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3rd International Seminar of the
« Groupe de Travail de Pyrotechnie Spatiale »
Combined with the
12th International Pyrotechnics Seminar »

Cinq ans se sont écoulés depuis le « Colloque
International de Pyrotechnie fondamentalc
et appliquée, substances et systemes»
d’ARCACHON.

Le G.T.P.S., « Groupe de Travail de Pyro-
technie Spatiale » a mis a profit cette période
pour structurer et élargir son action. Crée
en 1969 le G.T.P.S. réunit une vingtaine de
sociétés ou organismes travaillant en France
dans le domaine de la Pyrotechnie. Il a tenu
récemment sa 43° assemblée pleiniere.

Ses commissions, rassemblant les experts des
sociétés membres, réalisent des travaux visant
a la constitution d'un vocabulaire commun
(Dictionnaire de Pyrotechnie) et des regles
de pensée communes (recommandations spé-
cifiques). Le journal témoigne de la vie de
notre groupement.

En octobre 85, le G.T.P.S. s'est doté d'une
structure complémentaire 1'A.F.P. « Associa-
tion Francaise de Pyrotechnie » ayant pour
but de promouvoir, valoriser, diffuser les
travaux réalisés.

Ce 3° Congres International du G.T.P.S. est
aussi le 12° «International Pyrotechnics
Seminar » renouvelant ainsi |'expérience faite
a KARLSRUHE en 85. Ces actions conjointes
contribuent largement a l'internationalisation
de nos organismes et favorisent les échanges
d'idées au plus haut niveau. I'année pro-
chaine le 13° «International Pyrotechnics
Seminar » se déroulant dans le COLORADO
a Grand Junction verra sans doute une
grande participation d'Européens.

Notre Congres de Juan-les-Pins regroupe plus
de 90 communications sous les thémes
suivants :

e Physico-chimie des réactions.

e Substances et dispositifs pyrotechniques :
Développements récents et applications
nouvelles.

e Instrumentation, méthodes expérimentales

e Qualité, fiabilité et sécurité des systémes
pyrotechniques.

Five yedars have elapsed since the « Colloque
International de Pyrotechnie fondamentale et
appliquée, substances et systémes » (International
Seminar on basic and applied Pyrotechnics,
substances and systems ») which took place at
Arcachon.

G.T.P.S., the « Groupe de Travail de Pyrotechnie
Spatiale » took advantage of such period for
structuring and enlarging its action. Created in
1969, G.T.P.S. groups around twenty companies
or organizations working in France in Pyro-
technics. it recently held its 43rd general
assembly.

Its committees, which group experts of the
member companies, carry out works aiming at
developing a common vocabulary (dictionary of
Pyrotechnics) and common lines of thought
(specific recommendations). The gazette evidences
the life of our group.

In October 1985, G.T.P.S. created a comple-
mentary structure AIFFP (Association Frangaise
de Pyrotechnie = French Pyrotechnics Associa-
tion) aiming at promoting, valorizing and
circulating the works of the Group.

This third international Seminar of the G.T.P.S.
is combined with the 12th « International
Pyrotechnics Seminar », thus repeating the
experience of Karlsruhe in 19&5. Such common
seminars largely contribute to the internatio-
nalization of our organizations and favor the
circulation of ideas at the top level. Next year,
the 13th « International Pyrotechnics Seminar »
shall be held in Colorado, at Grand Junction
and hopefully a large number of Kuropeans shall
participate in it.

Our Seminar in Juan Les Pins groups more
than 90 communications on the following topics :

e physico-chemistry of reactions,

e pyrotechnic devices and latest developments
and new applications,

e instrumentation, experimental methods,

e quality, reliability and safety of pyrotechnic
systems.



Le haut patronnage de cette manifestation,
par Monsieur le Délégué Général a 1I'Arme-
ment, montre l'intérét que porte les Autorités
Francaises a ce Congreés International et
place par la méme, la pyrotechnie sur le
méme plan que les gutres secteurs d’activité
de I'Armement.

La participation au congrés doit étre impor-
tante. Du fait de leur nombre, les pré-
inscriptions confortent I'impression faite par
I'afflux des résumés. Leurs origines montrent
que l'ensemble de la communauté des
Pyrotechniciens est représentée.

L'édition des actes du colloque, avant le
début du congres, offre pour l'ensemble des
congressistes un avantage appréciable mais
hélas pour les auteurs conduit a une
contrainte supplémentaire. C'est ainsi que les
textes non parvenus a la date du 1 mai ne
sont pas publiés ici mais juste présentés sous
la forme de leur résumé. Les auteurs
concernés pouvant, s'ils le souhaitent, diffuser
directement aux intéressés leur texte définitif.

La qualité de cet ouvrage témoigne de la
reconnaissance du Comité d’Organisation vis-
a-vis des auteurs. Je tiens pour finir a
remercier trés vivement I'ensemble du Comité
de Parrainage et du Comité d'Organisation
et particulierement Mlle ROUSSEL et Mlle
GARNIER pour le travail important réalisé
lors de la préparation de ce Congres.

Alain FAUCONNIER
Président du Comité d'Organisation
Président du « G.T.P.S. »

This event is under the high patronage of
Monsieur le Délégué Général a I'Armement,
which shows the great interest taken by the
French Authorities in this International Seminar
and thus places Pyrotechnics on a level with
the other sectors of activities in the armament.

The increasing number of the pre-registrations
strengthens the impression already given by the
inflow of abstracts; the participation in the
Seminar will be large: besides their origins
plainly show all the pyrotechnics people are
represented.

Printing the conference proceedings before the
Seminar gives indeed the members a valuable
advantage but the authors unfortunately for
them, a greater stress. Texts not received by
May 1st will not be published but only presented
in their abstract form. The authors concerned
will have the possibility, if they wish, to
distribute directly their final texts to the persons
concerned.

The quality of this work bears witness of the
Organizing Committee’s gratitude to the authors.
Lastly, I want to give my heartfelt thanks to
the sponsoring and organizing Committees and
especially Miss ROUSSEL and Miss GARNIER

for the important work they have done during

the preparation of this Seminar.

Alain FAUCONNIER
Chairman of the Organizing Committee
Chairman of G.T.P.S.
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‘Amorcage
d'une
composition
explosive
par
sollicitation
R. Helmas mecanique

Commissariat a I'Energie Atomique

. L ]
Centre d'Ltudes de Vaujours d
B.P. n® 7 - 77181 Courtry (France) rapl e

RESUME

Nous développons un modéle phénoménologique d'amorcage des compositions explosives par
sollicitations mécaniques rapides.

Ce modeéle est fondé sur 'hypothése que les points chauds prennent naissance dans le liant par
suite de phénomeénes de cisaillement.

II permet de calculer les critéres limites Pression = { (temps d'application) pour les impacts
de plaques minces et Vitesse = g (diametre) pour les impacts de projectiles cylindrigues, suns qu'il
soit nécessaire d’utiliser des paramétres de calage. Il restitue d'autre part Uinfluence de certains
parameétres tels que la température initiale de la composition explosive. la flegmatisation par choc
précurseur, les propriétés mécaniques des muatériaux, la granulométrie, ete.

I propose enfin une phénoménologie de I'amorcage par choc des compositions explosives tenant
compte de la microstructure de ces matériaux.

I. INTRODUCTION

Il est communément admis que amorgage par choc des explosifs est lié a la formation de
zones de décomposition localisées, appelées points chauds [1].

La naissance de ces zones est, par ailleurs, intimement lide aux hétérogénéités présentes dans
le matériau {1, 2, 3].

Dans le cas de matériaux a trés faibles porosités, telles les compositions explosives formées de
plus de 90 % d'explosif granulaire et de quelques pour cents de polymere. I'hétérogénéité majeure
est, en fait, le liant.

Le modéle que nous développons ci-aprés est done fondé sur le fait que les points chauds
naissent dans le liant par suite des phénomeénes de cisaillement induits par le passage de 'onde de
choc. II est voisin dans son principe, mais non dans ses détails, des théories proposées par Frey [4]
et Walker [ 5].

II. DESCRIPTION DU MODELE

1. Phénoménologie proposée
ILe principe du modele est le suivant :

1) Le passage d'une onde de choc sur l'ensemble liant + cristal d'explosil induit des
vitesses matcériclles différentes dans les deux milicux.

2) 1l s'ensuit un cisaillement du liant qui résulte en un dégagement de chaleur lié au
travail viscoplastique.
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3) L'¢levation de température du liant implique des transferts thermiques entre ce dernier
et les grains d'explosif qu'il enrobe.

4) la température des fronticres des grains s'éléve a son tour sous l'cffet de ce transfert
et I'explosif commence a se décomposer.

5) Si T'élévation de température et la décomposition associée sont suffisantes, la réaction
s'emballe et aboutit & amorcage de la composition explosive.

Le développement de ce modele repose sur quatre types de modélisation :

— description simplifice de la microstructure,

— modélisation du passage de 'onde de choc,

— prisc en compte du comportement rhéologique,

- simulation des transferts thermiques internes avec prise en compte de la décomposition

exothermique de 'explosif.

2, Microstructure

La composition explosive est idéalisée sous la forme d'un assemblage de grains d'explosifs
cubiques régulierement disposés et séparés par des joints de liant polymeére.
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Les valeurs de « et b peuvent étre déduites de la composition du matériau et de sa
granulométric moyenne.
3. Comportement sous vide

La différence des vitesses matérieles dans le cristal et le liant (U, ¢t U) se traduit par
un cisaillement de ce dernier.

La vitesse de déformation en cisaille- CRISTAL
ment est donnée par:
U, - U " U -
! b c
In fait, le contact entre les deux
matcriaux ne peut étre parfait ot la vitesse ——
dans le liant a linterface liant-cristal est U’
), telle que: . i LIANT ‘
U =, > U,

La qualité du contact dépend de la pression hydrostatique P et nous admettrons que
1, = U, {contact considéré comme parfait) lorsque P = Pj,... Nous posons alors que la vitesse
réelle de déformation en cisaillement est donnée par:

v = C(Pv, 0<C<1 (1

les grandeurs P et C(P) sont déduites de I'étude du comportement du matériau en
cisaillement sous pression. N

4, Comportement rhéologique

Le comportement en cisaillement est décrit par un modele rhéologique non  lincaire
prenant en compte les parametres temps, température, pression el endommagement. Cette loi
de comportement est déduite d'une caractérisation mécanique approfondic du matériau [6].

Elle permet, connaissant la température initiale, la pression du choc ¢t la vitesse de
déformation en cisaillement (voir 11.3) de calculer la courbe contrainte-déformation © (v).



[’aire sous cette courbe nous donne le dégagement de chaleur dans le liantQ et
['élévation de température AB.

1 v
11 AB = — d
1\ oCp J:] Tdv (1

Q

/.

p . masse volumique
Cp: chaleur spécifique

L A

5. Modélisation des transferts thermiques

Elle est réalisée au moyen d'un code bidimensionnel aux ¢léments finis traitant I'¢quation
générale des transferts thermiques a laquelle est adjoint un terme destiné a tenir compte du
dégagement de chaleur lié & la décomposition de I'explosif [7].

Nous supposons que cette décomposition suit une cinétique d’Arrhénius [8]. 1'échaulfement
homogéne initial dit a la compaction par le choc a été calculé par ['expression  proposée
dans [9] par Andersen et fondée sur les travaux de Pastine et Bernecker [101].

II. RESULTATS
1. Critere d’amorcage P(1)

Ce critere est obtenu expérimentalement en projetant a différentes vitesses sur des cibles
d’explosif des plagues minces de différentes natures et épaisseurs.

La comparaison calcul-expérience dans le cas de la composition X & Foctogene conduit
4 un bon accord.
' P {kbar)

calcul

10°

- — - experience

10 1 10 T {us)

2. Critere d’amorgage V(d)

Ce critere est obtenu expérimentalement en projetant des cylindres d'acier de vitesse V
et de diamétre d sur des cibles d’explosit nu au moyen d'un canon & air comprime.

Pour tenir compte des cffets bidimensionnels indissociables de cette géométrie d'essui
nous avons supposé, en accord avec la méthode proposée par Green | 11], une divergence de
l'onde de pression selon un angle de 45°.

Ce calcul est en asscz bon accord avee les résultats de 'expérience obtenus pour deux
diamétres. LV (m/s)

10* e detonation
calcul o non-détonation
7/
Tk
* o
| )
! |
102 L
| 1
| t
10 16 3p 160 d (mm)
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3. Influence de divers parametres
a) Température initiale
Elle est prise en compte en deux points du modéle
— comportement rhéologique,
— transferts thermiques.
b) Profil de la sollicitation

les travaux de Setchell {12, 13] montrent qu'un choc précurseur de faible intensité ou
une montée en pression sous forme de rampe flegmatisent 1'explosif.

Cet effet est pris en compte, au moins qualitativement, par fe modele proposé. de la
manicre suivante :

— le choc précurscur suffit a conduire le liant jusqu'a son endommagement maximum.
L'impulsion rectangulaire suivante aborde donc un matériau moins résistant que le
matériau vierge, ce qui se¢ traduit par une courbe t(v) plus aplatic et donc un
dégagement de chaleur moindre,

matériau vierge

matériau endommagé

— le choc précurseur compacte davantage le liant que le cristal, du fait des polaires de
choc respectives des deux matériaux. lLorsque la deuxieme impulsion arrive, elle
trouve donc deux phases qui présentent entre elles moins de différence que dans le
matériau vierge. Les vitesses matériclles, en particulier, sont moins dissemblables.

II s'ensuit que la vitesse de déformation en cisaillement donnée par les cxpressions (1)
et () est plus faible que dans le cas du matériau vierge. Le dégagement de chaleur au
cours du temps est donc moins important.

