 3A) 
resulting from the agglomeration of smaller particles (Figure 3B). These last particles are themselves 
made of tiny entities having a size of some tens of nanometers (Figure 3C). Despite the fact that SEM 
observation does not allow measuring precisely the size of elementary nD / KCl units, it clearly shows 
that their size is near to the one calculated above from surface areas.  
 
As shown on figure 2, the specific surface of the PC / nD pellets is dramatically decreased by thermal 
ageing. As previously shown, a decrease in specific surface is correlated to an increase in particle size. 
This phenomenon appears between room temperature and 150°C and becomes more pronounced for 
higher ageing temperature. In other words, the microstructure of PC / nD mixtures is not stable at all 
temperatures. This result is all the more surprising considering that both reactants are supposed to be 
chemically inert in this temperature range.  
 
REACTIVE CHARACTERIZATION 
 
Thermal analysis was used to better understand the structural evolution which was found by nitrogen 
adsorption. For this purpose, Differential Scanning Calorimetry (DSC) experiments were carried out 
on 2 mg samples by using hermetically sealed pans with a heating rate of 4 K.min-1 (Figure 4). These 
tests showed that the studied PC / nD composition begins decomposing at 240°C. Hence, the highest 
ageing temperature (T = 250°C) logically causes a slow decomposition of the material. The energetic 
decomposition gives two exothermal peaks. The first one—the more intense one—corresponds to the 
reaction between the solid nD and PC phases. Potassium chloride which is formed during this step 
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coats the nanodiamond particles and prevents them from being oxidized. The second exotherm is 
observed when the temperature reaches 351°C. It is attributed to the melting of the potassium chlorate 
(Tm / PC = 356°C), which favors contact between the oxidizing phase and the nanodiamond core of 
nD / KCl particles.  
Another important point is that no reaction is observed for temperatures below 240°C. For this reason, 
the structural ageing observed by gas adsorption at 150°C is not due to a chemical degradation. 
Potassium chlorate probably deposits on the surface of nanodiamond particles without reacting with 
them. The thickness of PC layer (LPC = 9.35 nm) was determined by using the model previously 
described (with SBET = 79.603 m2g-1, ρPC = 2.33 g.cm-3, ρnD = 3.18 g.cm-3 and R = 2.53 nm). The 
physical interaction between potassium chlorate and nanodiamond seems to be linked to nD surface 
functions and adsorbed water. However, this hypothesis must be confirmed by an in-depth analysis.  
 
Time resolved cinematography (TRC), first described by Pantoya et al3, is an advanced method 
specifically devoted to the reactive characterization of energetic materials. From an experimental point 
of view, the energetic material is ignited by a CO2 laser beam (P ≈ 10 W) illuminating the pellet 
surface (S ≈ 12.6mm2). The Ignition Delay Time (IDT)—the duration between the laser impact on the 
energetic material and the beginning of its combustion—is measured using an oscilloscope. The 
Combustion Rate (CR) is measured by ultra fast cinematography.  
The reactivity of the PC / nD mixtures was investigated by TRC so as to determine the influence of 
ageing on reactive properties. The original material, which was kept at 25°C, has an ignition delay 
time and a combustion rate which do not substantially differ from the ones of the material aged at 
150°C during 50h (Table 1). Conversely, it was not possible to prime the combustion of the material 
aged in the most severe conditions (250°C, 50h). Under laser impact, the pellet starts to glow and 
consumes slowly as embers. This behavior can be correlated with the results of the elementary 
analysis, which showed that ageing induces a substantial oxygen loss in the sample. The pyrotechnical 
inertia of the last sample is attributed to its low oxygen content and to the fact that nanodiamond 
particles are embedded in potassium chloride.  
 

Ageing conditions IDT (ms) CR (cm.s-1) 

RT 63.6 ± 9.6 5.6 ± 0.3 

150°C, 50h 62.5 ±9.3 6.2 ±0.8 

250°C, 50h - - 

 
Table 1: Reactive properties of PC / nD pellets aged in different experimental conditions.  

 
CONCLUSION 
 
The study reported in this paper investigates the ageing mechanism of an energetic composition made 
of potassium chlorate (72 wt%) physically mixed with nanodiamonds (28 wt%). Pellets of this 
PC / nD formulation were thermally aged in air during fifty hours at 150 and 250°C:  
- The material aged at 150°C loses only 1.7% of its initial weight. Its reactive properties are the same 
as those of the material kept at room temperature. However, specific area measurements show that 
ageing had a noteworthy incidence on the material structure.  
- The material aged at 250°C loses 64.3% of its initial weight. In this case, ageing dramatically 
decreased the energetic properties and it was not possible to determine an ignition delay time and a 
combustion rate. This result is in good agreement with differential scanning calorimetry analysis, 
which pointed out that the onset temperature of decomposition was about 240°C.  
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From the experimental results, it was possible to assume an ageing mechanism for PC / nD energetic 
compositions: 
- For temperatures below 240°C, PC / nD compositions age according to a physical process in which 
nanodiamond surface functions and adsorbed water are supposed to play a major role. However, this 
process is not yet fully understood and requires complementary investigations.  
- For temperatures above 240°C, PC / nD compositions undergo a chemical ageing process. Potassium 
chlorate progressively loses its oxygen atoms. They react first with the surface functions of the 
nanodiamond particles and then with their carbon core. Potassium chloride, which is formed by the 
decomposition, surrounds the diamond nanoparticles and protects them against further oxidation. For 
temperatures above 350°C, the oxidation of the nD / KCl composite particles is favored by the melting 
of the potassium chlorate.  
Specific area measurement by nitrogen adsorption was found to be an efficient criterion to estimate the 
ageing of the PC / nD nano-sized energetic compositions. On the whole, gas adsorption is probably 
one of the most discriminating methods to quantitatively measure the ageing of energetic 
nanomaterials. Indeed, any physical or chemical modification of the surface of the nanoparticles leads 
to a significant change in specific surface area.  
Finally, nanodiamond should be used as reducing phase to structure at nano-scale miscellaneous 
inorganic phases. For this purpose, nanodiamond may first be mixed with a strong oxidizer (metallic 
chlorate or perchlorate) so as to obtain an energetic composition. Afterwards, this material is 
decomposed by using convenient ageing conditions in order to remove carbon. In this process, 
nanodiamond would be used as reactive template.  
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Figure 1: Specific area and percentage of the theoretical maximal density of PC / nD (72 : 28 wt%) pellets represented as a 
function of the pressure used to elaborate them.  

 
 

Figure 2: Specific area of PC / nD (72 : 28 wt%) pellets represented as a function of ageing temperature.  
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Figure 3: SEM pictures of a PC / nD (72 : 28 wt%) pellet isothermally aged at 250°C during 50h.  

A. 

B. 

C. 
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Figure 4: Differential scanning calorimetry curve of the initial PC / nD (72 : 28 wt%) composition.  
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1 ABSTRACT 
 
The high-pressure behavior of HNO3/2-nitropropane mixtures was studied as a function 
of the composition by Raman spectroscopy in a diamond anvil cell. Three domains were 
identified. Mixtures containing more than 80 % of nitric acid have the same high-
pressure behavior than pure nitric acid. Similarly, mixtures containing less than 48 % of 
nitric acid have the same behavior as pure 2-nitropropane. Between 48 and 80 %, which 
corresponds to the detonation range, crystallization of an H-bonded complex between 
the two constituents is observed under pressure, around 3 GPa. X-ray diffraction data 
confirm that the complex contains two molecules of nitric acid and one molecule of 2-
nitropropane. 
 
 
 
2 INTRODUCTION 
 
HNO3/2-nitropropane (NA/2NP) mixture is well known as good energetic material [1,2]. However, 
depending on the proportions of the two constituents, the energetic properties of the mixture can 
change drastically. It can behave either as an explosive or as a propellant. It is therefore very important 
to know the detonation limits of this mixture. Using shock experiments in a cylinder tube, the 
detonation celerity of the HNO3 / 2-nitropropane mixtures was measured by P. Claude as a function of 
the proportion of the constituents [2]. In the same work, the detonation limits of the mixture were also 
determined. Detonation was found to occur for mixtures containing a mass proportion of nitric acid 
lying between 50 and 80 %. However, no attempt was made in this work to try to relate the 
macroscopic properties of the mixture to molecular properties. Lucas et al. studied the high-pressure 
behavior of three mixtures containing 66, 68 and 73 % of nitric acid by Raman spectroscopy in a 
diamond anvil cell (DAC) [3]. Upon compression to the crystallization pressure, they observed rapid 
decomposition of only one of these three mixtures. This result seems to be in contradiction with the 
macroscopic results because the three mixtures have all compositions lying in the detonation range. 
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This led us to reinvestigate the high-pressure behavior of HNO3 / 2-nitropropane mixtures on the 
whole range of concentrations. In this paper, we present the results obtained using Raman 
spectroscopy in a DAC.  
 
 
3 EXPERIMENTAL DETAILS 
 
White nitric acid (Laporte) and 2-nitropropane (Aldrich, 97%) were used as supplied for the 
preparation of different mixtures containing 10 to 95 % NA. It must be noted that pure, 100 % 
nitric acid is actually a mixture which always contains a small fraction of NO3

-, NO2
+, N2O4 

(in the molecular or ionized form NO+NO3
-) and H2O [4,5]. Analysis of our sample showed 

the presence of 0.5% H2O and 0.3% N2O4. In order to avoid ageing, nitric acid was stored in 
the freezer and freshly prepared mixtures were used for all the experiments. 
High-pressure experiments were performed in a membrane DAC. A pneumatic ram connected 
to a pressure generator through a high-pressure flexible capillary was used to monitor the 
pressure. NA/2NP mixtures were loaded into a 200-μm diameter hole drilled in a stainless 
steel gasket. Ruby chips were used for pressure determination. High-pressure Raman spectra 
of the samples were taken using a frequency doubled YAG laser (Compass, Coherent) at 
532 nm and a Labram (Horiba-Jobin-Yvon) confocal micro-Raman spectrometer. The laser 
energy was kept low enough to prevent any photochemical reaction. Simultaneous visual 
observation of the sample was made by use of the spectrometer microscope. 
X-ray diffraction experiments were performed with an INEL G3000 diffractometer equipped 
with a flat monochromator Ge(111) and an INEL CPS590 curved position sensitive detector. 
The Cu Kα1 radiation was used to record the spectra. 
 
 
4 RESULTS AND DISCUSSION 
 
Raman spectra of the twelve different NA/2NP mixtures studied were recorded in the liquid 
state at ambient pressure and temperature conditions. As already observed by Lucas et al. in 
their study of three different NA/2NP mixtures, no new Raman peaks were detected on the 
spectra. This indicates that no new species are formed in the mixtures [3]. However, small 
frequency shifts are observed on the NA/2NP Raman spectra. For instance, the νs(NO2) 
symmetric stretching mode of NA is shifted by 5 cm-1 towards higher frequencies, and the 
νs(O’-NO2) symmetric stretching mode (O’ denotes the oxygen atom linked to the hydrogen 
atom) is shifted by 10 cm-1 towards lower frequencies. Similarly, in the mixtures, the νs(NO2) 
and ν(CN) stretching modes of 2NP are shifted by 4 cm-1 towards higher frequencies. All 
these frequency shifts are evidences for the presence of interactions between NA and 2NP 
molecules. 
Under pressure, crystallization of the different mixtures was observed between 2 and 3 GPa. 
However, as previously reported by Lucas et al., crystallization was not always observed 
when pressure was increased [3]. In some cases, the liquid state could be preserved up to a 
few tenths of GPa and crystallization was only obtained on pressure release. 
 
In the solid phase under pressure, three different domains of behavior are observed as a 
function of NA concentration. The limits of these domains are observed for NA 
concentrations of 48 % and 80 %. They are very close to the detonation limits measured by 
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Claude in his detonation experiments [2]. Figure 1 shows the three different types of Raman 
spectra obtained in the solid phase for the respective concentration domains. 
 
For NA > 80 %, the NA symmetric stretching mode νs(NO2) shifts from 1297 cm-1 in the 
liquid phase to 1249 cm-1 (–52 cm-1) in the solid phase and the νs(O’-NO2) stretching mode 
shifts from 922 to 964 cm-1 (+ 42 cm-1). The frequencies of these two NA modes, measured in 
the mixtures, are close to the values measured in pure NA (respectively 1245 and 958 cm-1). 
The important shifts of these two modes, observed at the liquid-solid transition, are attributed 
to H-bonding between the proton and the NO2 group of NA molecules [6]. They have already 
been observed in pure NA by Lucas et al [7]. In their high pressure Raman study, these 
authors have also shown that NA undergoes progressive ionization, leading to the totally ionic 
form (H+NO3

-) above 25 GPa. This result has also been confirmed by DFT calculations [8]. 
Our Raman data obtained at high pressure for mixtures containing more than 80 % of NA, 
show that the evolution of the NA modes with pressure is the same as in pure NA. Ionization 
of NA is also observed in these mixtures. In this concentration range, the strongest molecular 
interactions observed in the mixtures under pressure, are interactions between NA molecules. 
The amount of 2NP is too small to disturb the H-bonding network present in NA. 
 
For NA < 48 %, a certain number of 2NP vibrational modes have a specific behavior which is 
not observed in the other concentration domains. Referring to the mode assignments of Durig 
et al., our observation can be described as following [9]. At the liquid-solid phase transition 
(P = 3 GPa), the δ(NO2) bending mode and the νas(NO2) antisymmetric stretching mode shift 
respectively from 620  to 577 cm-1 (-53 cm-1) and from 1551 to 1539 cm-1 (-12 cm-1). The 
same kind of shifts is observed for pure 2NP. The νas(CH3) antisymmetric stretching mode, 
observed in the liquid phase at 2951 cm-1, splits in the solid phase, in two peaks situated at 
2974 and 2992 cm-1. A second νas(CH3) mode located at 3000 cm-1 in the liquid, splits in three 
peaks at 3026, 3038 and 3050 cm-1 in the solid mixture. Such splitting of these two CH3 
antisymmetric stretching modes is also observed in pure 2NP. However, in pure 2NP, the 
splitting is not observed at the liquid-solid transition at P = 1 GPa. Indeed, it is observed at the 
subsequent solid-solid phase transition occurring at P = 3 GPa. This transition, already 
mentioned by Lucas et al. [3], is similar to that observed in nitromethane [10], and is 
attributed to a blocking of the methyl group rotation [11]. At higher pressure, the evolution of 
the 2NP modes with pressure is the same in the mixtures containing less than 48 % NA and in 
pure 2NP. In this concentration range, the strongest molecular interactions observed in the 
mixtures under pressure, are interactions between 2NP molecules. 
 
For NA concentrations between 48 and 80 %, the high pressure behavior of the different 
mixtures is different from what is observed in the two other concentration domains. Looking 
first at the NA modes in the mixtures and comparing their frequency to that in pure NA, the 
following observations can be made. In the solid phase, just after crystallization at P = 3 GPa, 
the νs(NO2) mode is observed at 1304 cm-1 instead of 1251 cm-1. The shift of the νs(O’-NO2) 
mode is smaller (+17 cm-1 instead of +36 cm-1). The antisymmetric stretching mode, 
νas(NO2), is not shifted, instead of being shifted by -18 cm-1. Finally, the bending mode 
δ(NO2) is only shifted by +10 cm-1, instead of +28 cm-1. 
Differences are identically observed for the 2NP modes in the mixtures, compared to what is 
observed in pure 2NP. The shifts of the δ(NO2) mode (-53 cm-1) and that of the νas(NO2) 
mode (-12 cm-1) are no longer present at the liquid-solid transition. The νas(CH3) stretching 
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modes at 2951 and 3000 cm-1, which were split in two and three bands respectively, remain 
unique and are just shifted to 2984 and 3045 cm-1. 
All the previous observations show the specific behavior of the mixtures containing a 
proportion of NA between 48 and 80 %. This behavior can be explained by the formation of 
an H-bonded complex between the H atom of NA molecules and an oxygen atom of the NO2 
group of 2NP molecules. Indeed, such a complex formation has previously been reported by 
Diop et al. for nitric acid/nitromethane (NA/CH3NO2, or NA/NM) mixtures [12]. The authors 
have determined the liquid-solid phase diagram of such mixtures at low temperature. They 
have observed the formation of a (1:1) definite compound at the liquid-solid transition. Their 
Raman and infrared spectroscopic study showed that this compound is composed of one NA 
molecule and one NM molecule linked by hydrogen bonding between the proton of the acid 
and the NO2 group of NM. Table 1 reports some of the vibrational features recorded by Diop 
et al. in the solid phase at T = -180°C for the (1:1) NA/NM complex, together with our results 
obtained for NA/2NP in the solid phase at P = 3 GPa. The ν(OH) mode is observed at 
3000 cm-1 in NA/NM instead of 3050 cm-1 in pure NA, which clearly indicates that H-
bonding no longer occurs between NA molecules in the mixture, but between NA and NM 
molecules. The total absence of H bonds would lead to a ν(OH) frequency around 3000 cm-1. 
The value obtained for the frequency of the νs(O’-NO2) mode also corroborates the presence 
of H-bonding in the NA/NM compound. The shift of the stretching modes of the acid NO2 
group towards higher frequencies, which is observed in NA/NM, also confirms the H-bonding 
formation between these two molecules. Indeed, the acid NO2 group, which is engaged in an 
H-bond in pure NA, can vibrate freely in NA/NM, yielding to a frequency increase. Table 1 
shows the Raman frequencies measured for NA/2NP in the solid phase under pressure at 
3 GPa. Due to a very low Raman activity, the ν(OH) mode is not detectable in our spectra. 
However, the frequencies of all the other modes are very close to those observed for the 
NA/NM H-bonded complex. We can thus conclude that similar H-bonded complex is formed 
in NA/2NP at high pressure. 
 
One question which can not be undoubtedly elucidated with our high pressure data is the 
stoichiometry of the NA/2NP H-bonded complex. It could be (1:1) as in the case of NA/NM, 
or (2:1). Even if the (1:1) composition is unlikely to be the complex stoichiometry, because it 
is very close to the limit of the concentration domain in which the complex is formed, we 
found it necessary to check this assertion by carrying out complementary experiments. X-ray 
diffraction experiments were then performed at -125 °C with a (2:1) NA/2NP mixture in order 
to verify that (2:1) was the proper stoichiometry. Figure 2 shows the x-ray spectra obtained 
for NA, 2NP, and NA/2NP (2:1). For 2NP, our data showed the presence of a phase transition 
at T = - 101 °C [13]. The x-ray spectra obtained in the two phases (α and β) are represented in 
Figure 2. It can be clearly seen that new peaks appear on the x-ray spectrum of the NA/2NP 
mixture, indicating that a new compound is formed. This confirms that the H-bonded complex 
is composed of two NA and one 2NP molecules as illustrated in Figure 3. 
 
The evolution of the Raman spectra of the complex under pressure shows the presence of the 
ν1(NO3

-) symmetrical mode at 1050 cm-1 in the solid phase. Up to 18 GPa, this evolution is 
linear with a slope of 2.5 cm-1/GPa. The intensity of this mode increases with pressure, 
indicating progressive ionization of the complex as already observed in the case of pure NA 
[7]. Above 18 GPa, a splitting of the mode occurs, leading to three bands located at 1073, 
1085 and 1102 cm-1 [14]. These three bands remain visible on the spectra up to 31 GPa. The 
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splitting observed at 18 GPa is attributed to a phase transition in the NA/2-NP complex. 
Above this pressure, the νs(O’-NO2) disappears and ionization is total. 
 
 
5 CONCLUSION 
 
The high-pressure behavior of NA/2NP mixtures has been investigated by Raman 
spectroscopy in DAC, as a function of the proportions of the two constituents. In the solid 
phase, three different domains were observed as a function of NA concentration. Between 48 
and 80 % of NA, the formation of a complex by H-bonding between the proton of the acid 
and an oxygen atom of 2NP is inferred from our Raman data. Complementary x-ray 
experiment showed that the complex is composed of two acid and one 2-nitropropane 
molecules. At high pressure, progressive ionization of the complex is observed, this ionization 
being total above 18 GPa. The formation of this complex, in a concentration domain 
corresponding to the detonation zone observed macroscopically, could constitute one of the 
first steps of the initiation mechanism of NA/2NP mixtures. 
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Figure 1. Raman spectra of NA/2NP mixtures observed after crystallization (P = 3 GPa) for three domains of 
concentrations. (a): NA > 80 %. (b): 48 ≤ % NA ≤ 80 %. (c): NA < 48 % (mass percentages). 

 
 
 
 

 NA/2NP NA/NM NA 

ν(OH) (a) - 3000 3050 

νas(NO2) (b) 1681 1680 1663 

νs(NO2) (b) 1304 1300 1245 

νs(O’-NO2) (b) 940 940 958 

 
Table 1: Some observed vibrational frequencies (cm-1) of NA in NA/2NP (our data at P = 3 GPa) and in NA/NM and pure 

NA (data from Diop et al. measured at T = -180°C [12]). (a) : infrared data. (b) : Raman data. 
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Figure 2: Low temperature x-ray diffraction spectra. (a) : 2NP, phase α, (b) : 2NP, phase β, (c) : NA, and (d) : NA/2NP 
(2:1) 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Figure 3: H-bonded complex formed between nitric acid and 2-nitropropane. 
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ABSTRACT 
 

We present measurements of charge diameter effect on detonation velocity in 
steel tubes for five 2-Nitropropane/ Nitric Acid mixtures. We measured also critical 
detonation diameters. Comparing the results of calculations simulating the charge 
diameter effect with experimental data, we find the best fitting coefficients of kinetic law 
for the given composition of the mixture. These coefficients could be used in gasdynamic 
modelling and for comparing with available data on decomposition of these mixtures in 
diamond cells.  
 
 
 
1 INTRODUCTION 
 

2-Nitropropane (C3H7NO2, 2-NP) is widely used in industry and, in particular, as a 
component of liquid propellants. Its detonability in mixtures with Nitric Acid (HNO3, NA) 
was studied by Claude [1]. Bouyer et al. [2] investigated static compression of this mixture 
and estimated linear burning rates for 57% to 85% NA mole fraction. Since one cannot 
measure the burning rate under detonation conditions, we are developing a model to estimate 
it in detonation wave and to compare with the above results. However, such a model must be 
based on shock sensitivity tests or measurements of charge diameter effect on detonation 
velocity. Here we study the latter effect and present the critical diameters (below which the 
detonation cannot propagate in the given charge) for equivalence ratio ranging from 50% to 
89% NA mole fraction. Preliminary results of numerical modelling are also shown. 
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2 EXPERIMENTAL STUDIES 
 

We use steel 2-mm thick tubes to obtain detonation velocity dependence on charge diameter of 
2-NP/NA mixtures at equivalence ratio φ=0.5, 0.8, 1, 1.5 and 2. Figure 1 presents our results for tube 
diameters 4, 6, 8, 12, 14, 16 and 21 mm. Increase of inverse charge diameter d, from 1/21 mm-1 to  
1/4 mm-1 results in about 2% decrease in detonation velocity D. We made a linear regression to find 

the coefficients of the correlation ⎟
⎠
⎞

⎜
⎝
⎛ −= ∞ d

DD δ1  (d in mm) which gives the results summarized in 

Table 1. For the most sensitive mixture φ=1 the critical diameter was determined with the following 
values of internal tube diameter and wall thickness (in mm): (3; 2), (2; 2), (1.45; 0.52), (0.75; 0.37).  
 