Ce phénomene de flegmatisation est illustré par le graphe suivant, issu du calcul, ou
Ion voit que le flux de chaleur dégagé dans le joint pour un choc impacteur de 100 kbar
est nettement plus faible lorsque ce dernier est précédé d'un précurseur de 10 kbar :

Flux de chaleur dans le joint
{(W/m’.10-1€)

100 kbar sans précurseur

2,5

100 kbar avec précurseur de 10 kbar

10 1076 Temps (s)

De la méme maniere. on peut constdérer qu'une montée en pression sous forme de
rampe est idéalisée par une succession de chocs précurseurs.

¢) Granulométrie

Une diminution de la taille moyenne des grains (a~) entraine dans des proportions

identiques une diminution de I'épaisseur du liant (bN) et. de ce fait, une augmentation de
{expressions (I) et (II)) et du flux de chaleur dégagé dans le joint. comme le montre le
graphe suivant.
De ce fait, le modele indique, au moins qualitativement, une plus grande sensibilité pour
les fines granulométries. en accord avec certains résultats expérimentaux [ 14].

H Flux de chaleur dans le joint

W/’ 10 -16)
4D

P = 100 kbar

a=0,1 mm

= 0,3 mm
0,6 mm

?

Temps (s}



Iv.

W
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CONCLUSION

Le modéle que nous venons de présenter permet de rendre compte d'un certain nombre
de faits expérimentaux importants dans le domaine de la sécurité pyrotechnique.

Il propose en outre une image physique du phénomene d'initiation par choc.

Son principal inconvénient est de nécessiter, pour sa mise en ceuvre, la connaissance
d'un nombre important de parametres caractérisant le comportement du matériau.

Un certain nombre de rapprochements quantitatifs entre calcul et expérience demeurent
a effectuer.
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A model
for calculating

the threshold

for shock
initiation
Dennis E. Maiden Of perteChniCS
Koo Lapoators and explosives

ABSTRACT

A model is proposed for predicting the shock pressure Poand pulse pulse width © required to
ignite porous reactive mixtures. Essentially, the shock wave collapses the voids forming high
temperature hot-spots that ignite the mixture. The pore temperature is determined by numerical
solution of the equations of motion, viscoplastic heating, and heat conduction. The pore radius is
determined as a function of the pore size, viscosity, yield stress, and pressure. Temperature-dependent
material properties and melting are considered. lgnition occurs when the surface temperature of the
pore reaches the critical hot-spot temperature for thermal runaway.

Data from flyer plate impact experiments were analysed and the pressure pulse at the ignition
threshold was determined for 2Al/Fe 0, (thermite) and the high explosives TATB, PBX 9404, and
PETN. Mercury intrusion porosimetry was performed on the samples and the pore size distribution
determined. Theoretical and numerical predictions of the ignition threshold are compared with
experiment. Results show that Pt appears to be a materal constant.

1. INTRODUCTION

The - initiation of pyrotechnics by shock waves is increasingly being used in weapon component.
They are used for enhanced safety in detonators and in the ignition of propellunts and incendiaries.
In high explosives ignition sensitivity is important in the design of detonators and boosters {1} and
for the design of shock insensitive explosives. It is, therefore, of interest to understand the conditions
in which the chemical reactions are initiated and how the reactions proceed.

In a previous paper [ 2] an approximate solution with constant material properties was obtained
for pore heating during shock compression. In this paper the equations are solved numerically with
variable material propertics and melting. Shock threshold data is given and compared with numerical
predictions.

2. IGNITION THEORY

It is believed that shock ignition of pyrotechnics, as in high explosives (H.15.) is achicved

by heterogeneous heating. The increase in internal energy from a passing shock is concentrated
in small regions of the shocked material known as « hot-spots ».

1t has been proposed[3] that the mechanism for the local heating in a solid material
is the collapse of individual pores. As a pore collapses under shock pressure, work is done
in overcoming the plastic resistance and viscous stress in the material surronding the pore.
The heating rate is, therefore, dependent on the rate of pore collapse.

The localized heating is reduced by conduction owing to large temperature gradients,
and the surface to volume ratio of the pores. Ignition occurs if the local heat content of
the hot spot reaches critical conditions for runaway reaction. We have adapted the theory
of Frank-Kamenetskil for spontanious ignition of a hot-spot with a time-dependent heating
rate to determine the criticality condition.
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The equations of visco-plastic pore collapse are given by Khasainov et al. [3] and more
recently by Carroll and Kim [4]. The theory is advanced over previous work [2. 3]. to include
variable material properties, melting, and heat conduction. The following describes the theory
and its application to the ignition of pyrotechnics and explosives.

2.1. Computational Model for Dynamic Pore Compaction

The pores in the material are treated as hollow spheres. The material is assumed to be
volume preserving and is described by
rr-ad=r —al (2.1
where r is a coordinate position and a is the inner radius at timet, and the subscript
denotes the initial value. The porosity of the material and its initial value are given by

¢ = a*/b’ and by = alfb’,, (2.2)
where b is the outer radius. The radial equation of motion is
2 >
( Gr bt .
., o = pf. (2.3)
or r .

where o = o, — g, is the maximum whear stress. The boundary conditions are :

o, = 0. it r=ua; (2.4)
Py, it r=b

The stress-strain rate equations are:

o, =P + 2us, (2.5)

oy = Pt 2u§,. (2.6)
The strains and strain rates are:

€, + 28, =0, (2.7)

£+ 28 = 0. (2.8)

The strain-displacement rate equations are :

r
£g = (2.9)
r
e = — ol (2.10)
r
The visco-plastic flow rule is
v
I3
o =Y{(T., P} + 6u(T, P) - (2.11)
r

Substitute Lgn. (2.11) into Egn. {2.3). Determine ¢ from Egn.(2.1) and substitute into
Eqn. (2.3) and integrate using boundary conditions (2.4). The equation for pore collapse
becomes

P(t) = — p_‘|:{aii + 2a*H1 — a/b) — % a‘(l — a",./b"):|

o ) o dr
+ 2 Y{P. T) - é6bpP, T) v {2.12)
. r r

with the pressure pulse defined by

Pity= P, if ¢t <r; (2.13)
0, if t=r
and the initial conditions :
a({()) = a, and a(y) = O, (2.14)

The energy equation with heat conduction and chemical reaction is

pCT = 68, + 20y 1 KVT. (2.1%)



Combining Eqns. {2.9) to (2.11} we get
. r )
p, T = = 2Y(T, PY + 12p(1, P) - + kVET, (2.16)
r

with boundary conditions

> o7 )
T =0 and . hoy=0. (2.17)
‘r cr

T(r. 0) =T,

The functional form of the melting temperature T,,(P), yield stress Y (P, 1), and viscosily
(. T) are given by Dubovik and Lisanov [5] to be:

T, Py="T,, t BP; (2.18)

Trn - T ! P "
Y, T =Y, T o) it T<T,:
" [})

0, i T=7T,:

{2.19)

T
WP, Ty = u, cxp(’xl’ ,l?)- if T<7T,:

B/ 1 1 Lo T, e
X - v v =T,
Ho €Xp R\T T, T

where E, is the activation energy, R is the universal gas constant. o, B, and n are
experimentally determined parameters. The value of these parameters are given by Dubovik
and Lisanov [5] for T.E.N., the Russian equivalent of T.A.T.B., and are recorded in Table 1.
In this study. pressure-dependent vield stress and viscosity were not considered ie. % = 0,
B =0, and n = 1. Viscosities vary from 1 000 to 10 000 poise [2. 5] The choice of viscosity
determines the time to ignition.

The total energy E, deposided around a pore during collapse by the applied pressure is
Pdv. It is equal to the sum of the internal energy [5 and the kinetic energy E,. i.c..

£ =E+ L, (2.21

(2.20)

4 t X b , ’
3 T {a) - a') P = drpl, J (T =Ty rdr + 2mp, J Fordr. (2.22)

Equations {(2.1), (2.2), and (2.12) to (2.20) are solved numerically by the method of

lines to determine the temperature distribution T(r, {). By comparing the dimensions of the
heated region and its temperature with the critical hot-spot temperature, we can observe
the pore region approach thermal runaway. The critical hot-spot size and temperature are
determined in Section 2.3.

2.2, Approximate Analysis

An approximate solution of the above equations for T{r, t) is given by Maiden and
Nutt [ 2]. Simplifying their solution, by neglecting heat conduction and expanding exp( t/1,)
in a power series to first order. the time the pore surface reaches the ignition temperature T,
is

(’I‘m tI‘())
T, > 4pCHy — - (2.23)
: SANTIN %
Average values of the ignition temperature can be taken from the critical curves shown in
Figs. 7 to 10 and are given in Table 1. This expression is larger than Khasainov's et dl. |3]
by a factor of 3. We also ghave by definition

P, =2Y In }—7: :2— Y In ] . {2.24)
: a 3 ¢
The Pt ignition criteria becomes
(P, PO, = 4pCpatl,  Ty) (2.25)
The total pore-collapse time is [2. 3]
= M (2.20)

= e
Pe—r,
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2.3. Ignition

Using the spontanious ignition theory of Frank-Kamenetskii, Merzhanov et al. [6] studied
the conditions for ignition of a spherical hot spot, initially at a uniform temperature in a
reactive medium. The heat-conduction equation with a chemical source term given by

Ay
1 , )k
e A U @, ML (2.27)
ot '
»
was solved numerically until thermal runaway. The critical radius r,, of a hot-spot is related
to the ignition temperature T, by
3
(T - To)J '

AR B
r,“ — :’. L] I vl'” ) AR i I
o = 20 \/ koo © [ n 2R

where T, is the initial temperature, R is the Universal gas constant, and the rest of the
parameters are in Table 1. The numerical factor in Egn. (2.28) differs from the one published
by Merzhanov et al. |6] to correct for the fact that, for collapsing pores, the hot spot is
hollow. For the solid sphre, r is 3 times the volume-to-surface ratio. Numerical experiments
show that the heated region around the pore extends to 1/4 of the pore radius. The
calculated volume to surface ratio results in the above correction.

The time to thermal runaway after the critical temperature has been reached is

(2.28)

2Cp RTE
T, X It 4_‘ ) ()Lklm' (2.29)
Ql.'ku -

-The total time 1, for thermal runaway is the time to ignition during pore-collapse plus the
thermal runaway time after ignition, i.e.,

(2.30)

The «critical curve » of ignition temperatures T, from Egn. (2.28) arc ploted in Figs. 7
to 10 with the critical radii r,, as the abscissa for the parameters given in Table 1. Ignition

of a pore is assumed to occur when the inside surface of the

TABILE 1

MATERIAL PARAMETERS FOR REACTIVE MIXTURES AND EXPLOSIVES

Parameter 2Al1/Fe,0, TATB. PBX 9404 P.ET.N.
Q = Heat of reaction (cal/gm) 900 600 500 300
k, = Arrhenius prefactor (1/s) 10" 3.3 x 10" 5.0 x 10" 6.3 x 10"
A = Conductivity (cal/cm.s."K) 0.23/0.029 1.0x 10 P [ 720x 10 * | 60x 10"
S, = Specific heat (cal/gm .°K) ().24/4.74 0.25 0.504 0.26
E = Activation energy (cal/mole) 76 x 10° 60 x 10° 52.7 x 10 | 47.0 < 10}
p, = Density (gm/cm') 4.14 1.95 1.89 1.77
W, = Viscisoty (dyne.s/cm?®) = poise 10 000 7 000 7 000 1 000
o, = Porosity 0.355 0.0811 0.032 0.1354
Y, = Yield strength (dyne/cm?) 4.1/50 x 108 1.1 x 10° 1.1 < 1 1.1 x 107
T,, = Melting Temperature (K) 013/1867 725 523 413
I. = Latent Heat (cal/gm) 95 50 50 50
E, = Activation energy (cul/mole) 5012 5012 5012 5012
n =In Y(T, ) l 4 | 1
% = In p(P, T) l/tdynejcm?) - 5 x 17" —
B =In T,(P) (K/dyne/cm?) - 3 x 107" - -
a, = Mean pore radius (cm) 2.2x 10" 4.19x10 © 1 2.33%x10 | 1.63x10 °
a, = Maximum pore radius (cm) 6.5x 10 ° 5.0x 10 ¢ 5.0x10 ¢} 5.0x 10 ¢
T, = Average ignition temp. {K) 2500 1 400 1 200 1 000

pore reaches the critical temperature T, for ignition at a{t) = r,
is assumed to occur at the surface of the collapsing pores.

. The ignition of the mixture




3. EXPERIMENTS

Hardt and Martinson [7] determined the pressure at ignition for a number of pyrotechnic
mixtures from flyer plate experiments, but did not calculate the pulse width. lgnition
thresholds for pyrotechnics, as in high explosives, depend on P21, Hornig et al. [8] measured
the ignition threshold of 2 Al/Fe,0, to be about 50 to 60 kbars for a pulse width of 4ps.
lgnition thresholds for T.A.T.B., PBX 9404, and P.ET.N. were determined from flyer impact
experiments. The pressure pulse at ignition was determined from the impactor velocity. the
impactor thickness. and the shock Hugoniots of the impactor and the target. The results are
given in Tablc 2.

The pore size distributions for the tested samples were determined by mercury porosimetry
analysis and are shown in Figs. 1 to 4. The porosity, density, mcan pore radius, and
maximum pore radius are given in Table 1. The average pore radius of P.ET.N. is an order
of magitude larger than the others.