 TDS Our results 
φ )/( smDCJ  )/( smD∞  )(mmδ  R SD )(mmdcr  

0.5 5756 5749 0.147 0.54 85 3.5±0.5 
0.8 6476 6469 0.033 0.24 65 2.5±0.5 
1 6765 6638 0.028 0.27 60 1.1±0.35 

1.5 6515 6370 0.033 0.43 28  
2 6194 6177 0.236 0.97 18 2.5±0.5 

Table 1 - Coefficients of the correlation ⎟
⎠
⎞

⎜
⎝
⎛ −= ∞ d

DD δ1 (d in mm) and critical diameter )(mmdcr . 

 
Here the values of CJD  are given by the thermodynamic code TDS [3]. ∞D  is the extrapolation of our 
experimental results to an infinite diameter d, R the correlation coefficient, SD the standard deviation 
of the fit. One can see that for poor mixtures there is a good agreement between the ideal and 
extrapolated detonation velocities.  
 
 
 
3 NUMERICAL STUDIES 
 
3.1 THE MODEL 
 

In homogenous explosives, the decrease of the normal detonation velocity against the inverse 
of charge diameter is typically one percent between infinite charge diameter and critical charge 
diameter. In order to model the effect of lateral losses on detonation velocity, we need to solve Euler 
equations with a kinetic equation and an equation of state (EOS) describing the behaviour of unreacted 
explosive, its products and their mixture.  

 
The EOS described here is based on the HOM equation of state developed and used 

extensively in Los Alamos National Laboratory during the last few decades [4]. It uses polynomial 
representation of shock temperature for condensed explosive and isentropic pressure and temperature 
for detonation products on logarithm of volume. However in numerical simulation, for example during 
initiation, one can easily arrive to a situation where volume is beyond the range for which the 
aforementioned polynomial fits were obtained. This is why we replaced HOM fits by analytical 
functions which reflect physical behaviour of reaction products under compression and thus provide 
correct asymptotical behaviour. Like in HOM EOS, we use a development of Mie-Grüneisen for inert 
reactants and products. 



EuroPyro 2007- 34th IPS 
 

 
3.1.1 Modified HOM EOS for the reactants 

For the inert reactants the reference state is the shock curve H. The shock pressure HP  is 
found from the standard linear experimental Hugoniot ubauD HHH +=)(  (we use the method given 
by Afanasenkov et al. [5]) and first two balance equations. Dependence of shock temperature HT  on 
volume v is estimated via Walsh and Christian technique [6]. We found an approximation of HT : 

 

⎭
⎬
⎫

⎩
⎨
⎧

⎥
⎦

⎤
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⎣

⎡ −
−−⎥
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⎡ −
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η
ε

η
ε 1exp/exp)()( 0

1

vvTvTvT HH      (1) 

 
here ΔT, ε and η are the best fitting coefficients. )(

1
vTH  is the first order approximation, valid at small 

compression 1/)( 00 <<− vvv :  
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with )( 0 vvbz w −= , 
v

w c
c

v
b

2
0

0

0 3αγ
== , where 0c  is the initial sound speed, 

H

w

b
vbk 0= , α  is the 

thermal expansion, vc  is the heat capacity of unreacted explosive. Equation (1) fairly describes HT  up 
to a few thousand Kelvin. Table 2 lists the values of these parameters. 
 

 
φ )/( smaH

 

Hb  )/( 3mkgbw
 

)./( KkgJcv
 

k  )(KTΔ  ε  η  

0.8 1851.41 1.52 1303.19 1164.04 0.645 3926.70 0.501 0.0423 
1 1995.5 1.47 1303.56 1139.03 0.687 3949.78 0.500 0.0509 
2 1764.41 1.55 1316.55 1034.18 0.735 4523.34 0.507 0.0489 

Table 2 - Coefficients of ubauD HHH +=)(  ( HD  shock velocity, u particle velocity)  
and of Equation (1) and (2) for three 2-NP/NA mixtures.  

 
 
3.1.2 Modified HOM EOS for the products 

The reference state for the detonation products is the isentrope S. The pressure at the 
isentrope sP  has the following form: 

 

ns v
P

v
PvP 2

1
1)( += +γ           (3) 

 
Apparently, pressure along the isentrope has two branches the first of which (the first term) is 
dominant at large volumes while the second one governs the behaviour of products at larger pressures 
(γ+1<n). 
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Finally, the isentropic temperature Ts is fitted as follows: 
 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟
⎠
⎞

⎜
⎝
⎛ −

++⎟
⎠
⎞

⎜
⎝
⎛ −

+=
v
TTT

vv
TTTvTS

6
54

3
21 exp1exp)(       (4) 

 
here 1P , 2P , 1T , 2T , 3T , 4T , 5T , 6T  and n, γ  are found by fitting isentropic pressure and 
temperature calculated via the thermodynamic code TDS [3] in the large domain of specific volumes 
( 100029.0 << v  m3/kg) with a particular attention paid to the Chapman-Jouguet point. Table 3 
indicates a set of parameters used in the simulation.  
 
 

φ γ  n 1P , Pa 2P , 
Pa 

1T , K 2T , K 
3T ,

kgm /3
 

4T ,
kgmK /. 3

 

5T
kgmK /. 3  

6T , 

kgm /3

 

8.0
 

0.28 3.27 123213 0.28 1490 -1134 0.0146 1.42 32.25 0.0428 

1  0.25 3.24 177522 0.40 1988 -1405 0.0085 1.35 27.06 0.0240 

2  0.16 2.82 191931 9.94 685 -168 0.781 1.67 5.233 0.0056 

Table 3 - Coefficients of Equations (3) and (4) for three 2-NP/NA mixtures. 
 
 
3.1.3 Global Chemical Kinetics 

Reaction rate was described by a one-step Arrhenius law: ⎟
⎠
⎞

⎜
⎝
⎛ −

−=
RT

EZ
dt
d n exp)1( λλ

  

with: λ extent of reaction, Z pre-exponential factor, E activation energy and n reaction order. For  
2-NP/NA, E=20 kcal/mol, n=1.1, Z=4.65.108 1/s for φ = 0.8, Z=3 108 1/s for φ = 1 and Z=108 1/s for  
φ = 2.  
 
 
 

4 NUMERICAL RESULTS 
 

The model was tested at first for Nitromethane CH3NO2 and good agreement was obtained 
versus data ([7], [8]). Figure 2 shows results of calculations for our three mixtures using the proposed 
equation of state. Calculations were done using quasi one-dimensional approximation for tube 
expansion with the EFAE code [9]. Euler equations are solved using the Flux Corrected Transport 
(FCT) technique developed by Oran and Boris [10]. Figure 2 displays the calculated effect of inverse 
charge diameter on detonation velocity in 2-mm thick steel tubes. The detonation velocity deficit is 
about 1.5% and critical diameter is close to 1 mm for stoechiometric mixture. In this range of tube 
diameter, the specific mass of explosive becomes significantly smaller than the specific mass of the 
confinement. As a result, the effect of lateral losses reduces and the slope of D(1/d) dependence 
decreases too near the critical diameter as we can see on Figure 2 for φ=1.  

For lean and rich mixtures critical diameter is 2.5 times larger, like in experiments. Thus, the 
coupling between the proposed set of coefficients of equation of state and kinetic Arrhenius equation 
gives reasonable agreement with experiments. 
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Figure 1- Detonation velocity against inverse of charge diameter for different equivalence ratio for 2-Nitropropane/ Nitric 

Acid mixtures at initial temperature 298K. 
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Figure 2- Detonation velocity against inverse of charge diameter for three mixtures of 2-Nitropropane /Nitric Acid: 

experimental data and numerical results (in solid lines). 
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1 ABSTRACT 
 
Detonation velocity and pressure were measured for heterogeneous mixture consisted of 
a packed bed of aluminum or magnesium or copper particles of different size saturated 
with neat nitromethane. The results of detonation velocity measurements show that 
critical charge diameter depends on various factors such as size, density and shock 
impedance of metal particle, and that shock velocity in metal particle play a important 
role in determining detonation velocity of such heterogeneous mixture. The results of 
pressure measurements show the existence of the extended reaction zone behind leading 
shock wave, which is considered to be the results of significant interplay between 
detonations in nitromethane in interstitial pores and shock waves in metal particles. The 
observed extended reaction zone qualitatively indicates the existence of a steady state 
zone in the flow behind leading shock wave which is shown by mesoscale simulation. 
Pressure increase due to the reaction of aluminum or magnesium particle was observed 
behind leading shock wave. It is presented that the reaction of aluminum or magnesium 
particle smaller than 14 μm takes place within microseconds in detonation products 
behind leading shock wave. 
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2 INTRODUCTION 
 
Metal particles have been widely used to improve blasting and underwater performance both in 
military and industrial explosives. The addition of metal particles reduces detonation velocity due to 
heat and momentum transfer to metal particles. Contrary, the reaction of metal particles in detonation 
products and surrounding air enhances blast and underwater performance of explosive. Heterogeneous 
mixture consisting of a packed bed of solid particles saturated with a liquid explosive has been the 
subject of many studies to investigate the effects of the addition of solid particles on detonation 
properties and post detonation effects (1-11). 
Lee et al. (2,3) performed systematic studies of heterogeneous mixture consisting of a packed bed of 
spherical glass beads of different size saturated with chemically sensitized nitromethane (NM), and 
showed the effects of glass beads size on critical charge diameter of this mixture. They suggested the 
existence of two different type of detonation propagation mode depending on particle size. Haskins et 
al. (4) measured detonation velocity of heterogeneous mixture consisting of a packed bed of aluminum 
(Al) particles saturated with NM, and showed that significant reaction of Al particles was not observed 
in the reaction zone of NM even with nanometric grade Al. 
Frost et al. (6,7) and Zhang et al. (8) performed the experimental studies of the enhancement of blast 
wave due to the ignition of metal particles dispersed in detonation products and surrounding air using 
heterogeneous mixture consisting of a packed bed of Al or magnesium (Mg) particles saturated with 
chemically sensitized NM.    
Recently, the interaction of detonation wave in NM with a packed bed of spherical solid particles was 
investigated using two and three-dimensional mesoscale simulation by Milne (9) and Ripley et al.(10).  
Milne (9) suggested that complex wave interaction in the flow behind leading shock wave is 
characterized by two sonic points; the first is a standard CJ point and the second is a sonic point with 
respect to sound velocity of solid particles. He showed that detonation velocity of heterogeneous 
mixture consisting of solid particles and NM is dependent on the sound velocity of solid particle. 
Milne (9) and Ripley et al. (10) showed that a steady zone exists in the flow behind leading shock 
wave which is much longer than the reaction zone of NM, and that the width of this steady state zone 
scales linearly with particle size.       
In the previous study (5), we measured detonation velocity and pressure of heterogeneous mixture 
consisting of a packed bed of Al or copper (Cu) particles saturated with NM. In this study, we 
performed the additional detonation velocity and pressure measurements of this heterogenous mixture. 
The effects of Al, Mg and Cu particle size on detonation velocity, critical charge diameter and 
detonation pressure of this heterogeneous mixture were presented. The experimental results were 
compared with the results of mesoscale simulation.      
 
3 EXPERIMENTAL 
 
Al particles of 8 different size, Mg particles of 4 different size and Cu particles of 3 different size were 
used in this series of experiments. Properties of heterogeneous mixture consisting of a packed bed of 
Al or Mg or Cu particles saturated with neat NM (NM/Al, NM/Mg and NM/Cu) were presented in 
Table 1. 
Fig. 1 shows experimental arrangement for detonation velocity measurements. Detonation velocity 
measurements were performed for sample mixtures contained in PVC tubes of different inner diameter 
13, 16, 20, 31 mm and 250mm in length. Detonation velocity was measured by 4 optical fiber probes 
placed at 50mm interval. First probe was placed at 90mm from booster explosive to assure steady 
detonation propagation. 
Fig. 2 shows experimental set-up for detonation pressure measurements. Detonation pressure was 
measured using PVDF pressure gauge. Sample mixture was contained in steel tube (38mm inner 
diameter, 49mm outer diameter and 140mm length) or PVC tube (31mm inner diameter, 38mm outer 
diameter and 150mm length), and placed on PMMA plate of 1mm thick. PVDF pressure gauge was 
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consisted of PVDF film of 10 μm thick and 5mm square, which was sandwiched with polyimide films 
together with the electrode made of copper foil. PVDF pressure gauge was placed on PMMA block of 
50mm thick an then covered and glued with PMMA plate of 1mm thick. The output of pressure gauge 
was recorded with a digital oscilloscope at sampling rate of 1ns. PVDF pressure gauge measured 
detonation pressure transmitted into PMMA plate and block. Detonation pressure was calculated using 
impedance match method. To confirm steady detonation propagation, detonation velocity was also 
measured by optical fiber probe in detonation pressure measurements. 
 
4 RESULTS AND DISCUSSION 
 
Variation of measured detonation velocity with reciprocal charge diameter is presented in Fig. 3 for 
NM/Al mixtures, and in Fig. 4 for NM/Mg and NM/Cu mixtures. The addition of solid particles 
reduces detonation velocity due to momentum and heat transfer to the particles as well as the 
important reduction of chemical energy in unit volume when solid particles are inert in reaction zone. 
Measured detonation velocity of all sample mixtures is lower than that of NM.  
For mixture Al-5 and Al-6, detonation velocity decreases linearly with the increase of reciprocal 
charge diameter, and critical diameter is estimated to be smaller than that of NM. In the case of 
mixture Al-3, Al-7 and Al-8, detonation failed at charge diameter 20mm. Detonation velocity of 
mixture Al-7 and Al-8 is 500~1000m/s lower than that of mixture Al-3, Al-5 and Al-6. For mixture 
Mg-1, Mg-2 and Cu-2, detonation velocity decreases linearly with the increase of reciprocal charge 
diameter. In the case of mixture Mg-1, detonation failed at charge diameter 13mm, and in the case of 
mixture Mg-2, Mg-3 and Cu-3, detonation failed at charge diameter 16mm. For mixture Mg-4 and Cu-
1, detonation failed even at charge diameter 31mm. 
Fig. 5 presents the relation between critical charge diameter and particle size. For NM/Al and NM/Cu 
mixtures, critical charge diameter shows U-shape function of particle size. However, critical charge 
diameter of NM/Mg mixtures increases with the increase of particle size. These results suggest that 
critical charge diameter of heterogeneous mixture consisting of a packed bed of metal particle 
saturated with NM depends on various factors such as size, density and shock impedance of metal 
particle.  
Detonation velocity of NM/Al and NM/Mg mixtures is about 2000m/s higher than that of NM/Cu 
mixtures, and detonation velocity of NM/Al, NM/Mg and NM/Cu mixtures is lower than shock 
velocity in Al particle (6400m/s at 14GPa), Mg particle (6000m/s at 12GPa) and Cu particle (4600m/s 
at 18GPa).The results of detonation velocity measurements suggest that shock velocity in solid particle 
plays a important role in determining detonation velocity. The results of mesoscale simulation (9) 
showed that NM is ignited by leading shock wave in metal particle, and that significant interplay 
exists between detonations in NM in interstitial pores and shock waves in metal particles. Shock wave 
in metal particle is accelerated by compression from converging part of NM detonation. Then the 
cycle repeats itself. This is the reason why detonation in NM/Al and NM/Mg mixtures propagates 
faster than detonation in NM/Cu mixtures.  
Detonation pressure was measured using PVDF pressure gauge for NM/Al, NM/Mg and NM/Cu 
mixtures as well as NM. Fig. 6 shows measured pressure-time profile of detonation in NM confined in 
PVC and steel tube. In the case of NM detonation, pressure profile in the reaction zone behind leading 
shock wave was not resolved because of very short reaction zone length of NM. The reaction zone 
length of NM detonation was measured by Sheffield et al. (12) using VISAR, and was estimated to be 
about 300μm (~50ns). Neumann spike pressure, abrupt change of pressure gradient at CJ point and 
following pressure decay in Taylor wave were measured. In the case of NM confined in PVC tube, 
abrupt pressure decrease in Taylor wave due to side rarefaction waves was observed about 4μs behind 
leading shock wave. However, in the case of NM confined in steel tube, pressure decrease due to side 
rarefaction waves was not observed during about 7μs behind leading shock wave. 
Fig. 7 presents measured pressure-time profile of detonation in NM/Al mixtures containing Al 
particles smaller than 30μm confined in steel tube. The measured pressure-time profile of NM/Al 
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mixtures depends strongly on Al particle size. In the case of mixture Al-1, pressure increase due to Al 
reaction is observed within 1μs behind leading shock wave. Contrary in the case of mixture Al-2, the 
extended reaction zone and following pressure decay in Taylor wave are observed, and then abrupt 
pressure increase due to Al reaction is observed at about 2.5 μs behind leading shock wave. For 
mixture Al-4, the length of the extended reaction zone is increased, and slight pressure increase due to 
Al reaction is observed at about 4μs behind leading shock wave. For Al-5 mixture, the extended 
reaction zone and following pressure decay in Taylor wave are observed, and pressure increase due to 
Al reaction is not observed. 
The results of mesoscale simulation (9,10) showed that a steady state zone exists in the flow behind 
leading shock wave which is much longer than reaction zone of NM, and that a centered expansion 
wave exists behind this steady state zone. The steady state zone is the results of significant interplay 
between detonations in NM in interstitial pores and shock waves in metal particles. It is considered 
that the observed extended reaction zone corresponds to the steady state zone demonstrated by 
mesoscale simulation. 
Fig. 8 shows measured pressure-time profile of detonation in NM/Mg mixtures confined in steel tube. 
In the case of mixture Mg-1, pressure increase due to Mg reaction is observed just behind leading 
shock wave. In the case of mixture Mg-2, the extended reaction zone and following pressure decay in 
Taylor wave are observed, and pressure increase due to Mg reaction is not observed. 
Fig. 9 shows measured pressure profile of detonation in NM/Al and NM/Cu mixtures containing Al 
and Cu particles of very large size. In these mixtures, pressure peak corresponding to Neumann spike 
is disappeared, and detonation pressure of these mixtures is very low comparing with that of mixtures 
containing small size particles. 
 
5 SUMMARY 
 
Detonation velocity of NM/Al, NM/Mg and NM/Cu mixtures was measured, and critical charge 
diameter of these mixtures was shown to be dependent on various factors such as particle size, density 
and shock impedance of metal particle. Detonation velocity of NM/Al and NM/Mg mixtures is about 
2000m/s higher than that of NM/Cu mixtures, which suggests that shock velocity in metal particle play 
a important role in determining detonation velocity. 
Detonation pressure of NM/Al, NM/Mg and NM/Cu mixtures were measured using PVDF pressure 
gauge. Measured pressure-time profile depends strongly on metal particle size. The observed extended 
reaction zone is considered to be the results of significant interplay between detonations in NM in 
interstitial pores and shock waves in metal particles, and qualitatively indicates the existence of a 
steady state zone in the flow behind leading shock wave which is shown by mesoscale simulation. 
Pressure increase due to Al and Mg reaction was observed behind leading shock wave for NM/Al and 
NM/Mg mixtures containing particles smaller than 14μm. The reaction of Al and Mg particle smaller 
than 14μm takes place within microseconds behind leading shock wave. 
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Table 1 Properties of sample explosive mixtures. 
Sample 

Explosive 
Mixture 

Mean Daimeter 
of Solid Particle 
(μm) 

Mixture 
Density 
(g/m3) 

Mass Fraction of 
Solid Particle (%) 

Volume Fraction 
of Solid Particle 
(%) 

Al-1 3 1.72 57 35 
Al-2 5 1.76 60 38 
Al-3 8 1.86 68 46 
Al-4 14 2.00 73 53 
Al-5 30 2.04 75 55 
Al-6 108 1.97 72 51 
Al-7 300 1.83 64 42 
Al-8 430 1.86 66 44 
Mg-1 9 1.42 57 46 
Mg-2 65 1.50 70 60 
Mg-3 110 1.49 68 58 
Mg-4 290 1.48 67 57 
Cu-1 30 5.44 91 57 
Cu-2 95 5.49 92 59 
Cu-3 560 5.49 92 59 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1 Experimental arrangements for detonation velocity measurements. 
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Fig.2 Exprimental arrangements for detonation pressure measurements. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3 Relation between datonation velocity and reciprocal of charge diameter 
 for NM/Al mixtures. 
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Fig.4 Relation between detonation velocity and reciprocal of charge diameter 
                       for NM/Mg and NM/Cu mixtures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.5 Relation between critical charge diameter and particle diameter. 
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Fig.6 Pressure-time profiles of detonation in NM. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.7 Pressure-time profiles of detonation in NM/Al mixtures. 
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Fig.8 Pressure-time profiles of detonation in NM/Mg mixtures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.9 Pressure-time profiles of detonation in NM/Al and NM/Cu mixtures. 
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1 ABSTRACT 
 
The aim of this study is related to the improvement of the knowledge about 
manufacturing processes of nanomaterials by studying their mechanical behaviour 
under uniaxial compression tests. First, the analysis of nanomaterials compression 
curves show that mixture laws based on Sonnergaard models can be used in order to 
predict their behaviour under pressure. Then, the comparison between nanomaterials 
and classical materials compression curves shows that no fragmentation stage appears 
in the case of nanomaterials. This phenomenon is underlined by the application of quasi-
chemical model to nanomaterials compression curves.  
 
 
 
 
 
Contact : p.lamy@nexter-group.fr 
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2 INTRODUCTION 
 
The powder compaction process plays an important role in the manufacture of a large variety of 
products in different kinds of industries. It has been thoroughly studied. The interest in porosity-
pressure relationships comes from the practical problem of being able to predict the pressures required 
for achieving a certain density.  
 
Nanomaterials exhibit unique electronic, optical, magnetic and mechanical properties, opening up a 
range of new applications [ 1 ][ 2 ]. The mechanical behaviour of nanomaterials is of special interest. 
Indeed, the integration of nanomaterials on specific products often requires a densification stage and 
the easiest way to achieve densification is uniaxial compression process.  
 
Several attempts have been made to fit experimental results from powder deformation under load 
thanks to a universal mathematical model. A large number of empirical models have been developed ( 
Kawakita, Heckel, Sonnergaard…) and are based on the compact relative density under pressure [ 3 ] [ 
4 ][ 5 ][ 6 ][ 7 ][ 8 ]. Even if these relations were only phenomenological ones, they have allowed the 
determination of mixture laws [ 9 ]. A new model has been developed based on physical assumptions 
and chemical models [ 10 ]. This model, named quasi-chemical model, allows to take into account the 
physical four steps of the compression process to describe the evolution of the porosity of the powder 
under pressure. 
The purpose of this paper is the study of the application of mixture laws and quasi-chemical model to 
materials made of nanometer-sized particles. The aim is to dispose of a set of analytical tools that can 
make us able to predict the behaviour of nanomaterials under uniaxial compression. 
 