TABLE 2
IGNITION THRESHOLDS : EXPERIMENTAL, NUMERICAL, AND THEORY

Experimental Numerical Fan. (2.25)

Material Case P, T Pt T, Pfriy‘ r, - P,

N° kbar ns kbar’ s s kbar? us kbar’ I
2Al/Fe 0, 1 60 4 000 14 400 700 2520 4 500
T.A.T.B. I 361 29 3779 4 521 627

2 171 39 1339 20 584

3 124.4 87 1 346 50 77

4 95.1 188 1 700 70 633

3 68.8 474 2 243 120 568
PBX 9404 ] 172-187 13.6-13.1 404-461 25 738 1 002

2 i43.4 37 762 35 720

3 67.2-78.3 101-95 457-585 120 366

4 68.7 200 947 120 566

5 40.3 609 9K8Y 400 650
P.E.T.N. 1 22.3-25.2 146-141 72.7-89.4 42 21.0 54

2 17.0-19.6 31.3-31.2 9-11.6 70 20.2

3 14.6-17.0 162-157 34.5-45.4 95 20.3

4 14.6 162 34.5 95 20.3

4, RESULTS

The radial temperature, the yield stress and viscosity distribution, and the time-history
of the porosity, and the inner pore surface temperature history are shown in Figs. 5 and 6
for T.A.-T.B. and P.E.-T.N. The viscosities p, where chosen so that the ignition time would
be in agreement with experiment. The viscosity of P.ET.N. is much lower than T.AT.B.
Lower viscosity tends to concentrate the heating in the melt and thus sensitizes the explosive.

Numerical calculations were performed using the material parameters given in Table ]
and detail results are shown in Figs. 7 to 10. Theoretical and numerical calculation of the
ignition threshold parameter P°t is given in Table 2.

Pyrotechnics are composites with diffusion controlled reactions. The material properties
for Al and Fe,0, very widely as shown in Table 1. Upon shock compaction, all the deformation
occurs in the Al For computations we used the conductivity of Fe,O, and the rest of the

material propertics are those of Al Since the composite is stiff. we used a viscosity of

10 000 poise. Figure 7 shows the critical curve and the pore temperature paths T(a, t) for
three different pore sizes (a, = 2.2 x 107°% 9 x 107>, and 2.2 x 107*c¢m). The ignition
temperature of a given pore size 4, is determined at the point of intersection of the critical
curve. For example, the center curve begins at a, = 9 x 1077 em, as the pore is compressed
inward, the pore surface temperature increases due to visco-plastic heating until heat
conduction takes over and the temperature drops below the critical curve and ignition does
not occur. Pores of average size, reprensented by the curve on the left, also do not ignite.
Ignition, however, occurs for pore sizes a, = 2.2 < 107 * when the pore temperature paths
intersect the critical curve. The larger pores are more susceptible to ignition, as is confirmed
by experiment [9], becaus¢ they experience more pdv work.
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Similar ignition curves for T.AT.B., PBX 9404, and P.E.T.N. arc shown in Figs. 8 to
10. For T.ATB. (case 3 in Table 2) the ignition temperature for the mean pore size
{ap = 4.19 x 10" % cm) is taken from Fig. 8 to be 1 200 K. The moment of ignition is the
cross on the curve in Fig. 5d at T = 1200. K and ¢t = 50 ns. The result is recorded in
Table 2. Similarly. for P.ET.N. (case 1, in Table 2) T, = 1 200K and 1, = 42 ns is obtained
from Figs.6d and 10. The dashed curve in Fig. 8 is case 3 with a constant viscosity
e = 1 000 poise, ,

The moment of ignition is also the minimum pulse width for ignition. Table 2 shows
the calculated minimum pulse width 1, and the Pit, criteria. In the last colume is the
value of P°t calculated from Egn.(2.25). The results are in reasonable agreement with
experiment. It appears that P’t is a material constant. The shock sensitivity of P.E.T.N. can
be attributed to the lower viscosity, lower conductivity, higher Arrhenius prefactor, and the
larger pore size distribution.

5. CONCLUSIONS

Visco-plastic heating is an effective mechanism in describing the ignition of shocked
reactive matertals. The model is applicable to pyrotechnics and high explosives. Viscosity and
melting determines the rate of pore collapse. The heating rates are extremely fast and the
ignition delays are short because of the high temperature at the walls of the pores. Ticat is
concentrated in the melt region and materials that are highly temperature dependent are
sensitizing. The melt layers localize the heating and, therefore, the process of growth to
detonation is determined by the rate of burning from the pores and grain boundaries. In
summary, it was found that the following material propertics are sensitizing :

Low viscosity, high activation cnergy Ii,, and low melting temperature.
Larger pores are more susceptible to ignition,
Low heat conductivity and high Arrhenius prefactor.
Finally, the proposed model for determining the shock sensitivity is accomplished without
arbitrary parameters whenever the pore size distribution is known.
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I. INTRODUCTION

L'étude des réactions pyrotechniques ne fournit souvent que des informations globales. Du fuit
des difficultés expérimentales de caractérisation et de la complexité du milieu réactif, de nombreux
modeéles sont proposés dont beaucoup sont relativement satisfaisants pour un grand nombre de
compositions [ 1, 7]. Généralement, la réaction est considérée comme étant de type solide-solide et
les vitesses de propagation de la combustion sont comparées a celles que l'on peut calculer en
faisant Vhypothése que le transfert de chaleur est limitatif. Toutefois, le schéma réactionnel peut
étre plus compliqué et changer selon le systeme. En effet, en dehors de la nature chimique du
systeme qui conditionne I'énergie calorifique dégagée, les paramétres physiques tels que la granulométrie,
la densité, la structure cristalline, les impuretés, la diffusivité thermique interviennent. 1l faut
d’ailleurs rajouter dans certains cas la fusion, Iévaporation ou la décomposition des réactifs ou
produits.

Aussi.  pour simplifier le probléeme, nous avons déja envisagé [8] de classer les compositions
pyrotechniques en grandes familles correspondant a un schéma réactionnel caractéristique de chacune
d'elles. Nous rappellerons donc les buases de ce classement, puis nous répartirons un certain nombre
de compositions en deux familles distinctes. Enfin, par Uétude d'un systéeme de la classe 11, nous
vérifierons que 'hypothése de clussement pour celui-ci est correcte.

II. RAPPEL DU PRINCIPE DE CLASSEMENT |8}

De nombreux auteurs ont remarqué que lorsque la vitesse de propagation V et I'enthalpie
de la réaction AH sont portées en fonction du pourcentage de réducteur, le maximum de
vitesse est en général décalé du coté riche en réducteur par rapport au maximum d'enthalpie
(fig. 1). Toutefois, pour quelques systémes, c'est l'inverse qui est observé (fig. 2). On peut
alors se demander si cette position respective des maxima de V et AH peut correspondre a
une différence de mécanisme limitatif de la vitesse de propagation de l'onde de combustion.

.

On fait alors 'hypothése, qu’en premiere approximation, la quantité KPP_I est une mesure
a
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du terme qui exprime le transfert thermique par conduction dans la relation qui donne la
lenteur (1/V) du phénoméene.

Cp est la chaleur spécifique a pression constante ;

a est la diffusivité thermique de la composition pyrotechnique.
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Figure 1. Figure 2.

On compare alors la forme des courbes :

Cp 1 1 ]
—_— e = —_— ‘lt - —_
anri 7 (AH) A (All>

Pour le systeme de la figure 1, ces courbes sont données par les figures 3 et 4.
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Figure 3. Figure 4.

Ces deux courbes ont une forme identigue. La réaction chimique n'apparait alors que
comme un générateur de chaleur et la vitesse de propagation de 'onde de combustion est
limitée par le transfert thermique par conduction dans un milieu qui garde les caractéristiques
du milicu initial jusqu'a I'inflammation.

Pour le systeme de la figure 2, les courbes sont données par les figures 5 et 6.

la forme des 2 courbes est trées différente et il faut alors admettre que le processus
limitatif de la vitesse de propagation n'est pas un transfert thermique par conduction dans
un milieu dont les caractéristiques restent celles du milieu tnitial.

1 {1 .
La forme des courbes v f (AH) permet donc de ranger les compositions pyrotechniques

en deux grandes classes :
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Figure 5. Vigure 6.
Classe I: Tous les systémes dont la forme de la courbe est identique a celle observee
pour le systeme W/PbCrO, et qui se comportent donc comme lui.
Classe I1: Tous les systemes dont la forme de la courbe est en ¥ comme pour la

composition fer-soufre. ce qui implique des  conclusions identiques a  celles  formulées
précédemment. Le processus limitatif n'est pas alors défini. 1 peut sagir soit d'une limitation
par transfert thermique par conduction mais dans un milieu largement modifié par rapport
au milieu initial, soit d'une participation d'un transfert par convection par Uintermédiaire de
gaz formés, soit encore d'unce limitation de type cinétique.

[II. CLASSEMENT DE QUELQUES COMPOSITIONS PYROTECHNIQUES

Quelques compositions pyrotechniques sont regroupées en deux familles selon les criteres
que nous venons de proposer.
1. Premiére famille : Classe |

Le tableau I regroupe quelques compositions pyrotechniques pour lesquelles les données

1 1
de la littérature ont permis de tracer les courbes = f{ -=— }.
P v/ (AH)

TABLEAU T Compositions T décomposition - AH a la
pyrotechniques oxydant (°C} staechiométrie {]/g)
Fe/KMnQ), 240 20543
Fe/BaO, 795 11339
Fe/KNO, 628-800 2 456.0
Fe/Sr(NO,), 1 786.6
Fe/Ba (N(),), 605 t573.2
B/Bat'rQ), 23263
B/KNO, 628-800 72189
B/K,Cr,()- 1338.0
Mn/Pb (NO,), 470 2736,3
Mn/Sr (NQ,}, 3 087.8

{Suite puage suivante)
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TABLEAU I (suite) vy /pa0, 795 1389.1
Mn/Ba (NO,), 603 28367
Mo/KMnO, 240 20167
Mo/Ba0), 795 1757
Mo/Pb (NO,}, 470 2050.2
Mo/KNO, 628-800 I 569.0
Mo/Ba (NO,}, 605 2 050,2
W/PbCr0, 600 711.3
W/K,Cr,0, 1 358.0
C/KNO, 628-8300 30054
Ti/PbCr0O, 600 2217.5
Zr/PbCrQ), 600 21757
Si (grosse granulomé- 12969 .
trie)/Pb,0,

2. Deuxieme famille : Classe II

1 1
Le tableau 1l donne quelques compositions dont la courbe v =f (A—H) a une forme
en v.

TABLEAU I

Compositions
pyrotechniques

T décomposition
oxydant (°C)

— AH ala
steechiométrie (J/g)

Fe/S 445 (vaporisation) 1 080.2
Mn/KMnQ, 240 3138.0
Zr/KCIO, 510-619 62760
S/BaQ), 795 (BaQ,) 1 393.3
445 (vaporisation S}

Si  (faible granulomé- 600 1 303.4
trie}/Pb 0,

TiHx/KCI(},

3. Discussion

Si I'on compare dans les deux familles les compositions ayant au moins un réactif
commun, on constate que pour Fe/KMnQ, et Mo/KMnO, de la premiere famille, |All] est
nettement inférieure a celle observée pour Mn/KMnQ, de la seconde famille. I en est de
méme pour Zr/PbCrQ, de la premiere famille et Zr/ClO, de la deuxieéme. Quant a Fe/BaQ,.
Mn/Ba0,, Mo/Ba0, de la classe I et $/Ba0, de la classeII, si les |[AH| ne sont pas différentes,
le soufre a une température de vaporisation (445 °C) nettement inférieure a la température
de décomposition de BaQ, (795 °C). Cela suggere qu'une phase gazeuse est plus susceptible
d'intervenir avant l'inflammation pour les systtmes de la classe II. En fait, ces tableaux
n'apportent pas d'arguments décisifs quant a I'’hypothése d’'un mécanisme limitatif différent
pour chaque classc.

Toutefois, la lenteur du phénomeéne est donnée [8] par la relation :

1 _ AxCp(T; Ty) s i )

v aAH v,
avece

Ax : épaisseur de la zone de réaction ;
T,: température d'inflammation ;
T, : température ambiante.



Le premier terme de la relation représente l'influence du transfert thermique par

| .
-~ l'influence des autres processus possibles.
2

La figure 7 donne l'évolution de la diffusivité thermique en fonction du pourcentage de
réducteur pour 2 compositions pyrotechniques [9].

De méme, la figure 8 rend compte des résultats de Lindsley et co-auteurs [10] et montre
la variation de la température d'inflammation en fonction du pourcentage de B pour la
composition B/K,Cr,0-.

Enfin, la figure 9 est un exemple de la modification de la valeur de Cp en fonction du
pourcentage de fer pour le systeme fer-soufre.

conduction et le second

b . L 2
Diffusivité thermique, » (e /5) Diffusivité thermique, a (mm” /5)

e - P
s = (I Al)pour la
composition Al/Fe20:
en fonction dv pour~
centage ' aluminiumfa
température anbian

a=f(1) pour la
composition B-KN |
«n fonctiondy 7
pourcentage d¢
Bore a tempira-
ture ambiante

~—

~.
.

S N Figure 7. . N A S A A
-1
V{mms )
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0,65
.
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Figure 8. Figure 9.

Pour ces systémes, lorsque le % de réducteur augmente, les valeurs de Cp et T, diminuent
tandis que celle de ¢ augmente. Alors, st le changement de ces parametres correspond a
une allure générale pour toutes les compositions pyrotechniques et si le phénomeéne limitatif
de la vitesse est bien un transfert thermique par conduction, la relation (1) montre que
I'évolution de a, Cp, T, en fonction du pourcentage de réducteur tend a provoquer un
décalage entre AH et V tel que celui rencontré pour la classe L.

D’autre part. . A. Holy [11] a mis en évidence l'importance que peut prendre la
présence d'unc phase gazeuse pour le systeme TiHx/KCIQ,. La figure 10 montre 1'évolution
de la pression en fonction du temps dans la bombe ot se produit la réaction. Holy considére
que la premiére partie de la courbe correspond a une limitation de la vitesse de combustion
par un transfert thermique par conduction. La seconde partie serait due a l'intervention d'un
phénomene de convection lorsque les gaz chauds pénétrent dans les pores de la composition
pyrotechnique non brilée, ces gaz chauds provoquant I'inflammation des particules individuelles.
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Figure 11.

Ce passage conduction-convection serait une étape dans la transition déflagration-détonation.
Voyons avec le systeme fer-soufre appartenant a la seconde famille comment la phase
gazeuse est susceptible d'intervenir.