 
3 MATERIALS AND METHOD 
 
3.1 RAW MATERIALS 
 
Eight compounds were studied, both in nanometer-scale and micrometer-scale : zinc oxide, copper 
oxide, titanium oxide, iron oxide, aluminium, tungsten, brass and carbon (graphite and multi-wall 
carbon nanotubes). The compounds tested are listed in table 1. 
 

table 1 : compounds tested 

product origin reference identifier 
Spex  batch 02811 ZnO µ 

Zinc oxide 
Nanophase ZN 1701-000-025 ZnO n 
Prolabo NP batch 82350 CuO µ 

Copper oxide 
Nanophase B1 90825 CuO n 

Spex batch 03701 Fe2O3 µ 
Iron oxide 

Nanophase FE 0800-007-025 Fe2O3 n 
UCB batch 6660799/1 TiO2 µ 

Titanium oxide 
Nanophase T 905 11-3 TiO2 n 

Ecka RE 0001 Al µ 
Aluminium 

Argonide Alex Al n 
Eurotungstene AW 24 1137 W µ 

Tungsten 
Argonide - W n 

Ecka 25 GT 100 TV L µ 
Brass 

Argonide - L n 
Carbon graphite SEA batch 7654 C µ 

Carbon nanotubes made for the experiment CRMD - 02 C n 
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3.2 METHOD 
 
Each powder was characterised for : 

• the compressibility : evolution of the powder porosity versus pressure, pellet 
mechanical properties. 

• the cohesion : resistance of the pellet to compression. 
 
Compression was performed with an Instron analyser, instrumented with a strain gauge. A flat 
cylindrical punch of 13 mm diameter was used. The deformation speed was 0.5mm/min. The analysis 
was performed using the same weight for each compound (1±0.002 g) and the same consolidation 
force (9000N). The reproducibility of measurement was validated by testing five samples of each 
compound. The tolerance threshold for acceptability was fixed at ±10%. The analyser produces two 
outputs. First, it gives the applied force versus the punch displacement during compression. Therefore, 
it’s possible to follow the evolution of the compact porosity versus the applied pressure. Secondly, it 
allows to determine the tensile strength of the pellet by diametric crushing test. The tensile strength is 
used to calculate the cohesion index IC and the breaking resistance Rr that characterise the pellets [ 
12 ][ 13 ]. The cohesion index IC and the breaking resistance Rr are defined by equations 1 and 2 : 
 

510⋅=
c
r

F
FIC  (1) 

re
FR rr π=       (Pa) (2) 

 
with Fr the crushing force (N), Fc the compression force (N), r the pellet radius (m) and e the pellet 
thickness (m). 
 
 
4 MATERIALS STUDIED CHARACTERISATION 
 
4.1 COMPRESSIBILITY 
 
The different pairs exhibit three different behaviours. We can call them the oxide type, the first metal 
type and the second metal type because the material nature seems to govern the observed behaviour. P 
represents the applied pressure and n the relative porosity of the powder bed in dye. 
Figure 1 shows the relative porosity evolution followed by all the oxide powders studied. There is an 
intersection between the compression curves of the micrometer-scale material and the nanometer-scale 
one. 
 

 
Figure 1 : example of oxide type behaviour 

In the case of aluminium, brass, graphite and carbon nanotubes, the nanomaterials always have the 
highest porosity for a given pressure. So the pellets made of nanomaterials are more porous whatever 
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the compression applied pressure. Figure 2 gives the example of aluminium compression curves, 
called the first metal type behaviour. 
 

 
Figure 2 : example of first metal type behaviour 

 
The behaviour of the tungsten is different from the other metal powders studied. In this case, the nano-
tungsten gives the less porous pellets even if the initial relative porosities of the two different powders 
are very closed. 
 

 
Figure 3 : the specific tungsten behaviour 

 
 
4.2 COHESION 
 
It is interesting to notice that cohesion index and breaking resistance values don’t follow very well 
follow the previous classification. Indeed, if the mechanical properties evolution is the same for the 
oxides, irregularities appear for metals. The results are recorded in table 2.  
 

table 2 : mechanical properties of pellets 

product IC Rr (MPa) 
ZnO µ 20 0.02 
ZnO n 174 0.56 
CuO µ 123 0.19 
CuO n 288 0.63 

Fe2O3 µ 44 0.05 
Fe2O3 n 312 0.61 
TiO2 µ 0 0 
TiO2 n 318 0.51 
Al µ 3265 3.26 
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Al n 1358 1.12 
W µ 162 0.34 
W n 97 0.33 
L µ 137 0.30 
L n 676 1.60 
C µ 97 0.057 
C n 563 0.44 

 
The use of nano-oxides gives stronger pellets for all the oxides studied. But the values observed for 
metals and carbon are quite difficult to understand. For aluminium and tungsten, the stronger pellets 
obtained are made of micro-materials. But for brass and carbon, it’s the nanopowder that gives the 
stronger pellets. 
 
 
5 DISCUSSION ON THE MECHANICAL BEHAVIOUR OF MICROMETER-

SCALE AND NANOMETER-SCALE MATERIALS 
 
It is generally admitted that uniaxial compression process of a granular medium follows four main 
steps [ 14 ]. 
The first step is a granular reorganisation one. The packing of the powder and thus the decrease of the 
occupied volume is simply due to the particles sliding. The displacements are relatively important for 
a low increase of the applied pressure. 
The second step occurs when the particles could not move independently. The powder bed cannot 
decrease the occupied volume without any particles deformation. Some particles crack. 
After the fragmentation, the particle size distribution is different from the initial one. The number of 
fine particles has increased and the occluded air that comes from the breaking particles closed porosity 
has been released. A second reorganisation stage occurs (the third step). 
The fourth step of the compression process occurs at high pressure. The particles deform plastically 
and create interparticular bonds. The compact is created and develops from the particle deformation. 
A model, based on the consideration of these four steps, has been found in order to simulate the 
powder compression[ 10 ].  
Based on quasi-chemical treatments, this model exhibits three parameters that represents the different 
stages of the compression process (Eq. 4) :  

- kF, that represents the fragmentation stage,  
- kCN that represents plastic deformation and  
- ψ that represents the reorganisation stages. 
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The application of this model to the materials studied allows the determination of kF values. The 
values found are given in table 3. 
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table 3 : fragmentation factors values 

Product kF (MPa-1) 
ZnO µ 1.105 
ZnO n 0.039 
CuO µ 0.116 
CuO n 0.035 

Fe2O3 µ 0.442 
Fe2O3 n 0.036 
TiO2 µ 0.383 
TiO2 n 0.043 
Al µ 0.007 
Al n 0.020 
W µ 0.065 
W n 0.067 
L µ 0.074 
L n 0.014 
C µ 0.388 
C n 0.050 

 
We can notice that the nanomaterials have the lowest kF values except for aluminium and tungsten. 
For tungsten, the two values are very closed so it’s difficult to compare the nanometer-scale and the 
micrometer-scale materials. For aluminium, the micrometer-sized particles are very strong so they 
don’t break easily. And the nanometer-sized particles are largely aggregated so the kF value doesn’t 
represent the break of the particles but the break of the aggregates. For all the other materials, the kF 
values allow to understand the mechanical properties of the powder and the pellets. The fragmentation 
stage is very short or doesn’t happen, so there is only one reorganisation stage. Combined with the 
spherical shape of the nanometer-sized particles, the reorganisation is longer and better : a large part of 
the volume reduction is made during this stage. The contact surfaces are greatly increased at the end of 
the reorganisation stage so numerous bondings can be created. This fact explains that the 
nanomaterials give the strongest pellets. 
 
Nanomaterials are composed of nanometer-scale grains divided by interfaces (grain boundaries). Each 
grain is intermediate in size between individual atoms and conventional microstructures, leading to 
distinct properties. In addition, each grain is so small that a large fraction of its atoms are located at the 
interfaces. These combined nanometer-scale and interface effects are responsible for the unique 
properties of nanomaterials and give rise to their local deformation. 
 
 
6 CONCLUSION 
 
This study is a first step in the understanding of the specific properties and behaviours of 
nanomaterials. The compression process of such materials can be used in order to make pellets of 
greater mechanical resistance with a high final relative porosity. This porosity is supposed to improve 
the reaction rate of pyrotechnics. So the possibility to increase the breaking resistance and the final 
relative porosity of pyrotechnic pellets by using nanomaterials let us hope of the promise of 
nanomaterials to go beyond the traditional boundaries. 
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ABSTRACT 
 
A combined experimental and numerical study was carried out to understand why 
some linear cutting charges had failed qualifying tests for space applications. 
Instrumented tests featuring flash X-Rays revealed an anomaly of curvature for the jets 
produced by the suspicious specimens. Finally, two parallels cutting lines are 
successively generated into a soft target. 
By means of fine Euler numerical simulations, the results of a calibrated defect were 
examined. The computations have shown that a 1/10th-mm misalignment of the 
explosive charge with the liner is enough to disturb in a significant way the shaping of 
the jet. With regard to the stand-off, several cutting lines can be achieved into the 
target. We carefully do not claim to have identified the imperfection responsible for the 
anomalies observed during experiments. 

 
 
 

INTRODUCTION 
 

Europe's heavy-lift launcher Ariane 5 is fitted with linear cutting charge (LCC) to neutralize its solid 
booster stages. In a near past, some devices have failed the qualifying tests. Two shallow cutting lines 
were observed into a witness aluminium plate. 
The study combined instrumented experiments and fine numerical simulations to try to understand and 
explain the anomalies.  

 
INSTRUMENTED TESTS 
 
The experimental set-up is shown on Figure 1. The diagnostics were based upon X-Ray pictures taken 
from a 750 kV generator delivering flashes with about 20 nanoseconds duration. The LCC has a 
section of 17x17 mm². The linear explosive loading is 46 g/m for a linear mass of lead of 1286 g/m.  
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Two series of X-Ray pictures are taken: 
 

− side pictures to evaluate the tip velocity of the jet and to get an idea about its 
fragmentation, 

− front pictures to discern the possible anomalies of the jet. 
 

The witness target was located at a stand-off distance of 100 mm for side X-Ray configuration. The tip 
velocity V is given by the Taylor relationship [1]: 

2
sin2 αDV =  

where D is the experimental detonation velocity of the explosive (mean value of 7780  m/s, standard 
deviation of 70 m/s) and α is the angle of acceleration, measured from double exposure X-Ray 
pictures (e.g. Figure 2). Tip velocities between 2300 m/s and 2400 m/s were obtained. 

 
Figure 3 shows that front X-Rays pictures taken too early did not help for a clear discrimination 
between a standard specimen, which would produce a single cutting line, and a suspicious one, which 
would lead to a double cutting line. Therefore, the trigger had to be delayed. Consequently the witness 
target had to be removed up to a stand-off distance of about 350 mm. Under such conditions, X-rays 
revealed a sharp curvature of the jet formed from a suspicious batch (see Figure 4). Thus the double 
cutting line on the target is not the consequence of a forked jet but rather these of a non straight jet: the 
front part makes a first channel and the middle part which is misaligned creates a second parallel 
channel. 
Figure 5 exhibits the cutting line(s) produced into the witness block of aluminum alloy. The standard 
specimens generate a single channel. A double channel is observed with each specimen of the 
defective device. The distance between the two lines increases with the stand-off (SO), from 7 mm at 
SO=100 mm to 25 mm at SO=350 mm.  
 
NUMERICAL SIMULATIONS 
 
2D planar numerical simulations using the Euler module of the OTI*HULL software [2] were carried 
out. They were exploratory calculations on the effects of a calibrated geometrical default upon the 
functioning of the LCC. A much finer meshing is allowed since only a section of the LCC is modelled 
but the longitudinal component of the jet velocity is not rendered.  
 
The entire section of the explosive is simultaneously lightened. The detonation products are described 
using a Jones-Wilkins-Lee (JWL) equation of state (see coefficients in Table 1).  
Both the liner and the target are modelled using an elastic-plastic constitutive law based on the 
von Mises yield criterion and a Mie-Gruneisen form of equation of state (see coefficients in Table 2). 

 
The aluminium witness plate, width 120 mm x thickness 30 mm, is located at various stand-off 
distances from SO = 0 to SO= 60 mm. The area of most interest is meshed using regular cells of size 
0.05x0.05 mm2 (400 cells per mm²). The mesh is then gradually coarsened away from this zone. 
Depending on the stand-off distance considered, the mesh size varies from 440,000 cells to more than 
740,000 cells. It is noteworthy that a 3D mesh with the same grid density would involve more than 
1,000,000,000 cells. Particles (immaterial tracers) were inserted in a part of the liner to follow the 
material flow during the shaping of the jet. This part corresponds to a linear mass of lead of about 
65 g/m. 
 
The default consisted in a misalignment of the explosive charge with the liner: the explosive part was 
moved from 0.1mm "to the left" referring Figure 6 lay-out. 
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Figure 6 compares the first 20 microseconds of the jet formation. For rigorous comparison, the 
reference LCC was modelled without any symmetry plane. 5 µs after the ignition of the explosive, the 
jet is deflected in the direction of the default. At 20 µs, the differences are impressive: the defective 
LCC forms a main jet with an estimated length of 14 mm, and shifted by 2 to 3 mm "to the left". The 
rear part generates a second distinct jet, shifted by 1 mm "to the right". 
 
At this stage, we carefully do not claim to have identified the imperfection responsible for the 
anomalies observed during experiments. But the calculations have shown that a 1/10th-mm 
misalignment was enough to perturb in a significant way the shaping of the jet.  
 
In terms of performance into the soft target, the differences are displayed by Figures 7 and 8. At zero 
stand-off, the difference is under 20 %: the standard jet penetrates 17 mm while the defective jet 
penetrates 14 mm; the bottom of the crater is then shifted by 2.5 mm. As the stand-off is not enough, 
the interaction with the target occurs too early compared to the stretching of the jet. At stand-off of 
60 mm, the effects are more significant: the target is perforated by the standard jet while the defective 
jet penetrates 13 mm. This channel is shifted by 5 mm. Secondary shifted 1-mm deep "channels" are 
also generated. The width of the main channel decreases with increasing stand-off: 1 mm at the bottom 
(more than 3 mm at mid-depth) when SO=0mm, 0.6 mm when SO=30mm, and 0.3 mm when 
SO=60mm. 

 
CONCLUSIONS 
 
A combined experimental and numerical study was carried out to understand why some linear cutting 
charges had failed qualifying tests for space applications. 
 
Instrumented tests with flash X-Rays revealed jets with an anomaly of curvature. Finally, two parallels 
cutting lines were successively generated into a witness target. 
 
By means of fine 2D planar Euler numerical simulations, the effects of a misalignment of the 
explosive charge with the liner were examined. The calculations have shown that a 1/10th-mm 
misalignment is enough to disturb in a significant way the shaping of the jet. With regard to the stand-
off, several channels can be achieved into a thick block of light alloy. Nevertheless, we carefully do 
not claim to have identified the imperfection responsible for the anomalies observed during 
experiments.  
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Figure 1. Overview of the experimental set-up for side pictures (top left) and front pictures (top right) - Instantaneous 
electrical detonator (bottom left) and cross section of the LCC (bottom right) 

 
 
 
 
 

 
 

Figure 2. Example of side double exposure X-Ray picture 
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Figure 3. Front X-Ray pictures taken too early do not allow clear diagnosing between a standard specimen (left) and a 
substandard specimen (right) 

 
 

 
Figure 4. Front X-Rays show suitable jets (left & middle) and a poor jet from a suspicious batch (right)  
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Figure 5. Performance into a 30-mm aluminium plate  

Standard batch generates a single cutting line @ 100 mm (above left) and 350 mm (above right)  
Defective batch generates a double channel @ 100 mm (bottom left) and 350 mm (bottom right) 

 
 
 

 

ρ0 
(g/cm3) 

JWL Coefficients  
E0 

(GPa cm3 / cm3) A 
(GPa) 

B 
(GPa) R1 R2 ω 

1.50 591.20 8.67 4.6 1.2 0.35 8.00 
 

Table 1. Modelling of the explosive 
 

 
 

Material ρ0 
(g/cm3) ν Y 

(MPa) γ0 

Us = C0 + S Up 

C0 (m/s) S 

Lead 11.34 0.30 30 2.00 2092 1.452 

Aluminium 2.71 0.33 290 2.10 5380 1.337 
 

Table 2. Modelling of the inert materials 
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Figure 6. Shaping of the jet: standard LCC (left) and defective LCC (right) @ 0-5-7.5-10-20 µs 
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Figure 7. Predicted performance into a 30-mm aluminium plate @ 0 mm 
 
 
 

 
 

Figure 8. Predicted performance into a 30-mm aluminium plate @ 60 mm 
 
 

 

Standard LCC Defective LCC 

Standard LCC Defective LCC 



EXPERIMENTAL INVESTIGATION AND MODELLING OF FIRE EXPOSURE OF A 
STEEL TANK STRUCTURE 

EXPERIMENTAL INVESTIGATION AND 
MODELLING OF FIRE EXPOSURE OF A STEEL 

TANK STRUCTURE 
 

Saulnier Frédéric, Lamy-Bracq Peggy 

Nexter Munitions, Bourges, France 
 
 
 
 

1. ABSTRACT 
 
This paper presents experimental works on the applied research project called 
FREDRIC (Feux Réels et Effets Dominos sur les Réservoirs Industriels et les 
Canalisations). This project is in relation to industrial hazards and insensitives 
ammunitions. Fires often lead to disastrous consequences in both civil and military 
fields. We briefly overview the legal field. An outdoor experimental system is developed 
to evaluate the thermal impact of a fire on a steel tank structure. This system is build by 
analogy with the rapid heating test used to evaluate insensitive explosives (MURAT, 
LOVA). The tank use is the same designed for the rapid heating test of explosives. The 
heat flux source is a pool fire with diesel or kerosene. In order to acquire a large amount 
of informations on a few number of experiments (to minimize destruction), we make 
grow gradually the level of the thermal impact. Furthermore, thermographic, heat flux 
and video measurements were used and analysed. The wall of our model exposed to a 
kerosene or a diesel pool fire during 20 to 25 min shows an increase of 90 °C at the rate 
of 3 to 4 °C/min. When flames begin to impinge the tank, rates reach 10 to 16 °C/min 
and temperature rises to 300°C in less than 20 min. When model is engulfed in the pool 
fire, rate goes up until 100 °C/min; 200°C are reached in 2 to 3 min. Comparisons of 
experiments with modelisation and numerical simulation will be done. It is the way to a 
better understanding of heat transfer on ammunitions thus toward improvements of 
thermal protection. 
 
Keywords: industrial hazards, insensitive ammunitions, dominoes effects, pool fire, 
tank, thermal impact, experimental system, measurement, temperature, heat flux, 
modelisation, numerical simulation. 
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2. INTRODUCTION 
 
When industrial facilities are exposed to fire, some secondary evenements can occur. They are called 
dominos effects like B.L.E.V.E. (Boiling Liquid Expanding Vapour Explosion) or Boil-Over with 
disastrous consequences which lead to major accidents. The effects occure both inside and outside the 
industrial site. Since 1992, census and analysis of technological accidents are organized by the Bureau 
d'Analyse des Risques et des Pollutions Industrielles (B.A.R.P.I.) within the Ministère de l’Ecologie et 
du Développement Durable (MEDD). For all activities, 28505 accidents were listed within the period 
before the 1st January 2005, of which 23193 in France. Fires represent an important part. Several laws 
define effects thresholds on structures by taking into account missile effects (or projections), 
overpressure effects and thermal effects. For our work, we considered only thermal effects. Figure 1 
shows an actual knowledge synthesis of thermal effects thresholds, on structures and persons. Unit for 
these thresholds is heat flow and it's not easy to know the temperature reached for a known time of 
exposition of the structure. 

 
Figure 1 : Thermal effects thresholds 

 
This paper presents experimental works on the applied research project called FREDRIC (Feux Réels 
et Effets Dominos sur les Réservoirs Industriels et les Canalisations). This project relates to industrial 
hazards and insensitives ammunitions. FREDRIC is cofinanced by Conseil Général du Cher, F.S.E. 
(Fonds Social Européen) and FRED funds (Fonds de REstructuration de la Défense). The INERIS 
(Institut National de l’Environnement Industriel et des RISques) and Nexter Munitions work together 
on this project coordinated by C.N.R.I. (Centre National des Risques Industriels). The INERIS works 
on canalisations part. Nexter Munitions works on tanks part with additionnal part of pyrotechnic 
hazards which can be induced by thermal effects and that can significantly increase fire effects. The 
purpose of this work is to develop an experimental strategy that allow evaluation of the thermal impact 
on a tank target exposed to a pool fire. Works were performed at the Département Matériaux 
Energétiques (DME) in Nexter Munitions on the site of Bourges. This department is expert on 
energetic materials (combustion, explosion, industrial process …). These works match up with 
investigations on ammunitions security domain (MUnitions à Risques Atténués (MURAT)). 
 
3. OUTDOOR EXPERIMENTAL SYSTEM 
 
3.1. GENERALITIES 
In order to study thermal impact, the system was built by analogy with the rapid heating test used to 
evaluate insensitives explosives (norme NF T 70-513 d’octobre 2004 : « Matériaux énergétiques de 
défense – Sécurité, vulnérabilité – Incendie de kérosène » [ 1 ]). A normalized steel tank (maquette 
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GEMO 3 litres, Norme AFNOR NF T 70 522 [ 2 ]) filled with energetic material is exposed to a 
kerosene pool fire. Figure 2 shows the steel tank. 

   
 

Figure 2 : Steel tank structure (maquette GEMO 3L) 
 
The "maquette GEMO 3L" is a cylindrical body with a welding bottom and a screwed top. The test 
described in "norme NF T 70-513" is used for insensitives explosives homologation "(Munitions à 
Risques Atténués (label MURAT))". In this test, the tank, filled with energetic material (explosive), is 
just placed above the pool fire which occur in a tub. The tank is engulfed in flames. The time before 
reaction is measured and the kind of reaction is determined by the examination of the tank after the 
fire. There is only indicative temperature measurement close to the object itself.  
The system we made allows the progressive exposition of the tank to the pool fire : the tank is hanging 
near the fire, in the horizontal plan, at decreasing distances. This device represents a real size test for 
ammunition and small scale reproduction of fire which can occur in a refinery or bulk plant. 
Instrumentation of the tank could be attached to other tank structures. Heat flow source chosen is 
therefore a pool fire. It is a frequent agression in all industries. Combustibles used for tests are 
kerosene and diesel. 
 