IV. CAS DU SYSTEME FER-SOUFRE
1. Résultats expérimentaux

La méthode expérimentale et un certain nombre de résultats ont déja été présentés lors
d'une précédente communication [8]. La figure 11 rappelle le schéma du montage. On voit
que la vitesse de propagation de l'onde de combustion est mesurée a l'aide de sondes
disposées a des distances connues les unes des autres et toutes les mesures de vitesse ont
été reéalisées en régime établi.

Le tableau II donne des résultats TABLEAU 11

expérimentaux nouveaux. II sagit de
la vitesse de combustion en fonction Granulométrie du fer Vitesse de combustion
de la granulométrie du fer pour (m) (g.s ")
une composition steechiométrique
(63,64 % Fe et 36,36 % S) et pour une 0<¢<20 0.56
rssion de ¢ actage de 130 N/em?. 20 < ¢ < 32 048
pression de compactag 32 < b < 45 0.33
45 < ¢ < 50 0.29
50 < ¢ < 63 0,23
2. Structure de la zone réactionnelle

Nous avons vu [8] qu'au voisinage du front de réaction, les températures sont telles
qu'il v a gazéification du soufre. Dans ces conditions, les gaz chauds formés peuvent diffuser
a travers le réseau solide a la fois vers I'arriere et vers 'avant du front de réaction. Cette
diffusion va dépendre de plusicurs facteurs mais en particulier de la quantité de gaz présente,
c'est-a-dire de la vitesse de réaction apportant I'énergie calorifique nécessaire a la vaporisation.
Elle dépendra aussi des caractéristiques du réseau et de la possibilité qu'ont les gaz chauds
de provoquer, en avant du sulfure formé, la fusion et la vaporisation de soufre frais. Ce
transfert de gaz chauds est sans doute plus rapide que le transfert thermique par conduction
et la limitation de la vitesse de propagation de l'onde de combustion correspond a la
compétition entre :

-— la diffusion des gaz chauds:
— la vitesse de production de ceux-ci.
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Figure 12.

De plus, S, pe devra deés recouvrement du grain de Fe par du sulfure traverser la couche
solide de celui-ci avant de réagir. Dans ces conditions, ¢’est probablement la vitesse de
production de la chaleur qui limite la vitesse de propagation et la structure du front de
réaction doit étre celle proposée par la figure 12.



Dans la zone 2, il y a échauffement essentiellement di a la proximité de gaz chauds.
Du soufre commence a fondre, puis a réagir avec le fer.

Dans la zone 3, le soufre gazeux réagit avec les grains de fer.

La zone 4 est composée de grains de sulfure de fer. Dans les interstices de ce réseau se
trouve éventuellement emprisonné le réactif en exces. En téte de zone, il peut y avoir du
FeS partiellement fondu.

Il y a production de chaleur dans les zones 2 et 3, cependant c'est la zone 3 le lieu
principal de cette production. Dans celle-ci, on a la réaction :

l'esnlldc + Ls;um:u)c == l'ebwli(le

3. Expression de la vitesse

Pour ce type de réaction A,y + Gy, — By Destriau et co-auteurs [12] proposent de
représenter schématiquement les potentiels chimiques en cours de réaction a différentes cotes
comme sur la figure 13. Dans ces conditions, I'hypothése est faite que l'attaque de A donne
presqu'immeédiatement une couche continue de B. Alors, la réaction a lieu par synchronisation
de trois processus de base :

1° La «réaction interfaciale externe » a l'interface gaz G/solide B.

2° La « réaction interfaciale interne » a l'interface solide B/solide A.

3° La diffusion entre les deux interfaces dans I'épaisseur du produit B (de G vers A ou
de A vers G).

On fait I'hypotheése que les équilibres interfaciaux sont réalisés. Alors, le postulat de la
thermodynamique linéaire des processus irréversibles peut étre appliqué et les vitesses dépendent
linéairement des affinités.

e § @ h n, potentiel chimique du gaz;
! wg b u*, potentiel chimique du solide :
l "' (0" s mmpy) = difference de potentiel
X bomertae anem chimique du gaz au passage de I'interface G/B ;
. / \ ®© (1" ; mmpj) = différence de potentiel
e ne i Ditesiieelbatoras chimique de A au passage de I'interface

| : ’ ® interne ; .
| lig Rl (uii : mmu§;) = différence de potentiel
| chimique de G au passage de linterface

Peteniiel Chimique bgu vaien ' interne‘
Figure 13.

; : d . . ; - )
Soit B la quantité de produit B. d_[t; représente la vitesse d'apparition de B. Exprimons
cette vitesse pour chacun des processus de base :
1. Réaction interfaciale externe :

dp
dt

S, est 'aire de l'interface externe supposée constante pendant dt.

= kSi(n" — ) (1)

2. Réaction interfaciale interne :

dp 4o
- = kuSu(ui” — pi)
dt
La relation de Gibbs-Duhem donne ici: dpjj + duj}) = 0, ce qui se traduit par KJ = K|
et:
dp e
- = k S G _ G 2
dt uSu (M — M (2)
3° Diffusion
d dp”
B gl
dt dx

S est l'aire d'une surface équipotentielle a I'intérieur du solide B. Il faut alors utiliser la

valeur moyenne ko de k, calculée d'une périphérie a l'autre du composé.
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Alors :

l . . 1
‘d_[: = k,C(ui — uf) avec C= ].—l I facteur géomeétrique (3)
1 g

Notons que l'astérisque indique la phase gazeuse ou la phase métallique pure mais
signifie aussi bien la valeur propre a la phase composée quand les équilibres interfaciaux
externe et interne sont accomplis.

Dans ces conditions, on tire des équations (1), (2) et (3):

u(:' — Gy [_]_ + 1 -+ L] @
l = kS, kiSy EI)C dt
Soit pour le terme de lenteur :
dt 1 1 1 n "
— = — + = u K, = k(pi" — pi
B KS  KiSy K€ 4 I i b )

Ky = ’_‘u(m;. = ultl;.) (4)
Rn = kn(l»lf" - Mﬁ')

Notre solide A est constitué de spheres de rayon initial r,. V, étant le volume initial de
3V,

4mr)

A, le nombre de spheéres est: n =

Soient r; et r, les rayons respectifs de l'interfacel et de l'interfacell et V, et Vy les
volumes de A et B au temps t. Le degré d'avancement { de la réaction est défini par :

§=v__”_v"= I L ‘=X,,_=__r,’—r,’,
V() Iy V“A r(‘,A

ou A est le coefficient de Pilling et Bedworth :

Ao W
vu . v»\
On tire de ces équations :
F= rpll # L(A = 1))'2 et = ro(l = §"

D'autre part :

1 r

C=-m = 4qn 8
dr T
o Anr'n

Y
Alors, pour des spheres la relation (4) s'écrit :
a1 [ 1 1 1 r“—r"]
— = | =+ — — e
B 4mn LK,r,‘ Kirii Ky nry

Soit en explicitant n, r, et ry:

dt ry 1 4 1 [1+§(A—1)|"—(]—C)”]
B 3Ve|Ki2[1 + 4(A — DP?  Kurd(1 — 0 Kpro(1 = O'*[1 + &(A — 1P

Soit T, le délai d'inflammation pour atteindre la température T, Le processus limitatil de
la vitesse se déroule pendant 1. L'inflammation correspond a une quantité de chaleur degagéee
bien déterminée et par conséquent pour une composition donnée, (; et A, gardent la méme,
valeur quelle que soit la granulométrie.

Alors, si le premier ou le second processus sont limitatifs, la « lenteur » du phénomene
est proportionnelle a r, Par contre, si c'est le troisieme processus qui est limitatif, la
« lenteur » est proportionnelle a r.

4. Processus limitatif de la vitesse de combustion du systeme fer-soufre

1 1
La figure 14 montre la courbe \—/=f(—,>. On obtient une droite d'équation :

o



1 ]
- = K855 + 1.66
\

corrélation de (1,99.
La progression de l'onde de combustion
2 peut donc s'imaginer comme une  suite
d'allumages de sections successives au sein
de la composition pyrotechnique et le soufre
gazeux précede constamment le frorit principal
de réaction. Le processus régulateur de la
vitesse de combustion du systeme fer-soufre

avee  un  coefficient  de

Compasition stoéchiométrique
(63,6 1 Fe - 36,36 T S}
Pression de compactage 130 A cx

T4 . . . N
est alors la diffusion du soufre gazeux a
. 2 travers la couche de sulfure formée a la
[<H B 4 o} J . y
0 . ¢ ‘ surface de chaque grain de fer.

Figure 14.

V. CONCLUSION

Un classement des compositions pyrotechniques en deux familles est proposé a partir du

1 {1
critere de la forme des courbes v 1 A

Pour la premiére famille, le mécanisme limitatif de la vitesse de combustion est un
transfert thermique par conduction.

Pour la seconde, le mécanisme est autre. Une phase gazeuse intervient alors avant
l'inflammation et ['é¢tude de l'inlluence de la granulométric sur la vitesse de combustion
renseigne sur le processus controlant le phénomene. Pour le systeme fer-soufre, la diffusion
du soufre gazeux a travers la couche de FeS formée a lu surface des grains de fer est le
facteur limitant. II est a noter que pour un systeme ou les conditions sont telles que c'est
la réaction interfaciale externe qui est le processus limitatil, des vitesses de combustion élevées
peuvent étre observées.
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ABSTRACT

A theoretical study of ionization in tracer flames has been performed to find compositions with
low contents of free electrons. Thermochemical equilibrium calcwlations, including ionized species,
have been done for a great number of compositions based on oxidizer, magnesium and binder. The
results are reported in tables and diagrams.

By using ammonium perchlorate instead of generally used strontium nitrate as oxidizer, the
equilibrium content of electrons is decreased to at least one tenth of the content of conventional
tracers with the same combustion temperature. Addition of a small amount of an iodine compound
gives a further decrease of the electron content.

If a red flame is desired, a small part of the ammonium perchlorate can be replaced by
strontium nitrate or a small amount of an inert salt of strontium, e. g. the carbonate, can be
added, resulting in only a small increase of the electron content.

INTRODUCTION

A projectile with proximity fuze cannot be equipped with a tracer, because this influences the
fuze. so that a burst can occur in the trajectory. Bartelson et al. [1] have presented different
hypotheses about the reason for this. One assumption is that free electrons in the tracer flame give
interferences, which will trigger the fuze. The purpose of our work was to study how the tracer

composition influences the ionization and to find compositions which will give low content of

electrons in the flame.
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IONIZATION REACTIONS

. The reactions which occur in a flame are ionization of metals according to
Me(g) - Met(g) + e

The disposition of an element to emit an eclectron is determined by its ionization energy.
which is the energy that is required to remove an electron from the free atom. In table 1
and 2 the ionization cnergics are given for some metals.

TABLE 1
IONIZATION ENERGIES

Reaction loniz;}l(tifm energy

J/mole

Na(g) = Na™ + ¢’ 495,8
Kig) »K' +¢ 418.9
Mg(g) > Mg* + ¢ 737.8
Cuf{g) = Ca* + ¢~ 589.8
Sr{g) -+ Sr' + ¢ 549,5
Ba{g) - Ba' + ¢ 502,9
Alg) = Al + ¢ 577.6
Fe(g) —» Fet + ¢~ 759.4
Hig) » 11" + ¢ 13121

The alkali metals have the lowest tontzation energies and they can therefore be of
importance. even if they are present only as impuritics in the raw materials. This is especially
the case with potassium. Strontium and barium have somewhat higher ionization energies
and as a tracer can have a high content of these metals, they can give a considerable
contribution to the ionization.

Further ionization of bivalent metals according to

Me' (g) - Me? ' (g) + ¢
requires much higher energies and this ionization can be neglected.
Electronegative elements can bind electrons and form negative ions according to
X te =X (g

The disposition to take up an clectron is determined by the electron affinity, which is
the energy liberated on forming the ion. Table 2 and 3 shows values for halogens. Chlorine
has the highest tendency of binding electrons. .

TABLE 2
ELECTRON AFFINITIES

o Electron affinity
Reaction kJ/mole
Fte -V 349
Cl+¢ —F 369
Br+¢ — Br 341
t+e -1 312

The concentration of ions and electrons can be calculated from equilibrium equations

Me ' )(e (X
Me")te ) K, X ) _ K,

(Me(g))

In these equations the element is present as gaseous atom and the ionization is therefore
dependent on the chemical reactions in which this is formed.
The temperature dependence of the the equilibrium constant is given by

JnK\  AH
ar J, RY

where AH is the ionization energy. As this is high, the ionization will be highly dependent
on temperature.



COMPUTER PROGRAM

Chemical equilibrium computations have been used to calculate the conditions of tracer
flames at atmospheric pressure. The calculations are done with a program NASA SP-273
originating from S. Gordon and J. M. McBride at NASA Lewis Rescarch Center, U.S.A. A data
base of totally 1 354 species, containing gases, ions, liquids, and solids, has been constructed
to supply the program with values of specific heat, enthalpy, and entropy. Among the
compounds included into the data base are those of the alkaline-carth metals, Ca, Sr and
Ba, as common tracers contain nitrates of these metals.

A maodification of the computer program was made, so that contents of ionized species
could be calculated at lower concentrations than is customary in chemical equilibrium
calculations.

SELECTION OF COMPOSITIONS

Conventional tracers usually contain nitrates, e.g. strontium or barium nitrate, as oxidizer
and magnestum and an organic binder as fuels. From the previous discussion. it was made
clear that strontium and berium can be ionized. Nor does the oxidizer contain halogen,
which can bind electrons. By using a chlorinated binder, the electron content in the flame
can be decreased. More suitable should be to use ammonium perchlorate as oxidizer. lonizing
metals are then present only as impurities in the raw materials, and in most calculations it
has been assumed that the ammonium perchlorate contains 200 ppm  potassium. It is
known [1,5] that composite propellants with ammonium perchlorate give low electron content
in the flame. The light intensity is however low. Compositions with high content of
magnesium have therefore been selected. Similar compositions with hydroxyl-terminated
polybutadiene, HTPB, as binder and with iron oxide as burning catalyst have been tested
as propellants for air-breathing rocket motors. The combustion of these is stable even at low
pressures and the burning rate is 1-2 mm/s at atmospheric pressure [6].

The above mentioned compositions will give a white flame. To get a coloured flame a
metal salt must be added. To study the effect of strontium. calculations have been done for
some composition in which some of the ammonium perchlorate has been substituted for
strontium nitrate, or in which an inert strontium salt. the carbonate, has been added.

Although chlorine has the highest electron affinity. it may be of interest to study other
halogens. Compounds of bromine and especially of iodine are more casily dissociated than
the corresponding chlorine compounds and they can therefore be expected to be effective in
binding electrons. The effect of small amounts of iodine has been studied. '

Most of the calculations have been done with HTPB as binder, but two other polymers
have been considered, ie. polyvinyl chioride, PVC, and polymethyl methacrylate, PMMA.

Calculations have been done for more than 50 compositions. In next section results
from some of these will be reported and discussed.

RESULTS

Conventional tracer compositions give high combustion temperatures and high contents
of free electrons. An example of this is shown in table 3.

TABLE 3
DATA FOR DIFFERENT COMPOSITIONS

Composition No 3.1 3.2 3.3
% Mg 40 32 30
% AP : : 45
% Sr{NO,), 50 45 —
% PVC 10 23 -
% HTPB - - 25
T (K) 2938 1 978 193]
e~ . 107 (mole/kg) 6367 22 2.5

A composition with the same ingredients but with the contents changed, so that a
lower combustion temperature is achieved, has about 300 times lower electron content. With
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ammonium perchlorate as oxidizer. the clectron content is further reduced to about one
tenth of the later value.

If the binder content is kept constant and the contents of magnesium and ammonium
perchlorate are changed simultancously, the combustion temperature and electron content
vary very little. This is shown in table 4 and figure 1.

TABLE 4

MAGNESIGM COMPOSITIONS WITH CONSTANT CONTENT OF HTPB
No 4.1 4.2 4.3 4.4 4.5 4.6 4.7
o AP 25 30 35 40 45 50 55
% Mg S50 45 40 35 30 25 20
% HTPB 24 24 24 24 24 24 24
% Fe.O, 1 1 ] ] 1 | 1
T [K)‘ 1 888 1924 1 935 1 936 1 931 1 920 1 901
¢” . 107 (mole/kg) 2,19 2.84 296 2,89 247 2,00 1.42
10°¢
N %L1
2500 107" - 0
¥ E -
v fal o = /
hu | -1 S
® AT N i % - /‘/ 0.5
o ~ ¢ h € 10 [
Q - " r // 1
5 2000 1or 5L P
g T ”‘-.__\T g __ //
Z c g
3 S S
£ s F r
o o
(4 1500(; - 10 o /
- S 10 -
0 10 20 30 40 50 60 %Mg 10 20 50 100 200 500 1000
75 65 55 45 35 25 15  %AP

Content of K in AP ppm

Figure 1. -~ Combustion temperatures Figure 2. — Effect of addition of iodine.

and clectron contents for mugnesitm compositions,

If the binder content is decrcased and cither the magnesium or the perchlorate content
is increased. the combustion temperature and clectron content will be increased. This is
shown for magnesium in table 5.

TABLL 5
MAGNESIUM COMPOSITIONS WITH CONSTANT AP CONTENT

No 5.1 5.2 5.3 5.4 5.5
9% AP 45 45 45 45 45
% Mg 15 40 35 30 25
% HTPB 9 14 19 24 29
% Fe,04 | 1 1 1 1
T (K) 2 698 2 109 1 9438 1931 1910
e . 10" (mole/kg) 299 11,3 3,18 2.47 L.75

The main cause for ionization of perchlorate compositions is impurities of alkali metals.

The effect of potassium is shown in table 6.



TABLE 6
EFFECT OF POTASSIUM AS IMPURITY

No 6.1 6.2 6.3
N AP 45 45 45
% Mg 30 30 30
9% HTPB 24 24 24
% Fe,0, l 1
K (ppm) 0 50 200
T (K) 193] 1931 1931
e 107 (mole/ky) 0,05 1.24 2.47

If it could be possible to get raw material free from alkali metals, the clectron content
would be extremely low.

'The effect of addition of small amounts of iodine is shown in figure 2, which also shows
the effect of potassium as impurity. The compositions contain 45 % ammonium perchlorate
and 30% magnesium and have combustion temperatures between 1930 and 1 940 K.
Addition of iodine has a strong effect on the formation of electrons.

Results for compositions in which some ammonium perchlorate has been substituted for
strontium nitrate or in which strontium carbonate has been added, are shown in table 7.
The compositions 7.2 and 7.4 as well as 7.3 and 7.5 arc equivalent with respect to the
strontium content. With the low content of strontium, the electron content is only slightly
increased, whereas with 209, strontium nitrate the eletron content is increased more than
three times. We can also see that it is more efficient to add the strontium as carbonate.

TABLE 7
EFFECT OF ADDITION OFF STRONTIUM SALTS

No 7.1 7.2 7.3 7.4 7.5
% AP 45 35 25 45 4Q)
% Sr(NO;), - 10 20 - -
9% Sr(CO,) - - — 7 14
9% Mg 30 30 30 30 30
9% HTPB 24 24 24 17 15
9, Fe,0, 1 1 1 ! 1
T (K) 1931 1935 1 938 1 945 1 949
e 1Y (molefkg) 2,47 3.40) 8.57 3.13 4,19

Results for different binders. polymethyl metacrylate and polyvinyl chloride. are shown
in figure 3.

3000 10

2500

2000 // / //‘

Combustion temperature X
\
\
\
\
\
N
N\
\
Eflectron content mole/kg

107
40%Mg
15%Binder

1500 L
15 20 25 30 35
40 35 30 25 20

Figure 3. — Combustion temperatures { Y and electron contents (- - - -)
for different binder. AP content 459,
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At the same content of ammonium perchlorate and magnesium these binders give higher
combustion temperatures and higher clectron contents than HTPB. To get lower electron
contents it is therefore necessary to reduce the content of magnesium or ammonium
perchlorate.

TEST OF THE COMPABILITY OF TRACER AND PROXIMITY FUZE

Static test firings have been performed, during which the signals received by a proximity
fuze have been recorded. Beside tracers also two composite propellants were tested. The
properties of the tested compositions are given in table 8.

TABLE 8
PROPERTIES OF TESTED COMPOSITIONS

Combustion \ .
No Type of composition temperature Content .-0' ¢
K mole/kg
1 Conv. tracer Unknown Unknown
2 Mg/Al tracer 1936 28.10 7
3 Mg/AP tracer 2230 18,10
4 Composite propellant 1 870 0,04.10 7
5 Composite propellant 2350 6,110 7

The exact composition of the conventional tracer and its properties were not known,
but there is no doubt that the combustion temperature and the clectron content were high.

The conventional tracer gave several interferences. which should have caused burst.
Composition 3 gave interferences but to less extent. The other compositions gave no important
interferences.

Gun test firings have been performed with composition 2 and with composite propellant.
The firings indicated. that the fuze was not triggered as long as the tracer was burning. At
burnout. however, a trigger pulse could appear. causing a burst. If a tracer could be made.
which burns during the whole trajectory, this should be possible to use together with a
proximity fuze.

CONCLUSIONS

It has been shown that there is o correlation between the electron content in a tracer
flame and the interferences in the signals to a proximity fuze. To achieve a low electron
content, the composition of the tracer must be changed drastically and the light intensity
from such a composition will be much lower than from a conventional tracer.

The following factors are important in order to achicve a low electron content

e the combustion temperature must be low,

e the composition shall contain halogen ; ammonium perchlorate is suitable as oxidizer.
the raw materials shall have low content of alkali metals as impurities,

small amounts of iodine decrcase the electron content,

only a low content of strontium compounds may be added.
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SUMMARY

In this paper we describe the results of
extended ab-initio molecular orbital calculations
that have been performed on nitromethane using
the codes Gaussian 76 and Gaussian 82. Similar
calculations have been carried out on an ammonia
molecule. Using the results of a fully optimised
calculation of nitromethane as a starting point,
we have generated potential energy surfaces for
two unimolecular modes of decomposition.

In an attempt to investigate the sensitisation
mechanism of nitromethane by amines, we have
studied the potential energy surfuce for one
possible mode of decomposition via the aci ion.
Other possible mechanisms are discussed in the
light of these results, We conclude with a
discussion on the relevence of this work to the
decomposition of other nitro explosives, such as
T.N.T.

INTRODUCTION

Despite the vast amount of work reported in the literature on nitromethane, it continues to
be an important compound with which to study explosive reactions. The attractiveness of nitromethane
as an experimental and theoretical tool rests on a number of almost unique properties that it has
to offer. Firstly, nitromethane is a liquid and therefore homogeneous. Secondly. it is transparent,
but more importantly, it is about the simplest explosive containing the nitro functional group that
one can think of. It is this simplicity coupled with the interesting phenomenon that nitromethane
is strongly sensitised by small quantities of amines which makes nitromethane of interest for further
study. It is thought that the sensitisation of nitromethane by amines may provide a key to the
understanding of the initial and rate determining steps in its decomposition. Furthermore, it Is
becoming increasingly obvious that the decomposition of nitromethane has many similarities to the
decomposition of other explosives containing the nitro functional group (eq. trinitrotoluene). This
sensitisation by amines is chemical in origin unlike many of the sensitisation mechanisms of
heterogeneous explosives which tend to be physical/mechanical. Other workers, notably Engelke et
al., have also recognised the value of studying this amine sensitisation of nitromethane, and have
published a number of papers on the subject in the open literature [1].

In this paper we describe some initial molecular orbital calculations on the sensitisation of
nitromethane by an ammonia molecule. and compare these results with those from a study of two
simple unimolecular decompusition processes for unsensitised nitromethane. We also describe the
results of extended ground state calculations on nitromethane.
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EXTENDED GROUND STATE CALCULATIONS ON THE NITROMETHANE MOLECULE

In a previous publication 2], we presented details of ground state calculations performed
on the nitromethane molecule using the code Gaussian 76 in both minimal and extended
basis sets. We found that the minimal basis sets (STD-3G and STO-6G) predicted that the
triplet should be lower in cnergy than the singlet, whilst the extended 6-31G** basis set
correctly predicted a singlet ground state. We noted that the inadequacy of minimal basis
sets to correctly predict a singlet ground state had been reported by other workers who
attributed it to a significant biradical character in the ground state. It would be expected
that this biradical character would be best described by a calculation incorporating electron
correlation in addition to a large basis set. In this section we present the results from such
a study.

We have repeated the calculation in the 6-31G** basis set using the code Gaussian 82 [ 3].
and in addition to this we have also performed a configuration interaction calculation in
this basis set.

TABLE 1
COMPARISON OF EXPERIMENTAL AND CALCULATED PARAMETERS
OF NITROMETHANE

Code G7 6 GR2
Basis Set
6-316* 6-310* Experimental
Parameter
C-N1A) 1.472 1.479 1.489
N—()(z}.l 1.188 1.192 1.224
C-H (A) 1.078 1.078 1.088
ONC 117.1° 117.1° 117.3°
HCN 107.6° 107.5° 107.2°
E{(SCF)/au — 24 3.6666 243.6667 -
E(CIDY au - 244.3522 -
Dipole (Debye) 4.010 $.033 3.46

The results shown in table 1 show that inclusion of configuration interaction significantly
lowers the predicted energy. We shall ultimately be using this configuration interaction
calculation as the starting point for studies of decomposition mechanisms, but have for the
present restricted ourselves to the SCF/6-31G* level in the calculation of potential surfaces
detailed in the lollowing sections.

UNIMOLECULAR DECOMPOSITION OF NITROMETHANE

In our carlier study [2|. we described the results of computing the potential energy
surface for the CH,; - NO, unimolecular bond scission process. These calculations were
performed with the code Gaussian 76 using a 6-31G** basis set. The potential energy surface
(fig. 1) consisted of the lowest lying singlet state which rose in energy as the C-N bond was

stretched, and was crossed at C-N = 2.3 A

N by a dissociative triplet state. The triplet state
i dissociated into CH, and NO, radicals with
-242.56 an overall endothermicity of 45.5 keal. mol ™!
2arsrk TRIPLET STATE {60).3 kcal.mol ' experimental). The activa-

tion energy was given by the crossing of the
~243.58
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singlet and triplet curves and was found to
be 63.7 kcal .mol .
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process. These calculations were carried out
with the Gaussian 82 computer code for
reasons of speed. The results, which are
illustrated in figure 2, were computed using
a 6-31G™ basis set, as for the C-N unimo-
lecular decomposition. like the C-N bond

Figure 1. — Potential enerqy surface for C-N bomd scission.



scission calculations, the curves were obtained by stretching the appropriate bond in increments
of 0.1 A and fully optimising the geometry at each point.

ENCHGY

Potential energy surface for C-Ii bond scission. "
au

Figure 2. -
74s4n

Figure 2 shows, that as the C-H bond
is stretched, the lowest lying singlet state
rises in energy from its equilibrium value,
and is crossed at C-H = 2.0 A by a dissociative
triplet state. The activation energy is given (26354
by this crossing and was found to be
106 kcal.mol ', The triplet state dissociates 2ease
into H and CH,NO, radicals, with an overall
endothermicity of 80.3 kcal .mol ™.