3.2. DEVELOPMENT 
 
3.2.1. sizing of source : pool fire 
 
We look for a fire with a maximal lenght of time of 30 min supplying a significant heat flow, which 
can be built in an test area around 20 m X 20 m. A lot of experimental works [ 3 ] have allowed the 
construction of empirical models used for sizing a simulated fire for testings. Even if pool fire is 
governed by natural convection, it is radiant heating which's used for the determination of thermal 
effects distances, as well for man as structures (see above effects thresholds) because, it is the special 
heat transfer mode in the horizontal plan. The chosen model is the solid flame model : flame can be 
seen like a uniform radiant cylinder. The radiant heat flow density φ received by an outside element 
is : 

0. . .F τ αΦ = Φ  (Eq. 1) 
φ0 is the emissive power of flame (kW/m²), F, the view factor between outside element and flame, τ, 
the atmospheric attenuation factor and α the absorptivity of the outside element. In a first view, we 
consider α and τ = 1. 
Geometry of flame must be determined for calculation of view factor F and emissive power of flame 
φ0. 
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Geometry is summed up in base and height of flame. The question of base surface introduce the 
equivalent diameter notion which, for a rectangular bowl with lenght L and width l, is equal to : 

4.eq
SD
P

=  (for L / l ≤ 2)  (Eq. 2) 

S is the surface of bowl (m²) and P, the perimeter (m). Our bowl measure 1,22 m X 0,83 m. Therefore, 
equivalent diameter is around 1 m. 
Height of flame is estimated with correlations from litterature [ 3 ]. They use the combustion rate, 
m’’,which represent the consumption rate of combustible by unit of time and surface. m'' depends on 
the combustible physical properties, but also of pool diameter and oxygene alimentation of the fire. 
m’’ was found to tend [ 3 ] toward a constant value for big fire diameters and is estimated with 
equation 3 : 

( )('' '' . 1 exp . eqm m k Dβ∞= − − )   (Eq. 3) 

m’’∞ is the combustion rate for an infinite surface (kg/m².s) and kβ the pool extinction coefficient (m-

1). Used values of m’’∞ and kβ for our estimations come from references [ 3 ] et [ 4 ]. Mean densities 
of kerosene and diesel comes from reference [ 5 ]. They are respectively 808 and 840 kg/m3. Bowl 
surface S is around 1 m². 
Among a lot of existing empirical correlations to estimate height of flames, the Heskestad correlation 
seems to be the best for our case. Its validity domain is important [ 3 ] as well in term of products as in 
kind of fire. Heskestad proposed a simplified formula for well-known combustibles under classical 
atmospheric conditions. 

2
5

1,02 0, 235.
eq eq

QH
D D

= − +

o

 et . ''. .comb cQ m Sη H= Δ
o

  (Eq. 4) et (Eq. 5) 

Q
o

 is the power released by combustion (kW), ηcomb, the combustion efficiency and ΔHc the heat of 
combustion (kJ/kg). Combustion efficiency is supposed to be 70%. Used values of heats of 
combustion of kerosene and diesel comes from reference [ 5 ]. They are respectively 43500 and 42600 
kJ/kg. 
Emissive power of flame φ0 (kW/m²) represents the quantity of radiant heat by unit of surface and 
time. 

0
. . ". .. r comb cr

f f

m S HQ
S S

η ηη Δ
Φ = =

o

  (Eq. 6) 

ηr is the radiative fraction which represents the heat losses with convection and screen effect. Its value 
is found in litterature [ 3 ] and is, in our case, 0,5. Sf is the flame surface (m²). It can be known with 
calculated flame height and consideration of an half cylinder with a diameter equal to equivalent 
diameter of the fire. 

2
eq

f f
D

S π= ⋅ ⋅H   (Eq. 7) 

The time which the fire occurs can be calculated with :  

''.
Mt

m S
=   (Eq. 8) 

where t is the estimated lenght of time of the fire (s), M the total weight of combustible (kg), m’’ the 
combustion rate previously estimated (kg/m².s) and S the surface of combustible (m²). 
Our different choices lead to the following results (Table 1) : 
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Table 1 : Sizing of the pool fire 

 
 
 Kerosene Gazole

m’’∝ (kg/m².s) 0.039 0.062 
kβ (m-1) 3.5 0.63 

m’’ (kg/m².s) 0.038 0.029 
Height of flame Hf (m) 2.5 2.5 
Surface of flame Sf (m²) 3.9 3.9 
Power released Q (kW) 863 876 

Emissive power φ0 (kW/m²) 111 113 
Emissive power ϕ0 (kW/m²)* 32 33 

Estimated lenght of time for 20l (min) 7 10 
Estimated lenght of time for 40l (min) 14 19 
Estimated lenght of time for 60l (min) 21 29 

* : with taking account of view factor at 1 m= 0,291 [ 3 ] 
 
3.2.2. source instrumentation 
 
For the radiant heat flow, we wanted to measure radiant heat flow around the fire but also near the 
tank in regard to the thresholds presented in introduction. We choose gradient heat flow sensors. They 
are convenient for radiant heat flux measurements. We used Medtherm heat flux sensors. The 
transducers serie is 64 with as well Gardon type sensors (only one thermocouple) as Schmidt-Boelter 
type sensors (thermopile). References of used heat flow sensors for this paper are : 

• 64-10-16, 
• 64-2-20, 
• 64-5SB-19/SW-2C-150, 
• 64-1SB-19/SW-2C-150. 

Heat flow is measured during all the long of fire 
 
Concerning flame heights video were made during the tests. A post treatment of the films with the 
software Aviméca (video pointer) allowed the evaluation of flames height. 
 
3.2.3. targets instrumentation 
 
Several GEMO targets were instrumented with thermocouples as well on surface as in the matter. The 
tanks are empty and we tested different implantations of the thermocouples :  

1. on the internal surface of the tank body (see Figure 3 on the left) with thermocouples made of a 
little copper disc (diameter 5 mm and thickness 1 mm) on which is realized the bead, 

2. in the matter, at different depths (see Figure 3 on the right) (lined thermocouples (diameter 0,5 
mm and lenght 50 mm)), in the body or the screwed top to attempt an extrapolation of the 
external surface temperature. 
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Figure 3 : Thermocouples arrangements on "maquette" 
 
3.3. TESTS – FIRE EXPOSURES 
 
Instrumented objects are exposed to fire. Around 20 tests were realized over different campaigns. 
Most of them (15) with internal surface measurements. In order to obtain a large amount of 
informations without too much destruction, we controlled the growth of thermal impact. Unlike the 
test from the norme AFNOR NF T 70-513 where the object is directly engulfed in flames, and so, 
exposed to a high heat flow, we put the tank at decreasing distances from the source, for, in the end 
place it directly in flames. With this method we have obtained several point of view between source 
and target closer to industrial situations.  
Figure 4 show two kinds of exposure : On the left, horizontal plan exposure (we began at 3 m to finish 
at 1 m from flame front) and on the right, above fire exposure (we began at 3 m to finish in the fire). 
 

    

Tank

 
Figure 4 : Fire exposures 

 
4. RESULTS – DISCUSSION 
 
4.1. HEAT FLOW 
 



EXPERIMENTAL INVESTIGATION AND MODELLING OF FIRE EXPOSURE OF A 
STEEL TANK STRUCTURE 

As heat flow is continuously measured during all tests, obtained curves show a heat flow level which 
lead to know the real lenght of time of the fire versus used volumes of combustibles. We can see that 
used sizing models validity (see 2.2.1) is good. For all tests, the retain value of heat flow is a mean 
level. Heat flow levels are weaker than calculated ones, but they are enough to have significant 
thermal impact (see thermal effects thresholds in Figure 1). Figure 5 sums up heat flow measurements 
at different distances from the fire. The red line at 8 kW/m² indicates the dominoes effects heat flow 
level (29/09/05 french law). We note that kerosene and diesel show near the same heat flow as models 
predictions. Mean standard deviations at 2 m are 2 kW/m² and 5 kW/m² at 1 m. 

 
Figure 5 : Heat flow measurements 

 
4.2. HEIGHT OF FLAME 
 
Table 2 summarize height of flame measurements by video pointering. Choosen Heskestad model [ 3 ] 
is valid. 

Table 2 : Height of flames 
 

 Kerosene Gazole 
Treated images 25640 9490 

Mean height (m) 2.1 2.5 
Standard deviation (m) 0.4 0.4 

Estimated height (Heskestad) (m) 2.5 2.5 
 
4.3. TEMPERATURE 
 
4.3.1. surface 
 
Measurements on internal surface and with horizontal plan exposure (on the left  
Figure 4) provided temperature curves versus time (see Figure 6 where t scale is 103s). On the left part 
of the figure is an elevation view of the tank steel in horizontal plan exposure to the heat flow coming 
from the fire. We can see the different internal surface thermocouples (T4, T5 and T6 : perpendicular 
to heat flow, T1, T2 and T3 : - 90°, T7, T8 and T9 : + 90). T4, T5 and T6 show a more important 
increase than the others. Decreases are related to the end of the fire and so to the heat flow. 
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T4 T5 T6 

T1 T2 T3 
T7 T8 T9 

Figure 6 : Températures en surface 
 
Of course, the temperature rate increases when distance decreases and the tests at 1 m are the most 
interesting. The temperature of tank internal wall exposed to a kerosene pool fire located at 1 m during 
22 min with a 18 kW/m² heat flow increase of 80 °C with a rate of 3 à 4 °C/min. Moreover, when the 
tank is partially engulfed by the fire because of the wind, we reach rates of 10 à 16 °C/min and 
temperature increases to around 300 °C in less than 20 min. At the moment, only one test was 
conducted with total engulfing of the tank (on the right,  
Figure 4). This one lead to the destruction of the instrumented tank (maquette GEMO). Temperature 
rate reaches 100 °C/min and temperature grows until more than 200 °C in 2 - 3 min. 
 
4.3.2. in the matter 
 
Measurements in the matter at different depths can be used to determine external surface temperature. 
It's not our purpose to explain the method used here. It's an inverse method coming from reference [ 6 
]. Figure 7 is one application. Temperature deviation between hole n°1 and hole n°2 (see Figure 3) is 
around 8°C. These are encouraging results. 
 

 
Figure 7 : Extrapolated surface temperature 
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5. CONCLUSION 
 
First of all, we must note that used models for sizing fire are relevant for lenght of time and height of 
flames. However, measured heat flows are weaker than calculated heat flows. But we must not forget 
that we used approximated parameters like atmospheric transmission or screen effects. This fact can 
explain observed differences. Nevertheless, reached heat flow levels were sufficients for our 
experiments. 
Then, outdoor experimental system build for thermal impact evaluation of fire on a steel tank allowed 
the acquisition of searched time/temperature datas. For example, when our target is exposed during 
around 20 min under a 18 kW/m² heat flow (far upper of the 8 kW/m² dominoes effects threshold), 
temperature is far from reaching 427 °C, the critical temperature well-known as the temperature where 
steel elasticity limit is divided by 2 and where steel breaking hazard is greater. These elements come to 
complete heat flow thresholds defined in texts. However, scale effects must be studied. 
Measurements are going to be compared with modelisation and then with numerical simulations to 
study the efficiency of different thermal protections. Thermomechanical approach would be interesting 
for a better understanding of B.L.E.V.E. phenomenology. 
Our tests go on with different fillings up of the tank like solid or liquid materials. 
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ABSTRACT 
 

Optimization of process parameters and composition of HTPB propellant was 

performed in order to get good mechanical properties at zero time and after 

accelerated aging.  

 At the first stage, 12 Batches of 5 gallon mixes were prepared according to DOE 

[Design Of Experiments] analysis, in which the design factors were: Speed of mixing, 

amount of BA [Aziridine Bonding Agent], amount of plasticizer, and sequence order of 

admixing the plasticizer. Blocks of propellant from each batch were casted and 

polymerized, then machined to JANNAF class C specimens, and tested (tensile tests) 

with Instron machine at a rate of 50 mm/min and 21°C.  

 The mechanical properties results were analyzed statistically with special loss 

function analysis according to the relative importance of each mechanical property in 

order to find the optimal robust composition and process. As a conclusion, we found 

that the most dominant influence is the amount of BA, while the amount of the 

plasticizer or speed of mix has a secondary effect. 

  At the second stage, validation of the improvement of mechanical properties 

was performed by mixing the same propellant in the large mixer according to the best 

parameters and composition achieved in the first stage of the research. The analysis of 

mechanical properties, both at zero time and accelerated aging from the large mixer, 

show good agreement with the results of 5 gallons mixer from the first stage.  
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I. Introduction 

In an early work(1) it was found that improving of the mechanical properties would be 
achieved either by increasing of mixing rate or increasing of bonding agent content, or increasing 
plasticized content. The bases of that work were D.O.E program which applied 4 variable parameters 
calls design factors. These variables were: amount of bonding agent, rate of mixing, amount of 
plasticized and sequence of adding D.O.A. The mechanical properties tests were: maximum stress 
modulus, maximum elongation (strain) and strain endurance. Analysis of the results was performed 
statistically, taking into account the mechanical properties of propellant at zero time and accelerated 
aging at 3 months 50°C.  

The present work is based on the results of preliminary formulation prepared at the 5 gallon 
mixer. From the results of the mechanical properties, natural and accelerated aging (at 50°C) up to 6 
months, we choosed the best formulations to be verified in the large mixer. 

 
 

II. Experiments  

        12 Batches of 5 gallon mixes were prepared according to Table 1. The composition is based on 
HTPB (Hydroxyl Terminated Polybutadiene) binder 87% solids, 18% aluminum powder, 69% AP, 1% 
DOA as plasticizer and IPDI (isophorone diisocyanate) as curing agent. The experimental array as 
described in Table 1 consists of one orthogonal full factorial array L8 (code A) with three design 
factors and five replications for each time period (zero time and 3,6 months at high temperature) and 
another reduced orthogonal array L4 (code B) with two design factors and five replications for the 
same time periods for a total of 180 experiments. The results were recorded for each mechanical 
property giving a total of 720 data points. The design factor levels are described in the Table with the 
original values. The coded values are written in parenthesis.  
 
 

6 months at 
50ºC 

3 months at 
50ºC 

1 month at 
20ºC Admixing 

DOA 
BA 
(%) 

Mixing 
Speed  
(r.p.m) 

 DOA  
(%) 

Exp. No. / 
code Réplication # 

54321 5 4 3 2 1 54321
             

A 

0.3 (-1) 11.5 (-1) 1.0 (-1) 21 / A-1 
             0.45 (+1) 11.5 (-1) 1.0 (-1) 22 / A-2 
             0.3 (-1) 23.0 (+1) 1.0 (-1) 23 / A-3 
             0.45 (+1) 23.0 (+1) 1.0 (-1) 24 / A-4 
             0.3 (-1) 11.5 (-1) 1.45 (+1) 25 / A-5 
             0.45 (+1) 11.5 (-1) 1.45 (+1) 26 / A-6 
             0.3 (-1) 23.0 (+1) 1.45 (+1)  27 / A-7 
             0.45 (+1) 23.0 (+1) 1.45 (+1)  28 / A-8 
             

B 

0.3 11.5 (-1) 

1.45 (+1) 

29 / B-1 
             0.45 11.5 (-1) 30 / B-2 
             0.3 23.0 (+1) 31 / B-3 
             0.45 23.0 (+1) 32 / B-4 

A-   Admixing DOA at beginning of mixing cycle. 
B-   Admixing part of DOA at beginning of mixing cycle and [0.2%-0.3%] at near end of mixing cycle 
together with BA admixing. 

 
           
 

Table 1 -   The experimental array 
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The recommended formulations of the 1st stage were as follow: 
 

 BA % D.O.A % Speed level 
Reference      21 0.3 1.0 1 
Formulations 28 0.45 1.45 2 
Formulations 26 0.45 1.45 1 
Formulations 24 0.45 1.0 2 

 
Table 2 -  Optimum Formulations of 5 Gallon Mixes 

 
4 Formulations of large mixer batches were mixed according to table 2.  blocks  of propellant 

were tested for mechanical properties in the same program as for the 5 gallon batches. 

 

 

 

 

III.  Results 

The JANNAF specimens were tested (5 specimens at each test). Some of the results are tabulated in 
Table 3. 
 

Mix 
No. 

Mixer 
Size  

Time 
(month) 

Temp. 
(ºC) 

Modul 
(kg/cm2) 

Stress 
(kg/cm2) 

Max. 
Elongation 

(%) 

Strain 
Endurance 

SE (%) 

21 5 
gallon 1 20 

62.3, 46.6, 
56.0, 54.4, 
53.4 

8.73, 8.63, 
8.59, 8.60, 
8.46 

61.7, 68. 9, 
65.7, 65.3, 4.6 40, 44, 46, 50 

22 5 
gallon 1 20 

57.5, 48.5, 
47.8, 50.2, 
46.1 

7.96, 7.39, 
7.47, 7.40, 
7.30 

61.9, 60.8, 0.8, 
63.7,61.9 62, 62, 60, 58 

21 5 
gallon 3 50 

99.55, 85.89, 
5.20, 4.24, 
70.01 

11.57, 11.76 
11.63, 11.73 
11.90 

52.51, 53.19 
55.27, 52.21 
55.11 

28, 30 
30, 30 
 

32 5 
gallon 3 50 

84.0, 68.9, 
75.0, 78.0, 
75.3 

11.74, 1.33, 
11.82, 1.35, 
11.48 

53.7, 55.9, 56.5, 
53.1, 56.2 46, 46, 48, 50 

21 large 
mixer 3 50 

68.99, 8.22 
58.60, 8.29 
77.45 

10.19, 9.93 
10.01, 9.82 
9.87 

62.14, 57.48 
61.66, 57.57 
55.75 

50, 52 
52, 52 

28 large 
mixer 6 50 71.55, 8.75 

66.99, 6.11 
10.25, 10.91 
10.54, 11.42 

55.71, 56.12 
56.50, 58.50 

48, 58 
60, 62 

 

Table 3 - Mechanical properties – partial results 
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IV Analysis 

Five (5) gallons - Analysis by loss function 

The previous work [1] includes data from one month at 200C and 3 months at 500C. The quality of the 
propellant performances is determined by the concept of the loss function which described at that 
work. The loss function for each mechanical property, the weights and the importance scores were 
updated according to the knoweldge level and experience at the engineering department. Figures 1, 2 
and 3 describe the specific loss functions for the different periods: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 – Loss function for zero age at 200C 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 – Loss function for 3 months at 500C 
 
 
 
 

Modul - Loss function @ age "0" 20OC Max Stress - Loss function @ age "0" 20 OC 

S.E. - Loss function @ age "0" 20 OC Strain at Break - Loss function @ age "0" 20 OC 

Modul - Loss function @ 3 Months 50 OC Max Stress - Loss function @ 3 Months 50 OC 

S.E. - Loss function @ 3 Months 50 OC Strain at Break - Loss function @ 3 Months 50 OC 
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Figure 3 – Loss function for 6 months at 500C 
 

 
After three months the combined loss function (for time zero and 3 months at 500C) has the general 
form of: 
  
  
   
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Where the loss for each configuration (each row in Table 1) consists of the loss at 1 month at 20ºC and 
3 months at 50ºC described at Figures 1-3  multiplied by the weight function and the importance 
scores of different testing periods (one month at 200C and three months at 500C). The total loss is 
normalyzed by the weight function and the importance scores to achieve a unity measure limited from 
0 (good mechanical properties of the propellant) to 1 (bad mechanical properties). 
The combined loss for the eight mixes is described in Figure 4.  Mix 24 has the smallest loss (0.28) 
thus has the preferred configuration with high amount of BA, low amount of DOA and high rate 
mixing. 
 
 
 

        SEfor 
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Figure 4 – The combined Loss function for the eight mixes after 3 
months at 500C 
 

 
It can be seen that the mixes with the smallest loss are 24, 26 and 28 therefore, those mixex with mix 
21 (the current configuration) were choosen  to be  tested also in a large mixer. 
After measuring the mechanical properties of the samples at 6 months and 500C,  the combined loss 
function was re-calculate very similar to the loss after 3 months with the addition of the loss at 6 
months with the same importance score of 2 as for three months at 500C, see the equation and Figure 
5. 
 
 
 
  
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Figure 5 -  The combined loss for the eight 5 gallon mixes after 6 
months at 500C 
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It can be seen that after 6 months the trend of the loss function is the same, mixes 24, 26 and 28 has 
the smallest loss.  
 
 
Five (5) gallons - Analysis by Design Of Experiments 

The analysis of the eight 5 gallon mixes for zero time is detailed in Table 4. Some of the basic charts 
for the modul only are detailed in Figures 6, 7 and 8. from Figure 6 it can be seen that most effects are 
significant at 5% significance level. 
All design factors were analyzed with 5% significance level. P-values higher than 0.05 lead to 
significance of the design factor. From the table it can be seen that most design factors and interactions 
(order 2 and 3) are significant. 
 

Factorial Fit: Modul versus BA, Velocity, DOA 
Term                  Effect    Coef  SE Coef       T      P 
Constant                      45.851   0.4972   92.23  0.000 
BA                   -13.860  -6.930   0.4972  -13.94  0.000 
Velocity              -4.075  -2.038   0.4972   -4.10  0.000 
DOA                    5.902   2.951   0.4972    5.94  0.000 
BA*Velocity            1.734   0.867   0.4972    1.74  0.091 
BA*DOA                -8.713  -4.356   0.4972   -8.76  0.000 
Velocity*DOA          14.709   7.355   0.4972   14.79  0.000 
BA*Velocity*DOA        2.372   1.186   0.4972    2.39  0.023 
 
S = 3.14426   R-Sq = 94.51%   R-Sq(adj) = 93.31% 

Factorial Fit: Max Stress versus BA, Velocity, DOA 
Term                  Effect     Coef  SE Coef       T      P 
Constant                       7.7322  0.02776  278.57  0.000 
BA                   -1.3226  -0.6613  0.02776  -23.83  0.000 
Velocity             -0.2571  -0.1285  0.02776   -4.63  0.000 
DOA                   0.5442   0.2721  0.02776    9.80  0.000 
BA*Velocity          -0.0102  -0.0051  0.02776   -0.18  0.855 
BA*DOA               -0.0823  -0.0411  0.02776   -1.48  0.148 
Velocity*DOA          0.9258   0.4629  0.02776   16.68  0.000 
BA*Velocity*DOA       0.1295   0.0648  0.02776    2.33  0.026 
 
S = 0.175548   R-Sq = 96.81%   R-Sq(adj) = 96.11% 

Factorial Fit: Elongation versus BA, Velocity, DOA 
Estimated Effects and Coefficients for Elongation (coded units) 
 
Term                 Effect    Coef  SE Coef       T      P 
Constant                     62.726   0.3344  187.55  0.000 
BA                    2.368   1.184   0.3344    3.54  0.001 
Velocity              0.689   0.344   0.3344    1.03  0.311 
DOA                  -5.322  -2.661   0.3344   -7.96  0.000 
BA*Velocity          -1.182  -0.591   0.3344   -1.77  0.087 
BA*DOA                4.547   2.273   0.3344    6.80  0.000 
Velocity*DOA         -3.042  -1.521   0.3344   -4.55  0.000 
BA*Velocity*DOA      -2.392  -1.196   0.3344   -3.58  0.001 
 
S = 2.11519   R-Sq = 83.31%   R-Sq(adj) = 79.65% 
 

Table 4: The DOE statistical output for the eight 5 gallon mixes at zero time 
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Factorial Fit: SE versus BA, Velocity, DOA  
Estimated Effects and Coefficients for SE (coded units) 
 
Term                  Effect    Coef  SE Coef      T      P 
Constant                      50.313   0.8393  59.95  0.000 
BA                     8.125   4.062   0.8393   4.84  0.000 
Velocity               8.375   4.187   0.8393   4.99  0.000 
DOA                  -12.875  -6.437   0.8393  -7.67  0.000 
BA*Velocity           -0.125  -0.062   0.8393  -0.07  0.941 
BA*DOA                -0.375  -0.187   0.8393  -0.22  0.825 
Velocity*DOA           0.375   0.188   0.8393   0.22  0.825 
BA*Velocity*DOA        6.875   3.438   0.8393   4.10  0.000 
 
S = 4.74781   R-Sq = 83.79%   R-Sq(adj) = 79.06% 

 
Table 4: The DOE statistical output for the eight 5 gallon mixes at zero time, cont. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6 -  5 gallons / modul -  Pareto chart for the 
effects  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7 - 5 gallons / modul -  main effects plot  
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Figure 8 - 5 gallons / modul -  interaction plot  

 
 
The summary of the analysis by design of experiments of the four  large mixer mixes is detailed in 
Table 5. The colured cells indicate significant at 5% significance level.  The extreme values of the 
modul at mix 26 lead to the unreasonable conclusion that low  amount of BA reduces the modul. 
Figure 9 describes the modul average of the three periods with relation to mix 26 and without. It can 
be easilly seen that the BA effect on the modul values is reasonable when the analysis disregards from 
mix 26, hence the effect of the modul without mix 26 is written in the table at parenthesis.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 5: DOE analysis for large mixer 
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Figure 9: Modul averages with and without mix 26  
 
A different way of analysis the DOE results related to the combined loss which described in Figures 
10, 11 for 5 gallons and in Figures 12 and 13 for large mixer.  Figure 12 shows the main effect plot for 
the case that the loss due to the modul in mix 26 is exists.  Figure 13 shows the main effect plot for the 
case that the loss due to the modul in mix 26 was removed.  The combined loss for large mixer after 6 
months at 500C is shown in Figure 14 with and without relation to the modul at mix 26. 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
 
 
 
 
 
It can be seen that the BA effect is the largest from all the design factor effects at the 5 gallons mixer. 
Higher level of all the factors reduces the combined loss and lead to good mechanical properties of the 
propellant.  
 
 

Figure 10:  DOE analysis for 5 gallons 
where the response is the combined loss,  
Pareto chart. BA is significant. 

Figure 11:  DOE analysis for 5 gallons 
where the response is the combined loss,  
Main effects plot. 
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At the large mixer the velocity has the largest effect from all the design factor. Higher level of velocity 
and lower level of DOA  reduces the combined loss and lead to good mechanical properties of the 
propellant. The effect of BA is negligible. The reason for that may be due to the high values of the 
modul at mix 26. The effect of the design factors is similar to those in the 5 gallons analysis where the 
modul at mix 26 was removed. 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 14 - The combined loss for the four large mixer mixes after 6 months with 
and without the modul at mix 26 

 
 

Figure 12:  DOE analysis for large mixer where 
the response is the combined loss.  Main effects 
plot where the modul at mix 26 is included. 

Figure 13:  DOE analysis for large mixer where 
the response is the combined loss. Main effects 
plot where the modul at mix 26 is not included.  
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V. Discussion 

  Split admixing of DOA does not contribute to improved mechanical properties. On the contrary, the 
mechanical properties get worse. This result could be justified in the following way: mixing the BA 
with a quantity of DOA prior to admixing with the propellant mixture causes the concentration of the 
BA to be lower and hence diminishing the reaction rate of the BA with the AP. The most dominant 
parameter is the level of bonding agent content. Increasing the amount of BA from 0.3% to 0.45% has 
a very significant effect both at zero time and after accelerated aging at elevated temperature. This 
phenomena is attributed to the better coating of AP particles by the BA and hence reducing the 
oxidizing effect of the AP on the double bond of HTPB matrix which is the main cause of aging. The 
mixing rate has a beneficial effect on the mechanical properties both at zero time and after accelerated 
aging. This effect is attributed to a better mixing and hence better coating of the AP particles. 
Increasing the level of DOA in the formulation improves the mechanical properties at aging, but has a 
negative effect at zero time. This can be explained by the mechanism in which crosslinking of the 
HTPB chains takes place by the oxidizing effect of AP. Replacing part of the HTPB binder by DOA, 
which is not susceptible to the oxidizing reaction makes the whole propellant more durable. At zero 
time however, replacing part of the binder by DOA weakens the matrix of the binder, as the plasticizer 
does not take part in chain linking. 
        BA is the dominant design factor on the combined loss at 5 gallons mixer. High values of BA and 
velocity reduced the combined loss and lead to improved mechanical properties of the propellant. 
       The results of the large mixer show some  different picture . Here we see that the rate of mixing is 
the dominant design factor on the combined loss at the large mixer. The smallest combined loss is 
achieved when the velocity is at the higher level. It can be explained as follow: By transfer the mixing 
from 5 gallon to large mixer we kept that the rate of shear in the propellant to be identical. But as we 
know this might not be representitive enough of the action, because other factors are envolved in this 
transfer such as: power consumption per unit mass of propellant. 
 
 
 

VI. Conclusions 

     Improved mechanical properties of propellant may be obtained by one or more of the following 
methods: increased percentage of BA from 0.3% to 0.45%, increased mixing rate and increased DOA 
content from 1.0% to 1.45%.   
          Analysis of the combined loss as the response variable in both mixers leads to a valid model. 
This paper describes a new approach taken by the R&D department in the company. The advantage of 
this approach is that by using statistical methods such as DOE (Design Of Experiments), combined 
loss functions and statistical analysis we can realize financial savings, time reduction, increased 
process control and increase our knoweldge about the effects that design factors have on the product. 
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ABSTRACT 
 
Low-velocity impact sensitivity of high explosives (HE) is an important concern of safety 
analyses related to the shipping, storage, handling and/or manufacturing of explosives 
or pyrotechnic devices. However, there is presently no reliable criterion or calculation 
tool allowing the prediction of the behaviour of such a pyrotechnic device especially 
when projectile impact velocity is lower than shock-to-detonation transition (SDT) 
threshold one. So, in order to better understand physical mechanisms leading such an 
explosive to react when impacted by a low-velocity projectile, CEA/Le Ripault carries 
out tests on an HMX-based HE. Some of these tests are based on the well-known Steven 
test, the interest of which has been widely demonstrated as it allows the study of the 
behaviour (growth or lack of reaction) of a target impacted by a low-velocity projectile 
and containing the studied explosive. This paper focuses on our experimental approach, 
test descriptions, and results. The latter are used mostly as a database to calibrate a 
numerical tool developed in parallel and which will be used as a predictive code within 
the framework of safety analyses. 
 
 
 
1 INTRODUCTION 
 
Low-amplitude mechanical impact on an explosive or a pyrotechnic device can lead to an extremely 
violent reaction which no one would like to see occurring in any possible accidental scenario. This 
topic is fundamental within the framework of safety analyses related to the shipping, storage, handling 
and/or manufacturing of explosives or pyrotechnic devices. However, there is presently no reliable 
criterion allowing the prediction of the behaviour of such a pyrotechnic device especially when 
projectile impact velocity is lower than shock-to-detonation transition (SDT) threshold one. So, in 
order to better understand physical mechanisms leading such a high explosive (HE) to react when 
impacted by a low-velocity projectile and also to develop a calculation tool reliable in predicting 
explosive or pyrotechnic device behaviour under such a mechanical stimulus, CEA/Le Ripault has 
designed a multi-year study program. Our first experimental approach was principally inspired by 
work performed by Lawrence Livermore and Los Alamos National Laboratories. In particular, our 
study program is based on the well-known Steven test, the interest of which has been widely 
demonstrated (Ref. 1 to 14). Indeed, this test allows the study of the behaviour (growth or lack of 
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reaction) of a target impacted by a low-velocity projectile and containing the studied energetic 
material. In our case, projectile weight is close to 1.2 kg and its velocity is in the range of 25 to 150 
m/s. Projectile end can be of different shapes: hemispheric, flat, etc. depending on the kind of 
mechanical stimulus selected. Targets can have various geometries, depending on the needs, and their 
explosive mass content is lower than 250 g (TNT equivalent). Furthermore, we decided to slightly 
modify the “standard” Steven test configuration by impacting mainly non-blocked targets at the 
beginning of our studies. 
 
2 EXPERIMENTAL APPROACH 
 
More globally, our experimental approach can be divided as follows: 
 

 Determination of a target’s macroscopic reaction threshold, expressed in terms of projectile critical 
velocity, in a well-defined test configuration (target & projectile). This threshold is different from the 
SDT one as it refers to a critical velocity which separates “inert” behaviour from reactive one without 
presuming the type (violence) of reaction. 
 

 Exhaustive analysis of test results carried out in this configuration, e.g.:  
 
• On-test measurements (blast overpressure sensors, embedded pressure gauges, strain gauges, high 
speed video cameras, etc.): projectile velocity, impact pressure and instant, identification of ignition 
locus(ci) and instant, follow-up of reaction growth, late violent reaction instant, determination of 
reaction type and comparison of its violence level to a full-detonation one... 
 
• Post-test examinations: observations of impacted front confinement (dent diameter and depth), 
explosive microscopic examinations (microstructure state) and physico-chemical analyses for        
non-reacted or partially reacted targets... 
 

 New test configurations: 
 
All these test results are used to better understand physical mechanisms leading such a HE to react 
when impacted by a low-velocity projectile and mostly as a database in order to calibrate a numerical 
tool developed in parallel. Our study program also includes a characterization and a numerical 
modeling of the dynamic behaviour of the studied explosive. In this first part of our work, we also 
decided to use the Browning ignition criterion (Ref. 15 to 17). The main goal of our research is to 
develop a predictive code useful for safety analyses.  
 
3 TEST DESCRIPTIONS AND RESULTS 
 
3.1. STUDIED HE 
 
The studied explosive is an HMX-based explosive. Its composition is close to more than 90 % of 
HMX crystals (grain size ≤ 600 μm) and a small percentage of inert binder. Its density is close to     
1.8 g/cm3 and its manufacturing process is isostatic compression. 
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3.2. REACTION THRESHOLD TESTS 
 
3.2.1. Test configuration 
 
“Steven test look-alike tests” were carried out. The interest of such a test has already been widely 
demonstrated in terms of reproducibility. 
In order to simplify our finite element simulations, we decided to begin with non intrusive mechanical 
impacts. Consequently, we used round or flat nosed steel projectiles. Their weight was close to 1.2 kg 
(steel end outer diameter of 56 mm) and their velocity was in the range of 25 to 150 m/s. Two 
examples of projectiles are shown in figures 1 and 2. 
Targets were cylindrical with a maximum outer diameter of 200 mm. They were composed of three 
main layers, as shown in figure 3:  
 

- a 3 mm steel cover plate, 
- a 13 mm HE cylinder surrounded by a side confinement, 
- a 13 or 19 mm steel back plate. 

 
Furthermore and contrary to a “standard” Steven test, we decided to impact non-blocked targets in 
these first tests. During each test, the target was simply laid down on a V-support. Then, after the 
projectile impact, a target ballistic flight was observed. 
In these first tests, flat or round nosed projectiles were used depending on the chosen mechanical 
stimulus and various target geometries were used depending on the needs (mainly for calculation 
purposes). Three examples of targets are detailed in the following table 1. 
 
Target 

n° 
Outer 

diameter 
(mm) 

Front 
confinement 

(thickness, type) 

HE thickness 
(mm) 

Side confinement 
(type) 

Back 
confinement 

(thickness, type) 
1 200 3 mm, steel 13 PMMA 13 mm, steel 
2 200 3 mm, steel 13 PMMA + steel 19 mm, steel 
3 150 3 mm, steel 13 steel 19 mm, steel 

 
Table 1: Examples of target geometries 

 
In order to calibrate our test setup, we sometimes used a surrogate instead of the HE (inside a target). 
 
3.2.2. Test setup 
 
In order to carry out these reaction threshold tests, the experimental arrangement was composed of (as 
shown in figure 4): 
 

- A 60 mm caliber launcher able to accelerate a projectile at a velocity in the range of 25 to 150 
m/s. This launcher is a powder-driven gun which was adapted in order to launch these types of 
projectiles at low velocities, 

- Armoured plates to protect our equipment, 
- Laser barriers used as triggers and/or to measure projectile velocity, 
- A target laid down on a V-support, 
- A short-circuit gauge located in the center of the target used as a trigger and also to measure 

the time of impact, 
- A high speed video camera to film the impact scene (resolution : 512 x 256 pixels, frame rate : 

15000 fps), 
- Flashlights to light the impact scene, 
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- A target recovery device to recover each “unreacted” (also called quenched) target after 
impact so that it will not be further mechanically loaded and damaged, 

- Piezo-electric pressure sensors located approximately 1.5 m from the target to measure the 
blast overpressure when a reaction occurred.  

 
3.2.3. Test results 
 
3.2.3.1. Reaction thresholds 
 
Many dedicated experimental campaigns were carried out, which led to the determination of several 
macroscopic reaction thresholds. 
 
In order to illustrate our Steven test, we have attached to this paper some pictures from two videos in 
the case of round nosed projectile impact tests: 

 
- The first one was a non-reacting test (Figure 5). In this case, the projectile had a velocity of 61 

m/s. We observed no visible reaction after impact. 
- The second one was a reacting test (Figure 6). In this case, the projectile had a velocity of 77 

m/s. We observed, after impact, a violent reaction which was a deflagration. 
 
The following table 2 summarizes some of the obtained results. 
 

Experimental campaign n° Test configuration Macroscopic reaction threshold 
(m/s) 

1 Target n°1 & round nosed 
projectile 

80.5 (± 3.5) 

2 Target n°2 & round nosed 
projectile 

69 (± 7) 

2 Target n°2 & flat nosed 
projectile 

78.5 (± 2.5) 

 
Table 2: Examples of reaction thresholds found 

 
On the basis of these results, we assumed that: 
 

- A thicker back confinement (here, change from 13 to 19 mm) globally led to a lower reaction 
threshold (in the case of a target impacted by a round nosed projectile), 

- A larger impact surface (here, change from a round to a flat nosed projectile) led to a higher 
reaction threshold, 

- The presence and strength of the “global confinement” played a major role in the violence of 
the reaction. 

 
All these thresholds constitute essential data in order to benchmark the predictive code. 
 
3.3. TESTS WITH INSTRUMENTED TARGETS 
 
3.3.1. Test configuration 
 
In addition to the reaction threshold tests just presented, several tests with instrumented targets were 
also carried out. In the latter, the experimental arrangement and the kinds of projectiles and/or targets 
were the same as the ones previously presented. Here, only pressure and strain gauges were included 

 4



Low-velocity impact tests on an HMX-based explosive 

in or on a target in each test. Figure 7 shows an example of target instrumentation. We sometimes 
used: 
 

- A PVDF (polyvinylidene difluoride) gauge located in the center of the cover plate, 
- Carbon gauges embedded between the HE and the front and/or the back confinement on 

various radii and in different directions, 
- Strain gauges located close to the center of the rear face of the back confinement and in two 

perpendicular directions. 
 
3.3.2. Test results 
 
3.3.2.1. On-test measurements 
 
3.3.2.1.1. High speed video camera 
 
This device provided the projectile and also the target velocity-time histories notably in the case of 
non-reacting tests. As an example, the following graph 1 represents target velocity versus projectile 
velocity in the case of a round nosed projectile impact. One may note that, here, target velocity is close 
to a linear function of projectile velocity. 
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Graph 1: Target velocity versus projectile impact velocity 

(Case of a target n°1 impacted by a round nosed projectile with no reaction induced) 
 

The high speed video camera also provided information related to reaction violence (qualitative 
judgment) and to reaction phenomena such as the time of appearance of smoke and/or light after 
impact. 
 
3.3.2.1.2. Blast overpressure sensors 
 
Pressure sensors provided better information concerning reaction violence. Indeed, the higher the blast 
overpressure peak and the shorter the time of arrival, the more violent the reaction. As an example, in 
these tests, time of arrival was in the range of 3 to 4 ms and the overpressure peak was in the range of 
90 to 350 mbar. This kind of data is necessary in order to evaluate the violence of the reaction and its 
type. Furthermore, there was a good coherency between high speed video camera observations and 
pressure sensor measurements concerning the reaction violence. We also noticed that generally the 
reaction violence increased as a function of increasing projectile velocity. 
 
3.3.2.1.3. Pressure gauges 
 
Pressure gauges and especially carbon gauges provided very interesting measurements (PVDF gauges 
are not fully adapted in this range of pressure). 
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Carbon gauges provided more or less accurate pressure-time history just under impact (because of the 
influence of the gauge strain). They mainly provided information concerning the time of the (late and 
often violent) reaction of the HE. As an example, in the case of a target n°3 impacted by a round nosed 
projectile at a velocity close to 70 m/s, we measured: 
 

- an average impact pressure peak of 3 kbar in the center of the target cover plate, 
- an average impact pressure peak of 1.5 kbar in the center of the HE, 
- a late violent reaction in the HE in the range of 320 to 425 μs after impact. 

 
This kind of data is important in order to better understand macroscopic reaction and also to calibrate 
the predictive calculation tool. Figure 8 represents one of the records obtained. In this case, the carbon 
gauges were located inside the target, between the cover plate and the HE, 35 mm from the center in 
three different directions. Their records, in the case of a test with an impact projectile velocity of 77 
m/s, indicated that a violent reaction occurred in the range of 370 to 420 μs after impact. 
Here, we noticed that generally the time scale for the target destruction decreased as a function of 
increasing projectile velocity. 
 
3.3.2.1.4. Strain gauges 
 
Strain gauges provided very accurate measurements. They provided strain-time history in the center of 
the rear face of the target’s back confinement and in two perpendicular directions. 
The examination of the strain gauge records provided additional insight regarding the reaction 
behaviour. Two examples of strain gauge records are presented in figures 9 and 10 (case of a target 
n°3 impacted by a round nosed projectile). 
 
In the case of a non-reacting test (figure 9), our first interpretation is the following: 
 

- impact and compression followed by beginning of front plate large deformation and of HE 
crush and flow (strain close to 0.23 %) followed by HE recompression followed by loss of 
contact between projectile and target (projectile rebound) followed by an unreacted event and 
we then observed target mechanical oscillations (during the ballistic flight). 

 
In the case of a reacting test (figure 10), our first interpretation is the following one: 
 

- impact and compression followed by beginning of front plate large deformation and of HE 
crush and flow (strain close to 0.25 %) followed by HE recompression followed by loss of 
contact between projectile and target (projectile rebound) followed by a strain peak due to the 
violent reaction and after we observed back confinement mechanical oscillations (during the 
ballistic flight). 

 
A comparison of the data also showed that the delay between impact to violent reaction decreased as 
the projectile velocity increased. We also noticed that at velocities much greater than the threshold 
one, the strain records showed that the reactive event occurred even before the pressure on the back 
confinement began to decrease. 
Because these strain gauge records clearly show the mechanical behaviour and reaction timing of the 
explosive, they constitute excellent data for calibrating the predictive code. 
 
3.3.2.2. Post-test measurements 
 
Concerning post-test measurements, we measured cover plate dent diameter and depth. This data is 
also used in order to calibrate the predictive code. As an example, graph 2 represents cover plate dent 
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depth versus projectile velocity in the case of a round nosed projectile impact. One may note that, 
here, dent depth is close to a linear function of projectile velocity. 
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Graph 2: Cover plate dent depth versus projectile impact velocity 
(Case of a target n°1 impacted by a round nosed projectile with no reaction induced) 

 
Figure 11 shows an unreacted target after a round nosed projectile impact at 61 m/s.  
Several HE microscopic and physico-chemical analyses are also in progress. These analyses will 
provide information especially concerning the state of the explosive after impact. This topic will not 
be further developed here. 
Figure 12 shows a cover plate and the damaged HE and PMMA after a round nosed projectile impact 
at 61 m/s.  
Target confinement examinations after tests, the fact that many explosive fragments have been 
retrieved after tests, high speed video camera observations, pressure sensor records, indicated that 
reactions were deflagration type ones. In fact, we observed no detonations but more or less violent 
deflagrations. Two examples of target after reaction are shown in figures 13 and 14. 
 
When round nosed projectiles were used, target examinations and pressure gauge records in the case 
of a reacting test indicated that ignition occurred close to the center of the impact zone (but the exact 
location in the HE thickness is still unknown). 
 
4 CONCLUSION AND FUTURE WORK 
 
Our study program is still in progress. We have obtained much data which is going to be used in order 
to benchmark the predictive code. Furthermore other Steven tests are planned in order: 
 

- to find new reaction thresholds in other configurations (that is to say with various projectile 
end shapes and target geometries), 

- to add new measurement tools (like heat measurement tools...), 
- to set measurements in other sites, 
- and above all to get more information concerning ignition (instant and locus(ci)) : As an 

example, we have designed new targets including a glass back confinement in order to 
visualize the crack/fracture evolution of the HE after impact and to witness any evidence of 
ignition light (with the help of a high speed video camera). Several tests using these glass-
backed targets have already been carried out and some other are in progress. 