These results confirm that the C-H bond
is stronger in nitromethane than the C-N
bond. On this basis, the initial step in the eser
decomposition  of  nitromethane  would  be
predicted to be cleavage of the C-N bond, 2380y
and not breaking of the C-H bond. Tt must
be pointed out that the simple untmolecular Taeaes
decomposition mechanism  described  above
only concerns an isolated molecule in the
gas phase. In the liquid at room temperature,
the neighbouring molecules must play an -
important role in determining the reaction
kinetics. It is possible that the decomposition
of nitromethane involves a bimolecular rather than a unimolecular initial step, and some
modelling work has been carried out on such systems by other authors [4]. 1t is also possible
that neighbouring nitromethane molecules included in the above calculations could reduce
the activation energy for the unimolecular C-1i bond scission process thereby making it a
viable mechanism. Future work will address this possibility.
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DECOMPOSITION OF NITROMETHANE IN THE PRESENCE OF AN AMMONIA MOLECULE

it has been known for a long time that amines sensitise nitromethane yet, relatively
little is known about the mechanism of this sensitisation. Some workers have tried to
investigate this phenomenon experimentally, but no-one to our knowledge has attempted to
investipate it theoretically. This is partly due to the complexity of the problem, and it is
only in recent years that computer codes have been available to make a theoretical treatment
a viable proposition. Even so, the time required to compute such systems is enormous. We
have carried out some calculations using the Gausstan 82 code, and employing  the
« supermolecule » approach. The situation is also complicated by the fact that only extented
basis sets can be used if meaningful results are to be obtained, since as we have pointed
out previously., minimal basis sets wrongly predict the ground state of nitromethane to be
triplet.

As with nitromethane we have carried out accurate ground state calculations on the
ammonia molecule. which because of its simplicity, we have chosen to be our model amine.
The results of these ground state calculations are given in table 2.

TABLE 2
CALCULATED PARAMETERS OF AMMONIA

Parameter SCF MP4SDTQ Experimental
N-H (A) 1.001 1015 1.008
HNH (A) 107.6 105.6 107.3
E {au) — 36.1956 - 36,4014 -
Dipole
Moment (Debye) [.838 1.952 1.468
A 6-316G* basis set was used for these calauadations.
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As expected the inclusion of electron correlation by Moller-Plesset many-body perturbation
theory significantly lowers the energy calculated for the ammonia molecule. However, in the
work that we describe here on the effect of an ammonia molecule on the decomposition of
a nitromethane molecule, we have been restricted for the time being, to the SCF level of
accuracy.

H n o
\ \ / H
3a) Noeenn e N H
M7 ,,7/ \ \
H H 3} LN — |
o //’) \\‘
o - .
/ H o
n\\ N \ /
) /N, 77‘},,,,,," A, C/ . o
H /
/ /h H
H
"o H o
Figure 3. Ammonia and nitromethane. Figure 4. - Ammenia and nitromethane ring arrangement.
3 fa) N C-N colinear. 3 (b) N H-C colinear.

It seems reasonable to assume that the ammonia molecule interacts with the methyl
rather than the nitro group of the nitromethane molecule, and two possible orientations can
be invisaged on this basis. The first where the nitrogen atom of the ammonia molecule
points directly along the C-N bond of the nitromethane molecule or alternatively, where the
nitrogen atom of the ammonia molecule is aligned along a C-H bond of the methyl group
of the nitromethane molecule (see figure 3). A third orientation involving a ring structure
(see figure 4), where the amine group is hydrogen bonded to both the methyl and nitro
groups of the nitromethane is likely to be an even more energetically fuvoured arrangement.
In order to investigate the interaction between an ammonia and nitromethane molecule we
have carried out full geometry optimisations on the both the linear systems described above
whilst altering the distance between the two molecules. In this manner the curves shown
in figure 5 were obtained. These curves both show minima which correspond to hydrogen
bonding between the nitrogen atom of the ammonia and the hydrogen atoms of the methyl
group of the nitromethane molecule. The distance between the nitrogen atom and the
hydrogens is the same in both cases (2.4 A). Furthermore, the interaction energy was also
about the same for both orientations (25 kcal.mol ™', attractive).
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Figure 3. — Potential energy surfaces for N CHNQ, and H.N HON.NCL interactions,



Experimental evidence to date suggests that the presence of an amine group affects the
C-H rather than the C-N bond. Engelke, for instance, has shown that presence ol amine
increases the concentration of the aci-ion. We have therefore concentrated on computing the
potential energy surface for the decomposition of nitromethane with the amine aligned along
the methyl C-H bond. We have attempted to examine two different mechanisms for this
process, one involving the reaction of the ammonia with the nitromethane molecule to form
NH, and ~CH,NQ, under shock conditions. and the other. the reaction of the ammonia
with the nitromethanc to form H and CH,NO, radicals under the influence of a passing
shock wave. The latter has proved more difficult than the former, because of computational
difficultics with the systems concerned.

Computations on the reaction of an ammonia molecule with a nitromethane to form
NH, and ~“CH,NO, were carried out using the code Gaussian 82 with a 6-31G** basis set.
The computations described previously on isolated ammonia and nitromethane molecules in
this basis set provided the starting point for our study of this reaction. A potential energy
surface was generated by stretching the C-H bond of the nitromethane molecule from its
equilibrium value with the ammonia nitrogen atom positioned at a distance (R1) from the
methyl hydrogen atom (see fig. 3). By generating a number of such surfaces with varying
values of R1, a two-dimensional potential energy surface for this reaction was constructed.
QOur preliminary calculations show that the energy required to compress the molecules such
that the nitrogen-hydrogen distance is reduced to ca. 1.1 A is approximately 48 keal mol .
The low energy required for this process suggests that the  CH,NQO, species may be relatively
abundant under shock conditions. This suggests that the subsequent decomposition of
“CH,NO, warrants further investigation. Clearly, if this mechanism has a lower activation
energy than the unimolecular decomposition mechanisms of nitromethane then this is a
possible process by which amines sensitise nitromethance.

DISCUSSION

In previous sections, we have reported accurate isolated molecule calculations on - both
nitromethane and ammonia. We have used these calculations as a starting point for an
examination of one possible mechanism which may be responsible for the increased sensitivity
of nitromethane in the presence of an amine. We have found that the aci-ion ( CHLNO,)
can be formed with lower activation energy than either of the unimolecular processes
considered. However, the question now remains as to whether the aci-ion is relevant in the
subsequent decomposition, and if so by what mechanism does it decompose s This is a
question that our future studies will address. Whilst Engelke [15] has suggested that
subsequent reaction of the aci-ion may be analogous to carbony! condensation, a radical
chain reaction would seem more appropriate for the rapid decomposition necessary to support
detonation. Although not detected in Engelke’s [la] N.MR. experiments it is possible that it
is the neutral aci form of nitromethane which plays the important, il transient, role in the
decomposition of nitromethane. The presence of the aci form possibly being enhanced under
basic conditions.

The work reported here can only be reguarded as preliminary since there are a number
of other feasible mechanisms. One possibility is that the presence of an amine molecule in
some way lowers the activation energy for homolytic cleavage of the C-H bond leading to
the highly reactive H and CH,NQ, radicals. A further possibility is that the amine could be
hydrogen bonded to both the carbon and oxygen atoms of the nitromethane molecule to
form a ring like structure {see figurce 4). Energetically. this is very likely. and we propose to
carry out calculations on this arrangement in the near future. Such an arrangement would
allow the possibility of cither a concerted, heterolytic, or homolytic process. Finally, mechanisms
involving two nitromethane molecules cannot be ruled out as the negative volume of
activation results in such processes being enhanced at high pressures. All the above
mechanisms need to be examined il we are to understand the decomposition of nitromethane
and related explosives.

The relevance of studies on nitromethane decomposition to other nitro compounds is
clearly important since the nitro-uromatics in particular contain a number of common
explosives (eg TNT and Picric Acid). There is considerable experimental evidence for
sensitisation of TNT by bases. This has been extensively reviewed by Engelke [1h] who
interprets the effect as due to formation of the aci-quinone ion in an analogous fashion to
the aci-ion formation in nitromethane. This secems highly plausible, but whatever the
interpretation  the experimental data is  highly suggestive of strong similarities in  the
decomposition processes of TNT and nitromethane. In the light of this data there is cvery
reason to believe that nitromethane provides a good model explosive for both experimental
and theoretical study, providing information that will almost certainly be relevant to other
more complex nitro explosives.
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ABSTRACT

A series of slow thermal ignition experiments
were conducted with titanium powders to evaluate
previously developed titanium oxidation models.
Comparison  of experimentally  observed and
theoretically predicted powder response indicated
that the oxidation models predicted reaction rates
consistent with  those required  for ignition.
However. reaction rates appear also o be
dependent on additional mechanisms, which must
be determined to develop generally applicable
maodels.

INTRODUCTION

Collins 1] used differential thermal methods to study the thermal ignition of Ti-based
pyrotechnics. He established that for slow heating rates, thermal ignition is controlled by processes
associated with the fuel and is relatively independent of the oxidizer. Collins also proposed that the
energy generation rate during thermal ignition is determined by the rate at which the initial oxide
coating on the fuel particles dissolves into the bulk metal, presumably as a result of oxygen
diffusion.

Data from a more recent investigation hy Rogers. et al. [2. 3] showed that titaniton oxidation
rates and, therefore, pyrotechnic ignition are determined by diffusion-controlled growth of a TiO,
layer adjacent to the gas-solid interface. Ignition is not controlled by oxygen dissolution into the
bulk metal. This result was supported by subsequent theoretical work {4] in which a model for
pyrotechnic response during differential thermal analysis (D.T.A.) experiments was derived using an
oxidation rate expression based on growth of a TiO, layer. For reasonable parameter vahws. the
maodel predicted temperatures at thermal runaway which were consistent with the experimental data
reported by Collins [ 1]. However. the uncertainty in the expression for the heat losses from the
sample and the lack of data (in Collins’ paper) for the titanium particles’ surface area introduced
uncertainty with respect to such consistency.

The purpose of this work was to reduce that uncertainty by conducting similar experiments

(*) This work was supported by the United States Department of Energy under contruct DE-ACO4-76DPOOT &Y.
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in which sample heat losses and particle surface areas were better characterized, so that a more
exact comparison could be made between predicted and experimentally observed pyrotechnic response.
In the following discussion, the experiments and characterization of sample heat losses are first
described.  Development of the model for pyrotechnic response during D.T.A. experiments is
summarized, and predicted and experimentally observed results are compared.

EXPERIMENT

Experiments were performed using a Du Pont 990 Thermal Analyzer with a Du Pont
D.S.C. {(differential scanning calorimetry) cell. The principal features of the cell are shown
schematically in Figure 1. The cell temperature is controlled using a silver heating block.
resistive wound heater and control thermocouple. Power is supplied to the heater as
determined by the thermocouple and the Du Pont 990’'s programmer. Heat from the block
then flows radially through the Constantan disc toward the raised sample and reference
platforms. The temperature difference between platforms is determined by Chromel-Constantan
thermocouples formed by the junction of the Constantan disc with a Chromel wire at each
platform position. The sample platform also has an Alumel lead wire forming a Chromel-
Alumel thermocouple junction which monitors the sample temperature. Here, the basic
assumption is that for sufficiently small samples and slow heating rates the raised platform,
pan. and sample are at cssentially uniform temperature.

Samples of titanium powder were obtained from Ventron lot J-4705A. Pertinent powder
characteristics are given in Table 1. All experiments were done using open gold or aluminum
sample pans. An oxygen ambient, purged at a flow rate of 100 standard cubic centimeters
per minute, was maintained in the cell’s sample chamber. Sample mass and programmed
heating rate were varied from 1 to 10 mg and 20 to 100 °C/min. respectively.

Typical endothermic or exothermic transitions observed with D.T.A./D.S.C. are on the
order of 1 to 50 mcal/mg [5]. and temperature differences between sample and reference
platforms are small. However, oxidation of Ti to Ti0, is exothermic by about 5 cal/mg, and
the resulting sample temperatures (in the Du Pont cell) can be substantially greater than the
reference temperatures corresponding to the programmed heating rate. Differences between
sample and reference temperatures will cause greater sample heat losses which must be
accounted for in models predicting pyrotechnic response.

TABLE 1
CHARACTERISTICS OF TITANIUM POWDER
(Ventron lot J-4705A)

REFERENCE SAMPLE Surface area (B.ET.) 9.3 mi/g
w_ Nominal particle diameter 1.95 x 10 *em
- e Tt et 4 0 TR
CONSTANTAN DISC — Fitanium assay (wt %) 1 3-94
Oxygen content {(wt %) 6.1-6.8
Hydrogen content (as TiH,) TiH,..,
Other impurities (ppm} Mg 7900
HEATING BLOCK Al 200
Si 200
' Fe 300
Vigure 1. - Schematic diagram of Du Pont 1.5.C. /r 80
el Mn 30}
Ca 200
Cu <5

Sample heat losses were evaluated using a button-shaped clectric heating element (of
known resistance) to simulate a sample undergoing exothermic reaction. The equipment,
procedures, and results have been described elsewhere [6]. Briefly, the heater was placed on
the reference platform (for reasons given below) rather than on the sample platform. The
electric current and the steady-state heater, ambient oxygen, and sample platform temperatures
were monitored while the power supplied to the heater was varied incrementally. Separate
experiments without the heater determined the difference (lag) between the ambient oxygen
and reference temperatures corresponding to selected programmed heating rates. The data
from the hecater and temperature lag cxperiments then were used to evaluate the heat
transfer cocfticient in the heat loss expressions discussed later.



The Model 990 directly measures the sample temperature, but not the reference
temperature. Since the temperature of the heating clement was measured by a thermocouple
imbedded in the element, the heater was placed on the reference platform so that the sample
thermocouple essentially measured a reference temperature corresponding to the heater
temperature.

THEORY

The titanium oxidation rate controls the pyrotechnic heat generation rate observed as
an exotherm in D.T.A./D.S.C. experiments and depends on the surface arca of the particles
and the oxygen flux across the particle surfaces[7]. Diffusion-controlled growth of multiple
oxide layers determines the oxygen flux and has been described elsewhere [2-4]. At temperatures
where Collins [1] observed ignition, about 520 °C. formation of a TiO, layer adjacent to the
gas-solid interface consumes the major portion of the oxygen flux across the particle surfaces.
To predict pyrotechnic response during D.T.A. experiments, it appeared reasonable to use an
approximate oxidation model based on diffusion-controlled growth of only a TiO, layer. The
Ti0, single-layer model is depicted schematically on Figure 2. In the TiO, layer, it is assumed
that mass transfer occurs by oxygen diffusion in the x-dircction only. At timet, the surface
of the TiO, layer is at position 3,(t) and is advancing in the negative x-direction due to
bulk volume change during reaction (mass density p remains approximately constant during
oxidation, but significant oxygen mass is added). The interface between TiO, and bulk Ti is
at position 8,(t) and is advancing in the positive x-direction due to oxidation of Ti to TiO,.
It is assumed that oxygen diffusion is adequately described by Fick's law with constant
effective diffusion coefficient D, which is only a function of temperature T. The differential
material balances and interface displacement equations, their solutions, and the resulting
expression for the oxygen flux F, across the particle surfaces are summarized in the Appendix.
Here, oxygen diffusion is defined as the oxygen flux relative to constant mass density {which
results in the differences between the equations in the Appendix and the analogous expressions
given previously [4]).

WS \
—
Wy
w
O, Ti
— TiO, .
1 ! i ! 1 .
do 0 P
Figure 2. — Schematic representation of single-layer oxidation model. The oxygen mass fraction in the TiQ, layer is

denoted by w. and the mass fractions at &, and 3, are denoted by w, and w,, respectively.

During programmed heating in the D.S.C. cell, the temperature T, of the sample will
increase to some value at which exothermic oxidation will cause the sample temperature to
increase faster than the reference temperature T, corresponding to the heating rate. If the
rate of hecat generation becomes sufficiently greater than the rate of heat loss to the ambient,
the oxidation reaction will become seli-propagating (thermal runaway), and a sudden increase
in T, relative to T, will be observed. In principle, the temperature at which the reaction
becomes self-propagating can be predicted from the energy balance for the sample. However,
accurately measuring and theoretically predicting a « true ignition temperature » is extremely
difficult. In this work we attempted to measure and predict a threshold temperaturc T*
defined as the last measureable sample temperature T, prior to thermal runaway.

The energy balance for the sample was based on the following assumptions: (1) the
sample, pan and sample platform (both constantan and chromel parts) are at cssentially
uniform temperature ; (2) the oxygen flux F'; across the particles’ surface is approximately

G.T.PS.-1987

THERMAL IGNITION
OF TI-BASED
PYROTECHNICS 1T



GT.P.S. -1987

THERMAL IGNITION
OF TI-BASED
PYROTECHNICS 1

52

given by the expression from the single-layer model; (3) heat losses to the ambient can be
represented as the sum of two terms, a convection loss from the sample pan to oxygen
ambient and a conduction loss from the platform to the-constantan disc : (4) convection heat
losses from the pan to the oxygen ambient at temperature T, could be described using a
linear-driving-force expressiont involving an experimentally evaluated heat transfer coefficient h
discussed carlier ; (5) the conduction losses to the disc could be approximated by considering
the disc to be a quasi-steady-state heating/cooling fin having an cffective inner radius r,
{radius of sample platform) and outer radius(r,): {6)convection losses from the disc to
oxygen ambient could be represented by the same linear driving force expression as used
for losses from the pan: and (7)thermal runaway occurs prior to significant titanium
depletion. The energy balance for the sample and the heat loss expressions are  also
summarized in the Appendix. It was felt that the equations in the Appendix represented the
simplest, reasonable model for predicting threshold temperatures.

RESULTS AND DISCUSSION

Experimentally, it was found that the rate of change of T-T, with respect to T, became
unity immediately prior to a sudden jump in T, indicating thermal runaway. Samples which
exhibited runaway were examined after cooling and appeared to be TiO, solidified from a
melt. The threshold temperature was taken as the value of T, where the rate of change of
T-T, with respect to T, became unity (which implies that dT./dt became mueh greater than
dT,/dt corresponding to the programmed heating rate). The observed threshold temperatures
are summarized in Table 2. To predict the corresponding threshold temperatures, the energy
balance for the sample was solved numerically using the parameter values given in the
Appendix. Numerically, it was found that the rate of change of T.-T, with respect to T,
became unity immediately prior to thermal runaway. and predicted threshold temperatures
were evaluated analogously to the experimental values. Predicted threshold temperatures are
also summarized in Table 2.

TABLE 2
EXPERIMENTAL AND PREDICTED THRESHOLD TEMPERATURES

Sample Mass Heating Rate Experimental Predicted
(mg) (°C/min} (°Cy (°C)
10.42 100 517 488
10.0 5() N 489
8.46 50 N 489
8.21 100 535 490
8.17 100 522 492

7.50 100 562 491
7.36 100 572 490
7.20 100 N 490
7.08 100 N 490
7.08 100 530 490
6.14 100 572 503
5.47 100 N 506
5.32 100 N 506
3.43 20 N 539
1.09 100 N 557
N denotes that a thermal runaway had not occurred when the maximum
programmed temperature of 650 °C was reached.

The agreement between experimental and predicted threshold temperatures is reasonably
good for the 10- and 8-mg samples heated at 100 °C/minute, particularly considering the
complex physical and chemical phenomena involved. However, results from samples less than
8 mg and from those heated at slower rates are not as encouraging. The inconsistent ignition
of the 7- and 6-mg samples and failure to ignite samples less than 6 mg at temperatures
below 650 °C disagree with predicted threshold temperatures that are much less than 650 °C.
Such results indicate that the oxidation rates predicted from the model developed by Rogers,
et al. [2.3] are consistent with those required for pyrotechnic ignition. However, it appears
that the disagreement between experimental and predicted results for samples less than 8 mg
and heating rates less than 100 °C/min are not due to reasonable uncertainties in oxidation
rates, heat losses, or titanium depletion. Therefore, additional chemical and/or physical
mechanisms probably must be considered to develop a generally applicable model predicting
pyrotechnic response.



CONCLUSIONS

Previously developed titanium oxidation models predict oxidation rates consistent with
those required for ignition, but were not verified conclusively. Furthermore, reaction rates
appear to be dependent on additional mechanisms which must be determined to develop
generally applicable ignition models.
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APPENDIX
Summary of Equations

Oxygen Material Balance

fw ¢'w
ot ot
wi(d,. t) = w, = (0.400
w(d,, t) = w, = 0.388

wix, 0) = F{x)

Interface Displacement Rates

fiéﬂ _ F _ D dw . Ev‘d&,

dt p x|y, dt

8y(0) = 0

d(d, — 3,) - Ddw
. woox |,

8,(0) — 8,{0) = §, =

4 constant

Oxygen Concentration : small

n
win) = w, — Af o g
[} L2

nit) = x/2{t + 1)

Xr=x-—29,

T = J. DIT () |de’

A= (w, — w)/ j emF Ry
(

)
b= A/l —w)
& = /4y’

(when §, is small. F(x) cannot be determined accurately experimentally, and it appears reasonable to

assume that F(x} =~ w(n,) where n, = E_/g\/m.
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Ti0, Layer Growth

51 - 8(1 = 2y(t + Tn)lsz
v = (AR22w) e T = 016

Oxygen Flux Across Gas-Solid Interface
048D
ot ot

D=28x 10" exp (— 29,900/T)

Energy Balance for Sample

dr,
Mo+ = mSALE, - Q,
«

= my, + mye, + ome, omue,

ha(T, — T,) + Q,

M
Q
Heat lLoss to Disc

Q =- 27““"';[}5111{";) - BK,(r))

g BT (0= Tol(r) = (T, — Tl (r) [ Ko(r)
T Kotrolotrd — Ko(rdly{r;) Io{ry)
N (e TLidr) = (F, = Tky{r)

; . Ku(r;"n("\) i Ku(’j\j{u”;)
r, = r(h/dk)"?
r. = r,(hjdk)"?

Disc Radial Temperature Profile

drdl| _ h_r(T iy
dr| dr | kd !

() = T,
T(r,} = T,

T — T, = BL(r) + BK,r)
ro= r(h/dk)'?

Notation and Parameter Values

I, T modified Bessel functions of the first kind, order 0 and
1, respectively

K. K, modified Bessel functions of the second kind, order 0 and
1. respectively

a pan surface area, cm’ 1.02
I specific heat, constantan, cal/g °C 0.098
C, specific heat, chromel, cal/g °C 0.106
€, specific heat, pan, cal/g °C, gold 0.035
specific heat, pan, cal/g °C, aluminum 0.25
¢, specific heat, sample, cal/g °C 0.16
d disc thickness, cm 0.013
h convective heat transfer coefficient, 24 x
cal/em? sec °C
k thermal conductivity, constantan, cal/cm sec °C 5.4 x
n, platform mass, constantan. ¢ 0.016
n, platform mass, chromel, g .015
m, pan mass, = j. gold 0.106
pan mass, = j, aluminum 0.011
m, sample mass, g, varied ---
r, platform radius, ¢cm 0.21
r effective « fin » radius, ¢m 1.0
N sample surface area, cm?/g 9.3 x
AH heat of reaction, cal/g oxygen 7.1 x

10 °

10 2

10*
10°
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ABSTRACT

We are studying the transient phenomena
of thermal ignition using laser energy. Present-
day infrared scanning and recording techniques
enable us to determine the heat content based
on the thermal profiles. during ignition, with
high spatial and temporal resolution. Thus, we
can actually observe the laser heating and onset
of self-sustained combustion in the sample pellet.
and we can use the data obtained with existing
theory to characterize pyrotechnic materials and
to develop more-precise  kinetic models of the
ignition process. The results demonstrate the
viability of owr methods  for  studying  the
pyrotechnic ignition process.

The whole ignition process consists of two
stages. In the first stage, a laser acts as an
external heat source that heats the surface of a
pellet, an inert body. When the temperature
reaches a certain level, a second-stage chemical
reaction occurs. The two stages are separated
by the inflection point of the temperature-vs-
time trace.

We present a formula derived from the
thermal-explosion theory that allows one to
determine the kinetic constants, with the surface-
heat flux and the inflection temperature as the
only parameters. In addition, we also report the
ignition delay time as a function of the heat

flux and describe the experimental apparatus

used.

We investigated three reactions : Fe,0,/Al
Fe,0,/AL and Ti/2B. For our test samples, we
used several kinds of powders, including spherical
and flaked aluminum powders and medium and

fine iron-oxide powders, with various compact

densities.
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INTRODUCTION

The establishment of sustained propagation of the combustion front of a pyrotechnic system is
preceded by the unsteady process of ignition. The transient phenomena of, und the critical conditions
for, ignition have been theoretically studied by others [1, 2] and experimentally demonstrated using
a laser as the heat source by the authors|{3, 5]

To observe the ignition process, we used a high-speed, infrared (L.R.), scanning technique that
records the thermal profile during ignition. To determine the heat content, we used a computerized
system that digitizes and integrates the temperature-vs-time profiles. We used the data thus obtained
with existing theory to characterize pyrotechnic materials and to develop more-precise kinetic models
of the ignition process. The preliminary results demonstrate the viability of our method for studying
the pyrotechnic reaction process. The current study is an extension of the work reported in Ref. 5.

The objectives are to further develop the techniques as research tools and to characterize various
reacting systems and the effects of such parameters as compact density, powder size. and types of
fuels.

THERMAL MODEL

The experimental configuration consists of a laser heat source and an LR. scanner and
recorder to monitor the sample surface where the beam is focused. The laser beam impinging
on the sample surface has a Gaussian intensity distribution with a beam radius « defined
as the distance from the center of the laser beam at which the intensity decrcases to ¢~ *
times the center intensity. Thus, the size of the heated spot is ma’. If one assumes the laser
to be a heat source with a constant and uniform flux, ¢. the surface-temperature history at
the center of the spot is given by Ref. 6:

2q/at 1
TO, 0, =T, + - [—: - Ierfc( a_)]' (1)
k A 2/ at

where T is absolute temperature in Kelvin, t is time, o is the thermal diffustvity of the
material, k is the thermal conductivity of the material, and lerfc(x) is the integral of the
congugate error function of x. When a/z\’ozt is large or t is small, Ierfc(a\/&t) = (), and
the temperature at the center of the beam spot can be approximated by the following

equation, using x = k/¢:
ATm.lx = (”Tq ) / t/a (2)
p( VI

The thermal diffusivity, 2. can be calculated from this formula if g, p. and ¢ are known.
Equation (2) is applicable, essentially, to a reactive sample during the preheating phase.

When the laser beam is focused on the pellet surface, we assume that the sample is
homogeneous and that the temperature distribution is hemispherically symmetrical, with a
single dimension being sufficient to record heat flow in the sample.

It has been assumed [1. 2, 5] that the whole ignition process can be viewed as consisting
of two stages. In the first or prcheating stage, the sample pellet behaves like an inert body
heated by an external heat source. as modeled by Eq. (2). The second region is governed by
the chemical reaction in the heated volume produced during the first stage. The boundary
between the two stages is defined by the temperature inflection point, T, at time t,. We also
assume that T, is the last point on the curve defined by Eq. (1) (see Ref. 6).

By using the boundary condition of a constant heat flux at the surface. ¢ = — k{d1/dx).
and the mathematical definition of T, one can easily derive an expression based on the
thermal explosion theory [2]. correlating T, the activation energy (or kinetic constant) L,
the thermal conductivity k, the heat of reaction Q, and the preexponential factor 7 :

q° G L "™, = constant (3
RT? | kQZ R

where T,(in K) = AT,,, + T, where T, is room temperature (inK). This equation in
logarithmic form is as follows :

T, B
k : 4
log. [( q ) G } *IRT ()

Further simplification can be achieved by eliminating ¢ between Egs.(2) and (4) for a
given substance :

o

B L,
logty = B + —— — 21 ' 5
OZ.ly T OB A (5)

where A and B are constants. Equation (4) or (5) allows us to approximate E, but only if
the heat-source flux and the inflection temperature are known. The other advantage of this



scheme is that we need only to determine experimentally the temperaturc inflection as a | G.T.P.S.- 1987
function of the heat flux g, which is a lot casier than to mecasure the point at which the
reaction accelerated.