 
Test results will also be used as a database to calibrate the predictive calculation tools. And after, some 
predictive numerical simulations will be carried out and compared to associated tests. 
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Low-velocity impact tests on an HMX-based explosive 

 
 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Test configuration 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 4: Test setup (upper view) 
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Figure 2: Flat nosed projectile 
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Low-velocity impact tests on an HMX-based explosive 
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Figure 5: Some pictures from a non-reacting test video 

                            
 

(Vproj. ≈ 61 m/s, round nosed projectile, target n°3)   
                      

 
Figure 6: Some pictures from a reacting test video 
(Vproj. ≈ 77 m/s, round nosed projectile, target n°3) 
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Low-velocity impact tests on an HMX-based explosive 
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Figure 7: Example of target instrumentation 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 8: Example of carbon gauge records (round nosed projectile, target n°3) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 9: Example of strain gauge records 
(Non-reacting test, Vproj. ≈ 61 m/s, round nosed projectile, target n°3) 
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Low-velocity impact tests on an HMX-based explosive 
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Figure 10: Example of a strain gauge record (and record of the carbon gauge located in the center of the target) 
(Reacting test, Vproj. ≈ 65 m/s, round nosed projectile, target n°3) 

 
 
 

 

 
 

Figure 11: An impacted target n°3 
(round  nosed projectile – Vproj.  ≈ 61 m/s) 

 

 
 
 
 
 
 
 
 
 
 
 

Figure 12: An impacted target n°1 
(round nosed projectile – Vproj  ≈ 61 m/s) 

 
 
 
 
 

 
 

 
 
 
Figure 13: Example of target n°1 impacted at velocity of 112 m/s 

 

 

 
 

Figure 14: Example of target n°3 impacted at velocity of 77 m/s 
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Exploding-based Expanding Model for Smoke Projectile 
ZHU Chen-guang  PAN Gong-pei  WU Xiao-yun  QIAN Zhi-hua  

(308, School of Chemical Engineering, Nanjing University of Science & Technology, Nanjing, 210094, China) 

Abstract: Smoke projectile is widely used for its excellent performance. Under the condition that 

neglects the effect of turbulence, gravitation, and other complicated elements, a simple and 

pragmatic model for exploding-based expanding on smoke projectile is established in this paper; 

with the help of expansion thrust of exploding cloud and air friction, a one-dimensional movement 

equation for the micro-unit is established by studying a presumed micro-unit which is always on 

the edge of exploding smoke cloud and the solving of this equation is presented in detail. By 

testing the expansion process of exploding smokescreen shot by a high speed camera, the tested 

ru −  curve (u  is the rate and r  is the radius of detonating spherical cloud) is compared to the 

theoretical ru −  curve in order to prove that the obtained equation can represent the expansion 

movement regulation of the smokescreen. The turning point of expansion rate transformation is 

found, which is used as a reference for the arrangement of multi Smoke projectile. 

Keyword: smoke, projectile, ru −  curve, micro-unit, expansion 

 

1 Introduction 
The extinction powder of smoke projectile has been developed. It is composition of solid 

powder made up of particles of less than μm10  in diameter, which can suspend for a long time 

in the air after the powder is sprayed out.  
At present, the smoke is formed by two main modes, the fine powder is sprayed out to form 

smokescreen by high pressure spray gun; and another is smoke projectile, the smoke smokescreen 
is formed by exploding. This paper presents the instantaneous forming process of smokescreen in 
its exploding and variation regulation of diffusing rate. Usually, the smoke projectiles explode in 
salvo to form a large area smoke cloud, so, it is of important significance to study distribution of 
smoke projectiles and overlapping degree of smoke cloud. 

Nomenclature 

dm --- mass of proposed micro-unit (kg) 

dS ---Action area that the smoke cloud acts on the micro-unit (m2) 

r --- radius of smoke cloud (m) 

0r --- initial radius of smoke cloud (m) 

tr --- Last expanding radius of smoke cloud (m) 

t --- time (s) 

0t --- initial time (s) 
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tt --- Last expansion time (s) 

p ---pressure of smoke cloud (Pa) 

V --- volume of smoke cloud (m3) 

K--- the coefficient of air friction (kg/m) 

u --- Expanding rate of smoke cloud (m/s)- 

0u --- initial expanding rate of smoke cloud (m/s) 

tu --- Last expanding rate of smoke cloud (m/s) 

γ --- Adiabatic index 

321 ,, ccc --- Constants 

R , a ,b --- gaseous status parameter 

ρ --- density (kg/ m3) 

T --- temperature (K) 

n --- gas medium Mole number (mol) 

A --- Introduce constants, dmKA /= (m-1) 

B ---Introduce constants, dmdScB /1= (m4/s2) 

 
 

2  Mathematics model of exploding-based expansion  

The smoke projectiles will expand rapidly in the form of high pressure in its instantaneous 

moment of expansion, and diffuse all around continuously. In this work, the expanding motion 

does not depend on explosive, but propellant. It will form high-pressure gas and bring a thrust 

only when propellants combust. The weak projectile shell is made of plastic, the transition process 

from deflagration to detonation (DDT) is not existed, and nor the blast wave. Expanding process is 

continuous, and the range of cloud temperature is narrow. 

 Its exploding smoke cloud is similar to a sphere. Its mathematics model is hypothesized as 

follows: 

Smoke cloud that smoke projectile explodes is equivalent to continuous expanding sphere; 

a)  A micro-unit, whose mass is dm , is always on the edge of the sphere, on which the 

action area of diffusing force of the sphere, is dS as shown in Fig 1. This micro-unit 

compiles with the nature of fluid, its volume is sufficiently small compared to the volume of 

exploding smoke cloud, but it is sufficiently large compared to mean free path of gas 
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molecules, it contains a large number of gas molecules, it is gaseous particle, but not 

movement of individual molecule; it is a large object compared to the movement of 

molecules. 

 

Fig.1. A sketch of expanding smoke cloud, presumed micro-unit is always on the edge of the sphere and its 

movement. 

b)  The radius of changing smoke cloud is r . 

c)  The gravitation and the buoyancy are not considered.  

d)  Detonating time is initial-point, 00 =t ， 0rr = ； 

e)  When the rate of the micro-unit is zero, ttt = ， trr = ； 

f)  The smoke cloud is regarded as a whole; it is of isentropic and thermal insulation. 

It is presumed that the smoke cloud is an iso-spheric, the active area (normal surface) with 

around gas is spheric. It is a question on dynamics of gas, which concentrates on expanding flow 

of expanding gas and motion of surrounding gas medium; the following expressions can be 

obtained when gravitation and buoyancy are neglected, i.e. the micro-unit is mainly affected by 

the expanding force of smoke cloud and air friction (viscous force or air resistance).  
2

2

2

d
d

d
d

⎟
⎠
⎞

⎜
⎝
⎛−=

t
rKPdS

t
rdm                          （1） 

p ——the air pressure of smoke cloud; 

K ——the coefficient of air friction 

The 1st term on the right side is the thrust that the micro-unit receives from the smoke cloud 

(sphere); 

The 2nd term is the air friction that the micro-unit suffers from, air friction is direct 

proportional to the square of the micro-unit rate. 

Because the micro-unit is always on the edge of smoke cloud, its density is relatively 

unchanged, dm and dS  are constants; based on general gas law: constPV = , and 
3

3
4 rV π= , so 3

1
34

3
r
c

r
constP ==
π

, and then the equation (1) may be expressed in (2). 
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If dmKA /=  and dmdScB /1= ，then A  and B  are constants, the equation (3) is 

derived. 
2

32

2

d
d

d
d

⎟
⎠
⎞

⎜
⎝
⎛−=

t
rA

r
B

t
r                          （3） 

The boundary conditions are 
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,,0 000
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                     （4） 

When u
t
r
=

d
d

, then the equation is translated into  

3
2

d
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BAu
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=+                                （5） 
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r
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d
d

d
d

d
d

d
d

=⋅= , so the equation (5) may be translated into 

3
2

d
d

r
BAu

r
uu =+                               （6） 

Using Bernoulli equation, the equation (6) may be translated into linear equation, set 2uy = , 

so 
r
uu

r
y

d
d2

d
d

= , and then, the equation (6) may be translated into 

2
2 22

d
d2

r
BAu

r
uu =+ ⇒ 3

22
d
d

r
BAy

r
y

=+                  （7） 

This equation is a non-homogeneous equation. First of all, the general solution of 

corresponding homogeneous equation would be derived. 

02
d
d

=+ Ay
r
y

                                 （8） 

The general solution is solved by the separation of variables, 

rA
y
y d2d

−=                                   （9） 

Then 

12ln CAry +−=  

ArArCCAr Ceeeey 222 11 −−+− ===                 （10） 

The constant may be translated into variable )(rC  by the constant of variables 
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ArerCy 2)( −=                                 （11） 

Then ArArArAR erCAerCeArCerC
r
y 2222 )(2)(')2()()('

d
d −−−− ⋅−=−⋅+= , it is substituted 

the non-homogeneous equation, 

3
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So, the general solution is 
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2uy = , then 
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When trr = , 0=tu , 0d2 23

2
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Ar
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The variation law of the function 32 /)( rerf Ar=  in ),0( ∞  is shown in Fig.2.  
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Fig.2. value of the function 32 /)( rerf Ar=  changes with the radius of smoke cloud. 

Based on the condition (4), trrr <<0 , the equation (16) is derived 

Ar

r

r

r

r

ArAr

e

r
r

er
r

eB
u

t

2

3

2

3

2

2
)dd(2

0 0
∫ ∫−

=                 （16） 

The equation (16) expresses the connection between the rate of motion of the micro-unit in 

expansion and the radius of smoke cloud. 

3  Experiment and Discussion 
The test is based on the whole process of smoke projectiles explosion, shot by a high speed 

camera, analyzing the variation regulation in the explosion of smoke cloud and deriving constants 

A & B  from equation (16). Because of the shot-speed of the high speed camera, the changing 

rate of smoke cloud of each two adjacent pictures can be regarded as the instantaneous speed in 

this movement. The variation curve between rate (u ) and time t  is derived from the testing is 

shown in Fig. 3, and the variation curve between rateu  and radius r  of smoke cloud is derived 

is shown Fig. 4. 
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Fig.3. the variation curve between rate u  and time t  of smoke cloud from testing 
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Fig.4. the variation curve between rate u  and radius r  of smoke cloud from testing 

The conditions of the equation (4) can be known with the help of high speed camera, 

equation (16) is substituted by the value of any of two points in Fig. 4, then, and the following 

equation (17) is derived after comparison. 
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Each integral value are calculated by sum formula, the constant A & B are found by digital 

approximation, Constant A & B are derived as 2105.2,43.1 −×≈≈ BA , Equation (18) is derived.  

r
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≈                （18） 

The curve from equation (18) is compared to the curve obtained from the high-speed 

camera, which is shown in Fig. 5. 
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Fig.5. comparison between testing ru − curve and model. M line is the test ru − curve, while N line is 

calculated curve by the equation (18). 

Two curves have excellent imitability. The model equation has a high application value in 

engineering; it can provide reasonable space between two projectiles. When the space is small, 

overlapping is great and wastes are caused; when the space is large, shelter capacity from 



E-mail:  zhuchenguang_67@sohu.com      or    zhuchenguang_67@yahoo.com.cn  

 8

extinction powder of smoke projectile will fail. A turning point for the rate variation can be 

obtained ( 5≅r m) after the model curve is differentiated; 102 =r m is the optimum space 

between two bombs in view of forming time of smoke cloud and efficiency.  
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Fig.6. the differentiated curve of N line in Fig.5, when 5≅r , 0)('' =ru . 

In the above hypothesis, smoke cloud expanding process meet the requirement of general gas 

law, constPV = ；According to the isentropic expansion and thermal isolation of pure gas, 

2cPV =γ , γγγπ
3
3

3

2

)
3
4( r

cP
r

cP =⇒= , where γ is an adiabatic index. So, new equation is 

derived. 
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γγ

                      （19） 

It must be pointed out that the equations mentioned above is based on general gas law, 

the gas molecules do not interact among each other under low pressure (below 100Mpa) and 

temperature (below 1000K), but the actual gas molecules occupy some space, sometimes 

with chemical reaction, so, the space that gas molecules occupy space can not be ignored 

under high pressure and density, interactions among gas molecules become more obvious, 

general gas law no longer be used to describe its variation law. Status variations of actual gas 

under the pressure of tens of mega Pasal (MPa) can be explained by Var der Waars equation. 

2

1
ρ

ρ
ρ aRT
b

np −
−

=                       （20） 

Where R 、a  and b  are gaseous status parameter. ρ  is density, T  is temperature, 

and n  is gas medium Mole number. If gas pressure and density become higher, models for 

more dense gas would be established to constitute the status equation. But it is of no 
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significance to discuss high pressure and density equation in view of application 

environment. 

4 Conclusion 
By the conception of fluid dynamics of micro-unit, micro-unit is supposed to be always on 

the edge of exploding and expanding smoke cloud; this micro-unit is affected by the expanding 

thrust of expanding smoke cloud and air friction, these two force are used to establish 

one-dimensional motion equation without considering the complicated turbulence of smokescreen, 

such as buoyancy, turbulence, gravitation, and others. Hence, the model of micro-unit represents 

expanding regulation of smoke cloud. Equation solution (16) is compared to the actual test result, 

as shown in Fig.5; the test ru −  curve and theoretic ru −  curve have good imitability, 

equations (16) and (19) are proper to describe the movement expressions of exploding-based 

expanding smokescreen. Meanwhile, this model can be used to obtain the optimum arrangement 

of simultaneous explosion of multi smoke projectiles. 
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1 ABSTRACT 
 
Laser initiation technology has been studied and developed with the aim to be 
implemented in fuzing systems designed for ignition or detonation of energetic 
materials. Techniques used at the level of optical energetic sources, means of optical 
transmission and components for laser initiation are generally innovative and arouse 
scientific curiosity and questions among the pyrotechnics scientists. This interest led the 
Pyrotechnics organization GTPS to create a workgroup on the subject of laser initiation 
of energetic materials. 
 
One of the major emerging points is that few standards regarding the conception of the 
fuzing systems devices, in the concerned fields, take into account the specificities of this 
technology.  
 
 
 
2 INTRODUCTION 
 
GTPS workgroup gathers people from industries in various fields linked with the use of pyrotechnics 
and in the domains of space, defense, automobile, nuclear, civilian demolition. The activity of this 
workgroup is directed towards a literature review of the opto-pyrotechnics technology. This state of 
the art notably makes reference to established applications and to existing normative documents with 
the concern of safety requirements. The demonstration of this technology was made in some military 
and spatial programs in the USA but also in France. Another subject is to point out the forces and the 
weaknesses of opto-pyrotechnics and to identify its perspectives. 
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3 CONTEXT 
 
3.1 PRINCIPLE OF PYROTECHNIC OPTICAL INITIATION 
 
Pyrotechnic optical initiation uses the photon energy issued from a laser source to ignite a energetic 
substance. 
Initiation process is performed either by thermal effect or by conversion into mechanical shock 
depending on the energetic material to initiate and on available laser source. 
 
A complete pyrotechnic optical initiation train is made of : 
- a laser source : laser diode or solid-state laser  
- an optical link : optical fibre coupled with optical connectors and/or multiplexed box for several 

targets, 
- an optopyro initiator which transforms photon energy into chemical thermal energy. 
 
3.2 INTEREST OF THE TECHNOLOGY 
 
Nowadays, the commonly technology used is Electro Explosive Devices (EED). In the future, the 
pyrotechnic optical initiation will bring a brand new look on several advantages : 
 
Concerning safety : 
- No more electrical continuity between the pyrotechnic substance and the energetic source which 

leads to remove inductive current and ESD risks. 
- Optical fibre only transmits photon energy coupled at the entrance, in that case inadvertent 

initiation due to an external parasite source is rendered impossible because features for a signal 
initiation do not exists in general environment. 

- Depending on laser source characteristics, photon energy can initiate non sensitive pyrotechnic 
substance, therefore pyrotechnic train can be secured in term of sensitivity of energetic substance 
and limited in term of number of components. 

 
Concerning dependability : 
- Design of initiator is simplified. 
- Initiation train is controlled by attenuated optical signal injection and reflectrometry of signal. 
 
Concerning performances : 
- Multi initiation points is possible 
- Use of optical fibre leads to a real gain of weight 
- Depending on laser source characteristics, functioning time and jitter can be short. 
 
All these features are significant arguments which comfort optical initiation architecture as promising 
way in research end development project. 
 
3.3 STATUS OF THE TECHNOLOGY 
 
Since sixties, optical means have improved a lot and products like laser diode or optical fibre are 
easily available on the open market especially coming from telecommunication industry. New optical 
products are now less expensive and smaller in term of size and weight. 
 
From first known applications in US spatial programs to last experiments in French space program, 
optopyro technology seems to be on the right way for development. 



GTPS WORKGROUP ON OPTICAL INITIATION OF ENERGETIC MATERIALS 

One of the main objectives for using optical energy is the ability to remove mechanical safety barriers 
in the initiation chain due to the robustness against ESD and IEM. This will greatly help to simplify 
firing line into pyrotechnical “in line” train and therefore will enhance reliability. 
 
 
4 APPLICATIONS 
 
Here are four applications involving opto-pyrotechnic systems in the fields of space and defense and 
published in the open literature. 
 
4.1  US STRATEGIC MISSILE SMALL ICBM 
 
A laser ordnance system called “Advance Laser Ordnance System (ALOS)” was tested during the 
development of the US strategic missile Small ICBM since 1984 [1]. This laser ordnance system 
operated successfully under very abnormally severe conditions during the first flight in May 1989. The 
ordnance laser was a flashlamp pumped Nd:GSGG rod laser. It operated about 400 mJ in a 180 
microseconds pulse (just over 2 kW). The fibre used was a 400 μm core polymer clad glass fibre. The 
detonator was packed with CP and had a 10 mJ all-fire level as determined by Bruceton testing. The 
interface was a fibre optic pigtail attached to a window with a wavelength sensitive coating. A laser 
diode was used for built-in-test. But there was no continuation because afterwards the SICBM 
program was cancelled. 
 
4.2 PEGASUS LAUNCH VEHICLE 
 
Laser diode initiated ordnance technology was successfully tested in flight on the Pegasus launch 
vehicle in April 1995 [2]. The Laser Diode Firing Unit included a safe and arm device and two laser 
diodes. The optical fibbers were radiation resistant multimode ones, covered by multiple layers of 
Tefzel and Kevlar for strength and abrasion resistance. Two different ordnance systems were used: a 
Laser Initiated Detonator packed with HMX and HNS was coupled to two flexible confined detonating 
cord assemblies and two TBI to ignite two fin motors and a Laser Initiated Squib, packed with ZPP, 
was fired in a pressure bomb. It was concluded by Ensign-Bickford that a laser diode initiated 
ordnance system could be designed without mechanical barriers for space launch vehicle applications. 
 
4.3 AIRCREW ESCAPE SYSTEM 
 
A BNPC/HMX detonator initiated by a YAG laser has been qualified in 2000 for use in aircrew 
escape systems for the US Navy [3]. The aim was to replace the explosive transfer lines (TLX) by 
inert fibre optic lines for aircraft signal transmission system applications. The laser source used was a 
Nd:YAG laser. Reliable initiation of the detonator was achieved with a laser energy of 12 mJ for a 10 
ms pulse duration, function time was less than 1 ms. Meanwhile a series of tests was conducted to 
characterize BNCP for use in defence application. Results were published showing that the BNCP was 
considered as a primary explosive[4]. 
 
4.4 SPACECRAFTS APPLICATIONS 
 
CNES Toulouse has supported laser initiation studies since 1995 [5]. Laser Initiator and Detonator and 
a Laser Firing Unit have been developed and validated for the "PYROLASER" in flight experiment on 
board of the CNES micro-satellite DEMETER launched on June 29, 2004. The laser initiators and 
detonators developed by ISL (French German Research Institute) under CNES contract have the 
following characteristics:  
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• optical pulse duration : 10 ms 
• optical fiber diameter : 62.5 to 100µm 
• “All Fire” optical power : 250 mW for 0.9999 reliability @ 95%confidence level _temperature 
 range +150°C to -160°C 
• “No Fire” optical power : 12 mW for 0.9999 reliability @ 95%confidence level 
The optical power budget for the laser diode was determined by taking into account the design 
margins , a 685 mW power output is required for the worst case conditions. 
 
 
5 PERFORMANCES 
 
5.1 OBJECT 
 
The purpose of this chapter is to clarify the various laser technologies related with the performances of 
an opto-pyrotechnic initiator. We will consider the characteristics of laser sources (type, wavelength, 
energy and duration of the pulse), used to characterize the phenomenology of laser initiators . One of 
the key parameters which controls the opto-pyrotechnic initiation process and which influences the 
functioning time of the initiator is the laser power area density I, written as: 
 

I = E / (τ * S) 
 

where the energy E and the duration τ are the characteristics of the laser pulse, S being the laser spot 
area over which is deposited the laser pulse. 
Publications regarding laser initiation of energetic substances show the existence of 2 modes of 
initiation: laser initiation by shock wave and laser initiation by thermal way. A state of the art was 
recently published [6]. In a first part, we will review the main configurations presented in the 
literature, then we will give some comments. 
 
5.2 LASER INITIATION BY SHOCK WAVE 
 
In the laser initiation by shock wave, it is necessary to go through the formation of a plasma by the 
interaction of a Q-switch laser pulse with a short duration (< 100 ns) and of strong power density 
(>108 W/cm ²) with matter, such as for example a thin layer of aluminum deposited on a transparent 
glass window. The relaxation of the plasma, confined by the transparent glass window, generates a 
shock wave propagating through the layer. From this step, two situations arise in the literature, 
depending on whether the configuration deals with direct initiation or indirect initiation. 
 
 
 
 
 
 
 
 

 Figure 1 - Direct laser Initiation  Figure 2 – Indirect laser Initiation 
 
In the direct initiation [7, 8], figure 1, the thin layer is in direct contact with the explosive. In that case, 
the shock wave generated by the plasma is transmitted towards the energetic substance and, if the 
conditions of shock initiation are fulfilled, this substance is initiated via the transition shock to 
detonation. The parameters for shock initiation criteria are pressure, duration and area over which the 
shock is applied. 

Window    Layer   Explosive    Confinement   

 

Confinement  Window  Layer Explosive  Spacer 
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In the indirect initiation [9, 10], figure 2, the thin layer is separated from the explosive by a spacer 
acting as a barrel, it is called the laser-driven flyer plate, also the IODEP (Initiateur Opto-Détonant à 
Elément Projeté). The relaxation of the plasma, inferred by the laser pulse, leads to shear off and to 
accelerate a thin flyer (some microns in thickness) through the barrel and to launch it at high speed 
(km/s) over the explosive. The impact of the flyer on the energetic substance generates a shock wave 
and, if the conditions of initiation are fulfilled, this substance is initiated via the transition shock to 
detonation.  
 
The initiators operating by shock initiation of the energetic substances show several interests such as 
the control of the functioning time, about 1µs, with low scattering, about ± 0,1µs. This contributes to 
obtain low jitter between various detonators when they are initiated simultaneously. Furthermore, the 
high kinetic energy of the laser-driven flyer plate (IODEP) allows to initiate secondary explosives 
such as the hexanitrostilbène (HNS). These initiators require a solid-state laser source Nd:YAG 
operated in a Q-switch mode to create a high power density, of the order of GW/cm², diodes laser are 
not able to produce such high power levels. 
 
 
5.3 LASER INITIATION BY THERMAL WAY 
 
5.3.1 Principle 
 
In the laser initiation by thermal way, the energetic substance absorbs the incident laser pulse then 
warms up and ignites when it reaches its temperature of auto-inflammation. This process initiates the 
energetic substance in the regime of combustion to deflagration.  
 
The laser power density which has to be deposited over the energetic substance is comprised between 
kW/cm² and some MW/cm², this value depends on the nature of the energetic substance but also on 
the functioning times and scattering specified. A laser source with a pulse duration between 
10microseconds and several milliseconds is adapted: laser diodes, with power densities ranging from 
1kW/cm² to 100 kW/cm², solid-state laser sources (typically Nd:YAG) in free-running mode for 
power densities comprised between 100 kW/cm² to few MW/cm². 
 
For direct initiation of pyrotechnic compositions, off the shelf fiber coupled laser diodes provide 
enough optical power to initiate these energetic substances by rapid heating. For example ZPP 
composition, with a focal diameter of 80 µm, shows an all-fire laser power compatible with a 1W laser 
diode [5,11]. The functioning time decreases with an increase in laser power density deposited. 
 
 
5.3.2 Transition from combustion-deflagration to detonation  
 
Articles of the open literature show that, for laser initiation by thermal way, the transition from 
combustion-deflagration to detonation has been studied through 3 different architectures that we will 
describe hereafter. 
 
Architecture N°1 
 
A two stages detonator was developed by Setchell et al 12], figure 3. This detonator contains 
secondary explosive HMX and allows to reach detonation output. Thermal initiation was produced by 
means of a solid-state laser source in free-running mode. In this detonator a rupture disc separates the 
initiation stage, the 1st stage where initiation occurs followed by combustion-deflagration, from the 
detonation stage where has to appear the detonation mode.  
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The laser beam warms up the 1st stage energetic substance and initiates it into combustion-
deflagration. Due to the high pressure level of the generated gases, the rupture disc is sheared off and 
acts as a piston to the 2nd stage, applying pressure and generating a shock and finally a shock to 
detonation transition. 
 
The device shown in figure 3 contains a transparent window (thickness 0,4 mm) for thermal 
confinement but does not include any optics to focus the diverging beam from the output of the optical 
fiber (diameter 200 µm). From these considerations, the diameter of the spot on the energetic 
substance, i.e. behind the window, is 300 µm. So the laser power density deposited on the substance is 
divided by 2,25 compared to the laser power density at the fiber exit. 
 

 
Figure 3 – A two-stage detonator [12] 

 
Studies with this detonator have been concerned with secondary explosive octogene HMX within both 
stages. Carbon black CB was added to HMX (1% to 3%) in order to increase the absorptivity of the 
laser beam. The following functioning times were obtained: 

- 400 µs with a laser diode emitting a 1W power and focused on a 100 µm diameter, i.e. with a 
power density of 13 kW/cm². 

- 50 µs with a solid-state laser source (Nd:YAG) without precision of the laser pulse 
characteristics nor the optical fiber diameter used for the tests. 

 
T Blachowski [13], with the company EG&G [14], published initiation test results performed with a 
similar detonator (HMX/CB). The following functioning times were obtained: 

- Between 50,5 µs and 77,5 µs with a solid-state Nd:YAG laser source delivering pulses of 
150µs duration and with 150 mJ energy (power 1 kW), the laser power density deposited on 
the explosive HMX/CB is on the order of MW/cm². 

- Between 3ms and 7ms with a solid-state Nd:YAG laser source delivering long pulses of 10 ms 
duration and with 110 mJ energy (power 11W), the laser power density deposited on the 
explosive HMX/CB is on the order of 16 kW/cm ². 

 

However development of this two-stage detonator was not pursued because output performance 
shortcomings were identified after temperature conditioning and temperature cycling tests : indents 
were not conform. 
 
 
Architecture N°2 
 
An alternate detonator design utilizing a new energetic material was developed, figure 4 [15]. This 
detonator is made of several pellets: an ignition blend consisting of BNCP and CB, then 6 pellets of 
BNCP to insure the transition explosion – explosion ( DDT) then an HNS pellet at the output tip. 
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Figure 4 - BNCP laser Detonator [15] 

 
Several articles published functioning tests results obtained with this detonator, especially about the 
laser initiation thresholds of BNCP and CP explosives. Again it emerges that the functioning time 
depends on the laser power density deposited on the ignition blend: 

- A laser source Nd:YAG generating a pulse of energy 12 mJ and of 10 ms duration, coupled to 
a 200µm diameter optical fiber, leads to functioning times between 0,3 ms and 0,5 ms [15]; 

- A laboratory laser diode delivering 7W power pulse focused on a 35 µm diameter spot, i.e. a 
power density of 0,7 MW/cm², leads to a functioning time of about 23 µs, the overall ignition 
time of the 1st stage being around 19,6 µs [16]. 

 
Nevertheless CP and BNCP explosives, after having completed characterization tests for use in 
defense applications, were recognized as primary explosives [4]. 
 
 
Architecture N°3 
 
A third laser detonator architecture was developed by H. Moulard [11], figure 5, for spatial 
applications (CNES). This device is original since it is also a two-stage detonator, such as in the 
previous architecture shown in figure 3, but these 2 stages are separated by a spacer acting as a barrel. 
The laser pulse is transmitted by an optical fiber then focused on the front face of the ignition blend by 
means of a GRIN lens. The energetic substance of the 1st stage warms up then initiates in combustion-
deflagration. Due to the high pressure level of the generated gases, the flyer is sheared off and is 
accelerated through the barrel until it impacts the 2nd stage. The flyer impact generates a shock wave 
on the 2nd stage, if the shock initiation conditions are fulfilled, the energetic substance is initiated via 
the shock initiation transition. 
 
A 1W laser diode coupled with a 62,5 µm diameter fiber, i.e. producing a laser power density of about 
30 kW/cm², allows to initiate 1st stage, consisting of a mixture of octogene HMX  with 1% to 3% 
carbon black, with functioning times of the order of 200 µs and a scattering of ± 20 µs. However 
thermal cycling tests showed non-functioning of the 1st stage and led to insert between the octogene 
and the GRIN lens, a thin layer of ZPP composition. In these conditions the all-fire level threshold is 
of the order of 250 mW and the functioning time about 1ms in a wide range of temperature [-150°C, 
+150 °C] [11]. 
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A solid-state Nd:YAG laser source in free-running mode generating power density pulse of 
2,7MW/cm² on the 1st stage leads to achieve functioning times about 45µs [6]. These values are 
similar to those obtained by Sandia in the architecture N°1. 
 
 

 
Figure 5 – Opto-pyrotechnic two-stage detonator based on SDT [11] 

 
 
 
5.4 LASER TECHNOLOGIES  
 
In the field of laser initiation, there are 2 categories of laser technology for the direct initiation of 
secondary explosives, the transition from combustion-deflagration to detonation of explosives having 
been treated in the 3 architectures explained above:  
 

- Fibre-coupled laser diodes:  
o Elementary unit: volume 1 cm3, power 1W to 5W, coupled into a fiber of 62,5 µm to 

100µm diameter,  
o Laser diodes stack: power > 10W, complex optical coupling into a fiber of 100µm or 

more diameter, important volume, high cost 
o Adapted to thermal initiation and allowing functioning times < ms with a scattering of 

about 100 µs 
 

- Solid-state laser diodes 
o Mainly high power Nd:YAG source: products of the market are not compact, but 

specific components have been realized in order to demonstrate the feasibility to 
reduce the volume of such a source 

o Adapted to the laser initiation by shock wave when laser power density is on the order 
of GW/cm² with functioning times of ~1µs and scattering ~ ± 0,05µs 

o Adapted to the laser initiation by thermal way when laser power density is on the 
order of MW/cm² with functioning times of 50 µs and a scattering of ~ ± 5 µs 

 
One can see that the laser technology depends on specifications of the system in terms of functioning 
time. Concerning the scattering, it is generally admitted that it is of the order of 10 % of the mean 
value of the functioning time. Table 1 summarizes these remarks. 

1er stage Barrel Flyer Optical fibre GRIN lens 2nd stageBarrel Flyer Optical fibre GRIN lens 1er stage Barrel Flyer Optical fibre GRIN lens 2nd stageBarrel Flyer Optical fibre GRIN lens 
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Laser initiation mode Laser sources 
Laser 
power 
density 

Typical secondary 
explosives Functioning time 

Thermal initiation 

Diode laser kW/cm² Octogene 
HMX/CB 200 µs to 1ms 

Solid-state laser 
free-running MW/cm² Octogene 

HMX/CB ~ 45µs 

Shock initiation Solid-state laser 
Q-switched GW/cm² HNS, RDX ~ 1µs 

 
Table 1 – Laser technologies used for initiation of secondary explosives 

 
 
6 DESIGN RULES FOR THE SAFETY OF PYROTECHNIC TRAINS 
 
In the military field, safety shall meet national and international rule constraints which become more 
and more severe because munitions are increasingly designed to be compliant to interoperability 
standards. 
 
For the deliveries to NATO forces the first design requirement relates to the qualification of the 
energetic materials i.e. judged that it must have characteristics of safety and essential capability to be 
adopted for a military use. The Stanag 4170 is required along with the AOP7 document. The AOP7 is 
an important text since it defines for each Nation having ratified the STANAG, the list of the tests 
allowing the characterisation and the classification of explosive material according to their use. These 
use and criteria of safety are approved by comparison with the results obtained on explosive materials 
already employed successfully in a military use or on fundamental data. For France, the instruction S-
CAT 17500 constitutes the application document of Stanag 4170. 
 
The definitions of the types of material and particularly the one relative to booster, introduce an 
important concept for the safety of use and for the design of the munitions: 
“The explosives for booster are compounds or mixtures used to reinforce and transmit the detonation 
initiated by a primary explosive, with sufficient energy to generate a stable detonation in the main 
charge. They are secondary explosives relatively sensitive, judged sufficiently sure to be placed 
beyond the barrier of the pyrotechnic train in a safety arming unit, or to be used in an inline 
pyrotechnic train without mechanical barrier. Generally the necessary information to proceed to the 
qualification is used for assessing the candidate material by comparison with explosive substances 
suitable for service and presenting a proven degree of safety. One considers traditionally that tetryl is, 
in the point of view of the performances and safety, an explosive of reference acceptable for the 
assessment of the material for booster. " 
 
Tetryl is mentioned by reference with the histories of munition designs even if it is not practically used 
any more, because of its toxicity and a relatively low ignition temperature. However it has been kept 
as a limit of sensitivity of reference, allowing a good compromise between its behaviour to logistic 
environments and its performance in term of sensitivity, capacity of initiation. In practice other 
explosives are used according to the design as; RDX/wax, HNS, PBX, B2238. 
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In consequence it appears a fundamental design rule; as soon as it is not possible to design the 
initiation of an explosive material without using pyrotechnical materials of equal sensitivity or smaller 
than that of tetryl, a physical barrier separating these two categories of substances will have to be 
implemented. 
 
France has been more accurate in the approach and fixed the sensitivity thresholds of tetryl which 
makes it possible to establish a reference without discussion or interpretation according to the origin of 
the materials or their process that could influence their level of sensitivity. 
 
Main features of tetryl for France according to the AOP7: 
Impact > 14J 
Friction > 353 N 
Thermal > 180°C 
Initiation behind AU4G < 5,7mm 
Detonation behind barrier: 380 Cards 
 
Stanag 4187 and Stanag 4368 have kept this approach in design of the pyrotechnic safety train for 
explosive charges and propellant equipments. In fact 2nd edition of Stanag 4368 is entitled “electric 
and laser Ignition systems for guided missile motors safety design requirements” and thus took well 
into account in its title the technology of laser ignition which is not anymore the case for the 3rd 
edition. 
 
The main difficulty of interpretation is that these characteristics of sensitivity as friction, impact, are 
obtained on powder materials whereas generally these substances are implemented in the initiation 
train after shaping to obtain pellets or ignition booster. The level of sensitivity of the final product or 
integrated in its support can thus be notably different from that of the raw material, a solid shaping in 
general reduces the level of sensitivity and the integration can bring in the design protection means. 
 
Thus for example ZPP substance used and qualified in military applications is a material for which the 
sensitivity thresholds in powder form are smaller than those stipulated in the AOP7. 
 
In addition this substance is well-known for its sensitivity to capacitive discharge in its powder state 
whereas compressed or in casing the final component can resist to the static electricity discharges 
without reaction.  
 
Regarding the characteristics of the ZPP and respecting the standards such as they are formulated it 
cannot be planned to integrate a laser initiator (detonator or igniter) incorporating this substance 
directly in line and to entirely defer the safety features on the trigger signal. 
 
In addition, according to the design standards of in line pyrotechnic train, the safety devices shall not 
function when one applies to them a potential of 500V between pins. For the laser initiation 
technology this requirement should not cause any problem if the laser source is able to withstand such 
stimuli.  
 
ZPP material is used in-line for civil applications, in space and automobile systems, which do not have 
the same requirement degree and have a relevant background of use which increase the confidence 
level. 
 
Stanag standards should have to be reviewed in order to take into account these cases or National 
Safety Authority could approve such material for in-line pyrotechnic train. 
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7 CONCLUSIONS 
 
 
Fuzing system including laser initiation devices has to be designed in accordance with existing safety 
rules and standards, although some constraints should not apply directly to laser initiation. 
 
In the field of defense, laser initiation of secondary explosives approved for in-line fuzing system can 
be achieved with short functioning time (< 50µs) and a low scattering (< ±5µs) through 3 different 
ways: 
 

- Adapt or conceive secondary explosives such that existing fiber coupled laser diodes would 
create enough laser power density so as to initiate them by thermal way, as long as these 
explosives will have sensitivity levels in accordance with those mentioned in the AOP7 
criteria and in the instruction 11500. 

 
- Develop new fiber coupled laser diodes with an increase in power density and a decrease in 

volume so as to initiate in-line approved secondary explosives by thermal way or by shock 
wave, or develop technical solutions with existing laser diodes so as to increase the laser 
power density 

 
- Miniaturize solid-state laser sources adapted for the initiation by thermal way or by shock 

wave: this approach has been demonstrated feasible and current activities are in progress to 
harden those laser sources to various environments (temperature cycling, vibrations ,shocks).  
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1 ABSTRACT 
 

As a main actor in defence, aerospace and aeronautic technologies, Nexter Munitions 
is developing advanced solutions taking advantage of the emerging technologies. Those new 
developments on pyrotechnic components combine successfully pyrotechnics, electronics and 
optoelectronics. For example, while conventional safe and arming units (SAU) use complex 
mechanical systems to physically interrupt the explosive train and prevent inadvertent 
functioning, Nexter Munitions is developing several solutions to improve or suppress it. Two 
of those new technologies will be described in this paper :  
 
 
2  SAU based on Micro Electro-Mechanical System (MEMS) technology  
 
 

By replacing conventional interrupting parts by actuating chips based on MEMS technology, 
Nexter Munitions obtained a multi-purpose miniature ignition system compliant with STANAG 4187 
and reduced dramatically the SAU's volume. In this device, a chip is placed next to a mini-initiator and 
separates it from a lead. The mechanical interrupter, safety disposals and arming actuators are directly 
etched on this chip. Safety and reliability of this patented system have been experimentally proven, 
and the output strength of lead is sufficient to initiate low sensitivity secondary explosives. Another 
advantage of this technology is the low price due to the mass production capability (wafer technology) 
compared to conventional mechanical systems.  
 
2.1 Introduction 
 

After  a design phase of 30 months,  Nexter Munitions 
has just delivered a batch of demonstrators of a new generation of 
Safety and Arming Unit (SAU) to DGA (Délégation Générale 
pour l'Armement) : the technical challenge was to guarantee the 
safety of a pyrotechnic mechanism thanks to a Micro-Electro-
Mechanical Systems (MEMS).   

The SAU is one of the key components of any ammunition. This 
component guarantees the safety level of the ammunition during 
its complete life cycle and, of course, triggers the warhead  in 
optimal conditions (same device is also required for the ignition 
of the rocket motor).   The objective of this design phase was to 
meet strong requirements in term of miniaturization and low cost.  
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During this design phase, Nexter munitions has succeeded in designing and validating a miniaturized 
pyrotechnic train using an electromechanism designed on a chip, pyrotechnic train which is usually 
controlled by a more expensive and larger mechanism in a conventional SAU. Furthermore, this new  
type of SAU is  able to trigger Extremely Insensitive Detonating Substance (EIDS) which are now 
required for the Insensitive Munitions technology (IM).  

This breakthrough is the result of  an iterative optimization approach conducted in partnership 
with MEMSCAP company, specialized in MEMS technology. The mechanical architecture and 
pyrotechnic components have been jointly optimized to offer a reliable SAU compliant with the 
highest international standards.   

 
2.2 MEMS Technology 
 

Micro-Electro-Mechanical Systems (MEMS) is the 
combination of mechanisms, sensors, actuators and electronics 
on a common silicon chip.  

This technology is based on electronics industry 
manufacturing process used for the integrated circuits.  

It allows developments of new products bringing 
together electronics and micromechanisms with a high level of 
reliability and functionality at a relative low cost in comparison 
with "conventional products". 

 
2.3 Micro scale fire train 
 
There are two major functions for a SAU :  

• Moving the interruption shutter according to the environment conditions (cf. STANAG 4187)  

• Interrupting the detonation of the primary explosive in "safety" state and authorizing the 
transmission in the" arming" state (cf. STANAG 4157). 

MEMS technology is well adapted to motifs comprised between 1 µm and 100 µm. The length of 
displacement of the shutter have to be minimized. The length of displacement is dependant of the 
critical diameter of the explosive material employed in output of the SAU behind the shutter. 
Furthermore, to be useable within a large range of applications, the pyrotechnic micro scale fire train 
have to be able to initiate EIDS. Nexter Munitions choose HNS IV for which behaviour and 
performances are well known thanks to its self-funding works on Low energy EFI. Transmission and 
interruption experimental trials have then been carried out. 
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Several thickness of shutter have been tried to characterize the material behavior during 

explosive detonation. The design, the validation and finally the optimization of the pyrotechnical 
micro-scale fire train were possible thanks to the achievement of numerous firing during two years. 

Consecutive pictures captured by a 
fast camcorder (150 000 p/s) allows to 
make spectacularly visible the effect of the 
interruption of the MEMS shutter. 
Detonation and its effects were stopped 
and absorbed. 

After micro scale fire train's 
optimization, hardened trials have been 
realized according to the methodology of  
Groupement Technique de Pyrotechnique 
Spatiale (GTPS) to evaluate safety and 
reliability  performances.    

This method consists in hardening 
some micro scale fire train parameters and 
allows Nexter Munitions to assess with a 
small number of tests the levels of 
reliability or safety performances. 

These tests allowed Nexter Munitions to demonstrate: 

• A probability level of 0.999 (confidence level = 75%) for the transmission function between 
detonator and relay ; 

• A probability level of untimely transmission through the MEMS shutter over 0.9999995 (level 
of confidence = 90%)  

Nexter Munitions is now developing the enabling material and manufacturing technology to produce 
low-cost MEMS SAU. Explosive characterization tests are scheduled this year. 

 
2.4 Applications 
 

By combining the pyrotechnics to the MEMS technology derived from electronics industry, 
Nexter Munitions is now able to propose a new generation of SAU for a large range of applications 
(missiles, rockets, torpedoes and gun ammunition) thanks to the level of miniaturization, cost and 
performances. 

Transmission InterruptionTransmissionTransmission InterruptionInterruption
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3 Opto-pyrotechnic initiator 
 

In this technology developed for launcher systems, the explosive trains and safety devices are 
replaced by a low sensitivity, laser based initiator. There is no more need for moving parts or 
actuators, as the initiator takes place just next to the receiver. Depending of  the requirement, the 
initiator can be adapted as an igniter or as a detonator. A laser diode produces the optical energy, 
which is driven through an optical fiber directly to a specific, low sensitivity pyrotechnic composition. 
As this device does not use conductor wire, it's totally EMC-proof. If there is need for a detonator, a 
second stage is added to the device, and the combustion of pyrotechnics is radially confined in its 
metallic cup. The specially designed end of this cup is sheared off at a given pressure and is propelled 
axially. The output secondary explosive pellet is then shock initiated by this metal plate at a calibrated 
velocity. 
 
 
 
 
 
 
 
3.1 Introduction 
 

Nexter Munitions has been working on the development of laser initiated igniters and 
detonators for many years now, trying to reduce the threshold initiation energy with new explosive and 
pyrotechnics formulations and to improve the range of applications of such devices. First concepts 
were detonators based on direct illumination of secondary explosives by rod lasers through a fiber, 
producing a fast deflagration to detonation transition. This concept requires a very high energy laser 
pulse or sufficient length of explosive to attain a stable and optimal velocity of detonation. The 
volume required for rod laser and its electrical source has dramatically decreased in past ten years, but 
remains important. Those constraints still represent an obstacle for using such devices in systems 
where weight and volume are highly valued. 
 
3.2 Laser ignition: technology improvements: 
 

Technological improvements in semiconductor laser diodes, and particularly the increase of 
achievable power by those components, allows new ways in design of initiators. Thanks to the 
massive use of such devices in communications industry, compactness and efficiency are constantly 
increasing while volume and energy needs remain stable or even decrease. The electric requirements 
for a laser diode is in the same range than a conventional hot wire pyrotechnic initiator. But safety 
issues are far easier to solve when every single metal part around pyrotechnics are connected and 
forming a faraday cage. The initiator (igniter or detonator configuration) is immune to ESD hazards, 
even when using sensitive compositions. Lightning just a few centimeters from an uncovered fiber 
does not affect the pyrotechnics in the initiator at all. Coherent light is required to create any reaction, 
and laser diodes can be easily protected by integrating them into secured electronic compartments.  

 
3.3 Development of a simple, robust and modular initiator: 
 
 Laser diodes are becoming more powerful, but they still remain far from energies delivered by 
rod lasers. Direct initiation of a secondary explosive by laser diode is possible but with energy 
deposition not high enough to overcome Deflagration to Detonation Transition (DDT) ignition 
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threshold with sufficient margin. Without this margin, functioning times are far longer and less 
reproducible. 
 Shock to detonation transition (SDT) instead produces fast and precise ignition of secondary 
explosives if characteristics (shape, weight, velocity…) of the flying plate creating the impact are 
precisely designed and reproducible. Parameters of secondary explosive loading also have to be 
precisely shaped. Our objective was to design a product based on simple geometry and technologies, 
reducing costs and environmental susceptibility.  
 
The first step of the development was to design an 
igniter producing accurate pressure output and 
response time. This was made by finely tuning the 
composition characteristics and working on the 
interface between this composition and the laser 
fiber. Instead of using a connector at the end of the 
initiator and a sapphire window or a lens between 
this connector's end and the composition, the fiber 
is directly integrated in the metallic holder. This 
architecture guarantees an intimate interface and 
suppresses scratches and dusts' problems on 
connector's end face. Connection issues are 
reduced and assembling connectors and diodes in 
dedicated housings is easier, protecting them from 
environmental aggressions.  Rear containment and 
hermeticity are improved and easier to obtain. 
There's no need for glass to metal sealing, and 
mounting is not impacted. The immune properties 
of laser initiated pyrotechnic devices authorises 
their integration early in the assembly of systems, while low energy electrical initiators must be 
integrated after complete system assembly for safety reasons. 
 
3.4 Ignition composition:  
 

In order to obtain a fast initiation and a powerful output, the chosen composition was based on 
a mix of Zirconium and Potassium perchlorate. To reduce sensitivity and increase homogeneity of this 
composition, an emulsion process was used to create round shaped grains. Zirconium and potassium 
perchlorate are added in a reactor filled with silicon oil. After stirring, a solution of binder composed 
of nitrocellulose and methylethylketone is poured. By addition of countersolvent, binder hardens and 
creates round shaped grains with volumes depending of stirring parameters. The resulting pyrotechnic 
is filtered, washed and dried. 

 
In this process, many parameters must be accurately monitored. Blending parameters are 

crucial. Mixing of heterogeneous particles is achieved by adapting the agitator blade's dimensions, 
geometry and motions in the blender to avoid stagnation and segregation. Parameters of 
countersolvent introduction and the ratio between solvent and countersolvent are keys to produce a 
pyrotechnic composition with minimum proportion of binder and controlled proportion of zirconium 
and perchlorate in each grain. 
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3.5 Igniter and detonator architecture:  
 

This composition is pressed in a metallic cup which is laser welded on a connector including 
the fiber. Loading heights and efforts during laser welding are defined for an optimal intimate contact 
between fiber's end and a specific layer of composition. This intimate contact, controlled confinement 
and pyrotechnic's parameters (granulometry, caloric potential, loading strength…) enables the control 
of response time and output pressure delivery. 
 By adding a second stage to this igniter, a detonator was then developed. First step of this 
development consisted in radially confining the igniter cup, forcing pressure to be delivered axially 
only. By this mean, a metallic plate launcher is obtained as the end of the cup is sheared by pressure 
rise in the igniter. By tuning cup characteristics and loading parameters, speed of flying plate was then 
optimised in order to achieve shock initiation of a secondary explosive pellet. 
  A second pyrotechnic stage, made of RDX, is then pressed in front of  the plate launcher. 
Distance between secondary pellet and plate launcher is tuned to improve plate speed. Every single 
part of this assembly is laser welded for hermeticity and mechanical strength. 
 

 
  
3.6 Applications:  
 
 This modular initiator is designed for replacing hot and exploding wire initiators in launchers 
and space applications. It requires less safety procedures than hot wires and less energy and volume 
than exploding ones. Assembly in systems can be made earlier, and protection against environmental 
conditions is eased. This simple and robust concept is now under qualification tests for several 
applications.  
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1 Introduction 

Rocket motors for tactical missiles developed by Roxel  must satisfy, in addition to the functional 
performances, with safety and IM requirements. The respect of these requirements should not 
impact onto the Rocket Motor (RM) cost. This safety requirement becomes particularly pertinent 
when the RM are integrated into the weapon systems contained on ships, aircraft carriers or 
submarines. Indeed, the safety of these ships is closely related to that of the contained ammunition, 
in particular because of the storage density of these ammunition. An accident on one of them can 
propagate quickly with the others and thus endanger the survival of launch platforms and the 
personnel. The catastrophes experienced in the past by the Navy are the witness. 

This is why the first studies carried out for a new weapon system are to establish all of the safety 
requirements. These requirements are then transferred onto the ammunition of which the rocket 
motor is a subset. 

This paper presents the steps followed by Roxel  in the field of the numerical simulation applied to 
the safety requirements. For a few decades, these requirements have been increasing in importance. 
They are even taken into account in the first studies. Their importance is at the same level as the 
operational requirements. The accidental incident requests will have developed more particularly by 
the thermal and mechanical threats “low and average speed”. Instrumented tests carried out on 
objects or mock ups, combined with simulations, feed and validate the process of modelling. They 
not only make it possible to give confidence in the numerical simulations, but also to further improve 
the modelling due to the data collected during these tests. The closer the measured information is to 
what was predicted, the more the credit granted to calculations is significant, since it thus makes it 
possible to decrease the development cost by reducing the number of tests. 

2 Roxel calculation means 

Today these improvements are made possible thanks in particular to the increased  power of 
computers and conjunctively the progress of the computer codes which make it possible to increase 
the complexity of the  models and thus to replicate  more accurately the tests carried out. The 
numerical simulations are carried out with the computer code of structures and thermal transfers 
called ABAQUS  in its Standard  version for the thermal threats and in its Explicit  version for the 
problems of impact and drop. The material used is a calculation server of HP Itanium  dual processor 
equipped with 16 Gb of RAM and a disc capacity of 300 Gb. 

Problems of dynamics, dealt with by ABAQUS Explicit , need an increased computing power. The 
time of simulation varies linearly with the physical duration which one wishes to simulate. A “slow” 
event of 1 second will require a simulation time 1000 times superior than that of a “fast” event of 1 
milli second with the same numerical model. The time of simulation also depends on the size and the 
smoothness of the model. The limits of the capacities of the material are reached very quickly 
because the duration of a simulation cannot exceed prohibitory values. It is currently considered that 
this limit is one week. This is why the need for increasing the computing power is all the more 
pressing since the cost of the machines is not any more a restrictive factor. 
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3 Thermal threats 

Rocket motors with solid propellant contain a considerable quantity of energy stored in the shape 
of a block. Under nominal conditions, this energy must be released in the form of thrust so that the 
RM achieves its goal. If by accident, this release of energy does not occur under the conditions 
envisaged, the effects on the environment can be catastrophic. The effects produced at the time of 
accidents of this kind can be more or less intense. 

Detonation is the worst possible case. A shock wave accompanied by high speed projection of 
small metallic fragments is propagated in the vicinity causing significant lethal effects as well as 
damage to structures. Explosion, which from the physical point of view can be a bursting of tank, has 
an effect less devastating than that of a detonation. In the ranking of pyrotechnical accidents, 
combustion is that which has the least frightening effects. This is why it is essential to very quickly 
know during the development the behaviour of a rocket motor subjected to such threats. It can be a 
question for a high level threat such as an external fuel fire but also for a much weaker level such as 
for example the exposure for significant durations in hot climates, this situation is met in the desert. 

The exposure to levels of temperature lower than the values which produce an auto-ignition does 
not guarantee however an absence of a reaction when this exposure is sufficiently long. This point 
will be discussed hereafter. Rocket motor with solid propellant can contain two types of energetic 
materials: 

- The solid propellant which as its name indicates it contains mechanical characteristics specific 
to a solid. Its modulus of elasticity varies according to the temperature and the speed of burning from 
a few MPa to a few hundred MPa. The solid propellant provides the propulsion for the rocket motor. 

- Powders possibly contained within the ignition system. There are the primary powders and the 
secondary powders. They are contained in powder form or in the form of small pellets. The primary 
powders are present in very small quantities. They are initiated electrically and are, in general, much 
more sensitive than the secondary powders. The energy released during their initiation is transmitted 
to the secondary powder and then to the solid propellant. In certain ignition systems, the secondary 
powder can be replaced by a micro rocket. 

All of these materials are characterised so as to quantify their capabilities with the various safety 
tests: friction sensitivity, to weak or intense shocks, electrical and thermal behaviour. 

All of these characterisations are established according to protocols created so as to classify and 
compare the products. With regard to the thermal tests, this is indicated in France by the acronym 
TACP (Temperature d’Autoinflammation par Chauffage Progressif), which means Self Ignition 
Temperature by Progressive Heating. This characterisation is carried out on very small quantities of 
EM (some mg) so that the thermal transfer by conduction can be regarded as negligible. 

This remark on the small quantity of the samples makes it possible to introduce problems related 
to the mass and thus to the dimensions of the pyrotechnical objects. That more particularly relates to 
the propellant loading. It is about the heat generation created within a large number of energetic 
materials. When this heat cannot be evacuated through the material because of its dimensions, then 
this can lead to the phenomenon of thermal explosion. This point will be detailed later. One will 
expose in particular how the materials are characterised and the way of taking into account this 
phenomenon in the numerical simulations. 

The following examples will make it possible to illustrate how the numerical simulations and the 
instrumented tests interact so as to model in an adequate way the thermal aggressions for a given 
motor. Table 1 herafter illustrates the values of the various pyrotechnical components which one 
finds in the tactical missile rocket motors. 

Product TACP (°C) 

Solid propellant 275 

Primary Powders 300 

Secondary powders (powder) 350 

Secondary powder (pastilles) >400 

Table 1: Ignition characteristics of products. 
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4 Fuel fire 

The characteristics of a liquid fuel fire are governed by document STANAG 4240 ed 2 . This 
document specifies that the recorded temperature must exceed the value of 550°C in less than 30 
seconds after the flashover of the hearth. The average temperature must be higher than 800°C. It 
should be noted that in edition 1 of this STANAG  the average required value was 870°C, which one 
finds for the tests and simulations realized before the notification of edition 2. 

Thermal transfers to the border of the model are done by convection and radiation. The value of 
the coefficient of exchange is taken in a conventional way and for historical reasons as 150 W/m ². K. 

The following graph illustrates the variation which can exist between the modelling and the 
measurements carried out on a fuel fire. It is also known that the recorded temperatures depend on 
the position of the thermocouples in the hearth. The wind can also have an influence. This is why, 
there exists in STANAG 4240  recommendations on this subject. 
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Figure 1: experimental and conventional thermal loa ds 

The conventional thermal load used in prediction calculations is higher compared to what is 
measured under test. That does not constitute a handicap, but on the contrary gives a reserve of 
confidence in the prediction. If the requirement over the duration of an absence of reaction is held in 
the prediction, it will be largely held under test. Thus, during the development of a propulsion system, 
the simulation of the fuel fire was carried out. The requirement for behaviour to fire, calculated with 
severe assumptions was undertaken. The test carried out thereafter showed that the time 
requirement was largely held since there was a reaction 309 seconds after the ignition of the fire, that 
is to say 279 seconds in standardised time. The reaction time has been identified by the ejection of 
the rear end of the motor, thus exposing the propellant to the flames. The three following pictures 
illustrate this sequence. 

 

Figure 2: pictures of the fuel fire test. 

The precursory event for the ejection of the rear end is not precisely known. Three assumptions 
can be proposed. Each one received a degree of probability. The assumption with the highest 
probability is that the TACP of the primary powder contained in the initiator is reached. A three-
dimensional model of the rear zone has been carried out in order to validate by calculation this 
assumption. The results obtained are in agreement with the fuel test. In this simulation, we have 
used the thermal temperature recorded during the test. 

Rear end ejection Propellant ignition 
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The images below illustrate these simulations, which are again closely linked to experimental 
situation as we use in calculation an experimental input. The complexity of the numerical model near 
the initiator is also adapted to show that EM of initiator can reach its TACP in the measured reaction 
test time. The vicinity of initiator is described very precisely. We can thus observe on picture 
hereafter that heat is transmitted mainly by conduction via the thin metal sheet which maintains the 
initiator. 

 

Whole model of rear  end 

 

initiator maintained by the metallic sheet 

 

Initiator alone 
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Temperature measured at the rear 
Figure 3: Rear end model and experimental thermal l oad. 

Other thermal threats in connection with the fuel fire can also be calculated and analysed. In 
particular it could be the modelling of the heating of a rocket motor placed near a fire. The thermal 
loads then are different and are presented hereafter. The following table gives the requirements 
expected for several thermal loads on a motor as and the level of reaction. 

The values of the temperatures which appear in the first line of this table are clearly in lower than 
TACP, but that does not guarantee for all that absence of a reaction.  It will be discussed in the 
paragraph which follows how the generation of heat is taken into account in the numerical 
simulations. 

Thermal aggression Performance required 

115°C during 30 hours 
150°C during 3 hours No pyrotechnics reaction 

300°C « convective » 

-T< 80% of the T.A.C.P during 20 min 
-no reaction during 40 mn 
-reaction level IV or V beyond. 

300°C « radiative » 

-T< 30% of the T.A.C.P during 3 min 
-no reaction during 10 min 
-reaction level IV or V beyond. 

Fuel fire 

-T< 50% of the T.A.C.P during 1 min 
-no reaction during 3 min 
-reaction level IV or V beyond. 

Table 2: Example of thermal loads and requirements.  



Roxel Propulsion Systems Unclassified 24th August 2007 
Europyro 2007 paper   D. Idelot & R. Coleno 

©Roxel Group   
All Rights Reserved Unclassified 

5 

5 Modelling of the self heating (cook off) 

Composite propellants, subjected to a moderate thermal environment, have the characteristic to 
react and sometimes very violently. This behaviour originates in a release of heat which takes place 
inside the material. When this heat cannot be evacuated, there is a rapid increase in the temperature 
and fast decomposition of the propellant. The reaction can be either a simple combustion, or a very 
violent explosion of which the effects are connected sometimes with those of a detonation. 

The differential equation which governs this behaviour is the equation of heat with a source term. 
ABAQUS solves as standard the equation of heat without the source term but one can utilise the 
option *HEAT GENERATION  and coding in a typical manner for source term to deal with this 
problem. Various models of heat generation are possible. One such model is based on kinetics of 
Arrhenius. 

An expression of the source term is as follows: 

)
.

exp(...
TR

E
zQr

a−= ρ&  

The relationship presented above has only one kinetics represented by a triplet of constants (Q, 
Z, Ea) where Q is the specific heat of reaction, Z is the factor of frequency, Ea is the energy of 
activation. The other terms are: ρρρρ the density, R the constant of perfect gases, and T the absolute 
temperature. Other forms of the source term can be used. One can thus utilise several kinetics of 
endothermic reaction and exothermic. The choice is mainly guided by the quality of the adjustment of 
the couples (Te, t in) calculated with the experimental values measured at the time of the test of 
sample characterisation. 

This test consists of carrying out a series of tests intended to determine a maximum temperature 
of non reaction of samples of energy-generating products. The products tested can be propellants or 
explosives but also all other produced in industry which are likely to react under the effect of a 
“moderate” thermal request. 

The samples are cylinders (φ 50 mm, H 50 mm) placed in an aluminium container. Each sample 
is introduced into an oven and heated to a given temperature T. For each test temperature , one 
raises the reaction time which in the presented terminology calls time of induction Ti. 

A certain temperature range is thus explored. In composite propellants, there is a temperature in 
the lower part of which the product does not react any more. This temperature is called maximum 
temperature of non reaction. With the top of this temperature, times of induction are very long and 
decrease when the temperature of the oven is increased. A numerical tool makes it possible to 
extract from the sets of values (Ea, Q, Z) which produce these couples (Te, Ti). When these values 
are given, it is possible to simulate the heat generation on the motor geometry. The following graphs 
illustrate the results obtained. 

These calculation lead to the establish the “motor induction curve”. This curve gives the reaction 
time as function of the ambient temperature. 
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Figure 4: Simulation of the cook-off test. 
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Initiation in heart 

 
Localization of initiation according toambiant temperature 

 

Initiation on the surface 

Figure 5: Simulation of the cook-off test 
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6 Mechanical threats 

The mechanical threats in question in this part are relatively “moderate”. It is not a question of 
high energy collisions such as those from fragments resulting from the detonation of a warhead for 
example. It is mainly about dropping a mass onto a rocket motor or dropping a motor onto the 
ground. The mass of these objects lies between 1 and a few tens of kilogrammes and the drop 
height ranges 1 and 10 metres. For this field of request, the requirement level to aim for is an 
absence of reaction. Indeed, a consecutive pyrotechnical event with such a request cannot be 
possible. In certain significant cases, the response to this type of aggression can be expressed in the 
form of an appearance probability of a pyrotechnical event: detonation, explosion, combustion or 
propulsion. The following table gives an example of the form which the safety requirements related to 
these aggressions can take. 

dreaded event 
Probability of appearance 

Detonation Explosion  Combustion  propulsion  

Fall of punching object (bracket) 
M < 20 kg, h < 1 m 

1. 10-(n+2) 1. 10-(n+1) 1. 10-n 1. 10-n 

Fall of punching object (attaches) 
M < 36 kg, h < 0.5 m 

1. 10-m 1. 10-m 1. 10-m 1. 10-m 

Fragment of O2  shell 
M < 1 kg, Vinit. < 40 m/s 

1. 10-k 1. 10-k 1. 10-k 1. 10-k 

 
Table 3:.Probalistic response of mechanical threats  

 

In other cases, the absence of rupture of the motor envelope can be an additional requirement 
so as to eliminate the risk of dispersion of the energetic materials. 

The drop test instruments are accelerometers in order to allow the comparison with associated 
calculations. Also the drop is filmed in high speed video so as to closely compare the test with the 
numerical simulation. Predictive calculations are always done under idealised conditions: thus in the 
case of a motor drop onto the ground, the impact on the ground is done without any incidence. In 
reality, there is quite always an incidence. It is thus necessary to repeat the simulation of the fall to 
take account of this variation because the consequences result in different behaviours to the 
structural parts. The following images illustrate this remark. 

  
 

Figure 6: Drop test of propulsive system and FE mod el. 

Measurements of acceleration are exploited in order to check the compliance with those 
resulting from the simulation. The example presented cases with dropping onto a level ground, but it 
is sometimes asked to consider the case of dropping onto an angled ground, with impact on the 
conduit or flat regions. The following images illustrate this situation. 
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Figure 7: Numerical simulation of RM vertical drop test on corner iron. 

The following images illustrate the effects on the propellant grain when a motor is dropped in a 
vertical position onto the ground. The propellant grain is much more flexible than metal structures, 
the deformations induced by the shock are significant. Additionally calculations show that the 
propellant grain comes into contact with the thermal protection, thus highlighting a risk of penetrating 
the propellant or crushing the ignitor unit (not modelled). If this is the case, one can also consider a 
risk of friction of the compressed powder, presenting the possibility of an initiation by friction. One 
can also observe in these images the progression of the elastic wave and the superposition with that 
created by the propellant grain contact with the RM aft end 

 

Figure 8: Vertical drop of RM, elastic waves and im pact of grain on aft end. 

In the field of the mechanical threats, as previously highlighted for the thermal threats, the level 
of modelling must be adapted to the required goals. Thus, like the following example, it is illustrated by 
dropping nut onto the structure of a motor. The nut impacts the structure on a vertex since this is the 
worst situation because it is in this configuration that the penetration effort will be the least. The drop 
on an edge or flat is much less severe, because the load will be distributed. We can also link the 
relative position of nut with impacted structure with a probability. In order to illustrate the simulations 
carried out by Roxel  in this field, the following images present the impact of 2 different objects on a 
motor case section. These two impactors are modelled as no deformable heavy objects. It is still a 
severe assumption for the material, since the impactor does not absorb energy during the collision. 
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These examples illustrate Roxel  possibilities in the field of dynamic calculation loads on RM 
motor cases. This type of simulation is representative of those that can be conducted for mechanical 
threats such as Bullet or Fragment Impact to reach the level of induced shock or heat generated by 
plastic deformation. 

  

  

Figure 8: Nut and clamp impacting a case. 

The following pictures show a heavy metallic conventional cube impacting and drilling a structure 
.For this simulation, the impactor was considered as deformable. The first picture shows the model at 
initial time: the objects are in contact.  

   

   

 

Figure 9: Moderate high speed impact of heavy metal lic conventional fragment. 
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7 Conclusions 

The examples described in this paper illustrate how simulations and tests are complementary in 
order to better understand the mechanisms which occur for accidental threats on the solid rocket 
motor with propellant. The progress made in the last few years by Roxel  in this field is significant, 
there is considered to be lots of improvements within a short time. Among the effects which one can 
simulate with the currently available tool, the adiabatic heating caused by the plastic deformation, that 
induced by friction, can be modelled. These heating effects can bring the pyrotechnical products to 
the threshold of initiation. The analysis must also improve the probability component at the same 
time since the real world is not deterministic, but the answers to which the industrialist must bring in 
the safety field must be expressed in these terms. 
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Abstract 
            Since their discovery in 1991 carbon nanotubes have been investigated as the new form of 
carbon. They have unique physical and chemical properties that give them high mechanical strength, 
high resilience, electronic properties ranging from metallic to semiconducting, and high thermal 
conductivity. Single Wall Carbon Nanotubes (SWNTs) consist of cylindrically rolled-up graphene 
sheets. A perfect SWNT resembles a cylindrical aromatic macromolecule with both ends closed and 
without any functional groups, rendering it inert chemical properties. However, in reality the carbon 
nanotubes do have a degree of reactivity. This is due to the fact that there are curvature-induced 
pyramidization and misalignment of the pi-orbitals of the carbon atoms that generate local strains and 
hence reactive sites. In fact, the end caps of the cylinder are always very reactive and can be opened 
up by aggressive oxidizers. 

  
 
  Our recent research on the substitution of Single Wall Carbon Nanotubes with different 
energetic moieties has resulted in developing novel products. This experience has also led us to come 
up with new ideas for application of carbon nanotubes in energetic materials industry. This paper 
describes the results of the reaction of SWNTs with energetic hydrazoic acid. 
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Summary
The European Directive 93/15/EEC from the Council dated April 5, 1993 on
the harmonisation of provisions relating to the placing on the market and
supervision of explosives for civil uses imposes the « CE » marking as of
January 1, 2003. In practice, this marking is already in place since January
1, 1995, date on which the Directive became effective. It is subject to the
following provisions :
- observance of the essential safety requirements,
- a type examination (product certification) in accordance with module

B of the Directive,
- an examination of the manufacturing and inspection conditions in

accordance with one of the modules from C to G of the Directive.
The INERIS is the Notified Body in France for the fulfilment of these
examinations. They are grounded on a reference system and procedures in
compliance with the applicable accreditation standards.

Awarded_certificates

Nombre de produits certifiés par les organismes notifiés (1996-2005)

INERIS (France) 40%

PVTT (Finlande) 1%

BAM (Allemagne) 29%

HSL (Royaume-Uni) 22%

LOM (Espagne) 4%

SP (Suède) 0,1%
VVUU (Rép.Tchèque) 1%

GIG (Pologne) 2%

KDJSC (Slovaquie) 0,1%

TNO (Pays-Bas) 0%

CECOC (Belgique) 0%

Mandatory markings

 : INERIS symbol (module D)

: EC marking

0080.EXP.05.XXXX : Certificate number (module B)

Explosives concerned : considered to be
explosives in the UN recommendations on the transpo rt of
dangerous goods, and falling within class 1 of thes e
recommendations.

- Black powders, whether compressed or not, powders for guns and
other powders with a simple or double base or composites,

- Explosives for civil uses (dynamites, nitrated explosives, ANFO and
heavy ANFO, slurry type explosives, chlorinated and liquid
explosives)

- Shooting devices (boosters, mining fuses, detonating cords, electric
detonators or others, other pyrotechnic shooting accessories)

- The other explosive products for civil uses whatever their form
- Demolition charges and industrial shaped charges
- Articles other than those described in Directive 2004/57/CE annex 1

and future Directive concerning Pyrotechnical articles
All these explosives may not be sold, imported, exported, transported,
packed in cartridges, stored, held or used if they are not EC marked and
accompanied by a declaration of conformity.

Procedure

INERIS fields of activities











 

GTPS Members 
 
GTPS which stands for “Groupe de Travail de Pyrotechnie” was created 38 years ago as a forum to 
exchange and enhance expertise among its members; it is still gathering main French Industrial and 
Research Organisations plus national Bodies involved in Explosives and Pyrotechnics. 
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ONERA Palaiseau 
PYROALLIANCE Les Mureaux 
ROXEL St Médard en Jalles 
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SNPE Matériaux Energétiques St Médard en Jalles 
SNPE CRB Le Bouchet 
TDA La Ferté 
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