EXPERIMENTAL PROCEDURE

Figure 1 shows a schematic diagram of the measurement system. A ZnSe lens with a
50-cm focal length focuses the thermal beam from an 80-W, CQ, laser and reflects it onto
the face of cylindrical sample. We use an HeNe laser to align system components and to
locate the sample. By using a beam splitter. we reflect a portion of the CO, laser beam onto
a detector to monitor beam power, which we calibrate with a beam-power meter
{Scintech # 364).

Detector IR scanner
/ - Sample
D ] Mask —\\I

co,laser [} é’ - “ ______,,_j)_‘

-~

"~— Beam splitter
i
. t- Mirror
Alignment
laser

Figure 1. —— Laser ignition system.

An IR scanner/recorder records a complete IR image every 30 ms in its standard mode,
but an optional mode that scans a single line every 125 ps can also be used.

To avoid problems associated with the optical noises. we position the 1.R. scanner to
view the edge of the sample. We cut a 20° wedge from the sample to permit observation
of the sample center in alignment with the beam center. In this way, we can record the
thermal flow along the axis of the test pellet. We then digitize the recorded 1.R. intensity
and convert it to temperature.

We use a Gaussian function to fit the experimentally recorded temperature distribution.
To do this, we first generate a symmetrical distribution by mathematically reflecting the
single-sided data recorded from the pellet edge view. Then, we use an iterative, nonlinear
regression analysis to find the best parameters for the Gaussian function.

We prepared samples by hot-pressing (at 425 °C for 25 min) various fuel mixtures and
compact densities listed in Table 1 into cylindrical pellets, 1.9 ¢cm in diameter by 1.0 c¢m
long. We used beam powers of SW to 45 W for heating and ignition,

TABIE 1
SAMPLE PREPARATION AND IGNITION DATA
Compact Laser Ignition
Sample # Material density power time Behavior
{g/em’) (W) (ms)
1 Fe,00,/Al 1.70-2.24 10-20 6 000-50 | Mostly consistent except
one at low density (1.70).
20 Fe,0,/Al 2.00 6-10 140-30
3" Fe,O0,/Al [1.85 & 2.42 10-45 - Very hard to ignite.
44 Fe,0,/Al 1.81 18 150-250
5¢ Fe,0,/Al 1.81 5 250-1 000
6! Ti/2B 3.00 12 1 000 Good preheat behavior ;
product remained intact.

) TFe,O), (76.3 %, Fisher-711543, 44 pm}; Al (23.7 %. Reynolds-s392-7288, spherical 44 pm).

) ¥e, 0, (74.7 %, Fisher-, 0.5-1.0 um); Al (25.3 %, Reynolds-, spherical 44 um),

) Fe,0, (76.3 %, Fisher-711543, 44 um); Al (23.7 %, Alcoa-1662-2711-7-1, fluked 0.5 x 20 um).

) Fe,0, (74.7 %, Pfizer-R1599, 0.25 pum): Al (25.3 %. Reynolds-s392-7288, spherical 44 pm).

) Fe,0, (74.7 %, Pfizer-R1299-E3041, .15 wm): Al (25.3 %, Valimet-84-5070. spherical fine, 0.5 pm).
N Ti {68.9 %, Unified-1088, 44 pm): 2B (31.1 %, Consolidated Astronautics-113, crystalline 44 pm). THERMAL IGNITION
OF PYROTECHNICS
WITH LASERS

RESULTS AND DISCUSSION

In terms of ignitability and thermal responses, all the materials tested are very sensitive
to such factors as compact density, powder particle size, and (in the case of thermites) the | 57
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type ol aluminum. They all, however, have one characteristic in common when a high-
intensity heat source such as the focused laser beam impinges on their surfaces. The beam
produces an instantaneous, localized, surface reaction that contributes significantly to prehcating
during the ignition process.

The beam-center temperatures recorded during this region behave as if the heat from
the surface reaction were part of the beam at a higher energy level. We assume, therefore,

800 T ] 1 T T

700 o o8 G20 W —
A 15 W

600 (\(_%Xg,f,(S(.‘-" o ]

0 a7

500 [EE o ol ORA HiG —

max,

P

400 |- ‘ s —

AT

300+ - —
200 —

100 i

ol I 1 ! | |
0 0.1 0.2 0.3 0.4 0.5

Time, s

Figure 2. — Rise it temperature of the beam center
observed during laser heating of Fe,0,/Al (1) with laser power outputs of 15 and 20 W.
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0.1 0.2 0.3 0.4 0.5
Time, s
Figure 3. — Total heat obtained by integration during laser ignition of Fe,0,/Al(1}

with laser power outputs of 15 and 20 W.

that during the preheating stage, there is an « apparent heat flux¢» impinging on the
surface, and we are thus able to use the theory described to analyze our data.

Figures 2 and 3 show the temperature and total heat plots, respectively, for the runs
using Fe,0,/Al (sample # 1. compact density of 1.83 and 1.91) with laser-beam powers of
15 and 20 W, The temperature traces follow the responses of inert heating defined by Eg. (1).
The values of ¢ are calculated from the two sets of plots using the method of Ref. 5.

In addition, the values of T, and t, are approximated from the plots and shown in
Table 2, along with those from Ref. 5 for Fe,0,/Al (sample # 2).

TABLE 2
APPROXIMATION OF VALUES OF T, AND ¢, FROM FIGS. 2 AND 3

Sample # Laser power (W) t, (ms) T, (K} q (cal/cm?.s)
1 15 840 787 110
20 120 833 322
2 110 693 32
8 47 704 51
(‘) From Ref. 5.




Using Eq. (2) or (3), we calculated that the activation energy E for both cases is
approximately 60 kcal/mol, in very good agrecement with the value of 56 keal/mol reported
in Ref. 5, in which we used the reaction-rate method based on the second stage of the
ignition process.

It is interesting to note that T,, the newly defined ignition temperature, is a function of
g (the external heat flux), in addition to being highly dependent on the activation energy.
Also. to obtain a more accurate value for E, it is better to use a wider range (one to two
orders) of heat flux so that the range of T, would be larger. This was not achievable,
however, with the types of thermites tested and with the laser as the heat source.

This point was demonstrated by the ignition of 1i/2B fuel. As shown in Fig. 4. the
inflection temperature T, can be seen to be about 635 °C, which is very low compared to
a measured value of 1 100 °C when a tungsten coil was used as the heat source{7]. This
is consistent, however, with the fact that the hecat flux generated by our laser beam is 3
to 4 orders of magnitude higher than that of a tungsten coil.

The dependency of t, on ¢ and the compact density is demonstrated in Fig. 5, which
shows excellent agreement with the formula proposed in Ref. 2 :

t o 2 “m' v
h pq *6)

in which m is approximately 1.8. Note that here t, may not mean the same thing as t, in
Ref. 2. The dependency on the compact density according to the formula is strong. However,
we found it difficult to test the ones outside the range used here; ones of lower density do
not behave as expected, and ones of higher density would require steady and much higher
faser power.
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Time, s Log, q
Figure 4. Tewmperature of the beam center and totdd Figure 5. — Correlation of heat
heat during laser ignition flux and ignition time.

of TI/2B (6) with « laser power output of 12 W.

The lowest compact density usable without the pellets crumbling was 1.7 (40% of
theoretical). Two such samples were tested with data plotted in Fig. 6 (17 Wand 18.5W
cases). It is interesting to sce that they deviate from the normal pattern, with what appeared
to be an intermediate reaction between normal preheating and ignition. This behavior
appearcd to be repeatable, but further study is needed to explain why it occurs.

The other Fe,0,/Al sumples tested contained flaked aluminum, which we found to be
quite difficult to ignite, if at all. This was perhaps due to their higher thermal conductivity,
as shown by the very glossy sample surfaces. A typical result is shown in the temperature
and heat plots of Fig. 7. There we can see that the slope of the heat curve has a value
more than 5 times that absorbed from the 10.5 W of laser power. This shows that the
localized reaction contributing to the apparent heat flux is not sufficient to cause sustained
reaction.
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We also tested two types of Fe,();/Al (samples # 4 and # 25). They were erratic, sooty,
and gaseous, and they gave inconsistent data. The gas products from impuritics and moisture

rendered the 1R, sensor system ineffective.

CONCLUSIONS

This work represents the beginning, rather than a culmination, of our study of pyrotechnic
reaction. A great deal needs to be improved to give better thermographic standardization
and better data processing, but we believe these results demonstrate the potential of our
method of using the thermal transient for studying the pyrotechnic reaction process. We

have found that

e Using the inflection 'temperature Ty(t,) on the classical heat transfer equation can be
a valid and simple method to determine the kinetic constants.
e T, is not a fixed property of a reactive material, but a function of the source heat

flux.

The localized reaction contributes significantly to the heating and ignition process and

can be treated as part of the source heat flux, q.

of the reactive material.

The g values so obtained, however, cannot be used to determine the thermal diffusivity

Extremely low-density thermites deviated from the normal pattern of response during

the ignition and thus made poor samples for the laser-ignition method.

Ti/2B appears to be a good candidate for future laser ignition study because the

thermal wave propagated smoothly, and the reaction product remained intact.
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Figure 6. — Rise in temperature of the beam center
observed during laser ignition of two. low-density.

Fe,O,/AL(1} pellets at a density of 1.7 glemt® (401, of
theoretical). Note the occurrence of the intermediate reartion.
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ABSTRACT

Burning rate characteristics of typical pyrotechnics were studied in order to elucidate the
mechanisms  of the combustion processes. The pyrotechnics tested were Mg (magnesium)/TF

(polytetrafluoroethylene) und B (boron)/KNO; (potassium nitrate) propellants. The burning rates of

both types of propellants were largely dependent on the mixture ratio of the fuel and oxidizer. The
burning rate of Mg/TF propellants increases with increasing the concentration of Mg. In other

words, the burning rate increases with decreasing the energy contained in the unit mass of

propellant. The burning surface temperature decreases with increasing the concentration of the fuels
for both types of propellants.

INTRODUCTION

There have been very limited studies on the combustion of pyrotechnics used for igniters and
flares [ 1-3[. The burning rate characteristics of pyrotechnics are dependent on various physical and
chemical parameters such as types of metal fuels and oxidizers, and their particle sizes. The
combustion wave structure of pyrotechnics is highly heterogencous because the diffusional mixing

of the gaseous and condensed fuelfoxidizer fragments occurs on and above the burning surfuce of

the pyrotechnics. These fragments react rapidly to produce heat in the gas phase. Thus, the
determination of the detailed combustion process of the pyrotechnics is very difficult,

in this study, the burning rate and combustion wave structure of pyrotechnics were measured
to elucidate the physicochemical mechanisms. The pyrotechnics tested in this study were Mg
{(magnesium){TF (polytetrafluoroethylene) propellant and B (boron)/KNQ, (potassium nitrate)
propellant. Both pyrotechnics are known to have high combustion potentials used for igniters and
flares.
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ADIABATIC FLAME TEMPERATURES OF MG/TF AND B/KNO; PROPELLANTS

Figure 1 shows the results of the adiabatic flame temperatures at 4 MPa as a function
of Mg weight fraction (§) or B weight fraction (n).
The calculations were done based on the JANAF Thermochemical Tables {4].

. The flame temperature of Mg/TF propellant increases with increasing £ and reaches the

maximum at £ = (.33, The flame temperature decreases rapidly as £ increases in the region

of £ > 0.33.

On the other hand, the flame temperature of B/KNO, propellant is the maximum at
n = 0.15. The flame temperature decreases rapidly as n increases in the region of n > 0.15.
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Figure 1. -~ Adinbatic flame temperature of Mg/TI and
B/KNQ, propellant as a function
of the weight fraction of Mg (&) or B (n) at 4 MPa.

IMigure 2, — Burning rate characteristics of Mg/TF propellants
(Mg particle size : 22 pm in diam.).

EXPERIMENTAL
Propellant Formulations

Various types of Mg/TF and B/KNO, propellants were formulated. The mixture ratio of
the fuel (Mg or B) and the oxidizer (I'F or KNO;) was chosen as a physical parameter. A
small amount of binder (Viton: CH, F.;) was also mixed within the propellants in order
to improve the mechanical properties of the propellant samples.

The Mg/TF and B/KNO; propellant samples were prepared as pressed pellets. The size
of each pellet was 7 mm in diameter and 30 mm in length.

Measurements of Combustion Characteristics

A chimney type strand burner which was pressurized with nitrogen was used to measure
the burning rate characteristics of the propellant samples. The regressing burning surface of
the samples was recorded with a high speed video camecra through a transparent window
attached on the side of the burner. The ignition of each sample was done by an electrically
heated nichrome wire which was attached on the top of the sampie.

The burning surface temperature of the propellant samples was measured with fine
thermocouples which were embedded within the samples. The thermocouples were made of
Pt-Pt10 %Rh wires (50 pm or 5 pm in diam.). The temperature distributions in the solid and
gas phase were measured during propellant burning.

RESULTS AND DISCUSSION

Burning Rate Characteristics

Figure 2 shows the results of the burning rate of Mg/TF propellants. The burning rate
increases with increasing the weight fraction of Mg (£), and also increases with increasing



pressure at a constant & It must be noted that the burning rate of Mg/TF propellants
increases with decreasing the flame temperature {see Fig. 1 and 2). In other words, the
burning rate increases with decreasing the energy contained in the unit mass of propellant.

The pressure cxponent of burning rate, n, is defined by

n=dlnr/dinp (1)
at a constant initial propellant temperature, where r is burning rate and p is pressure. It is
shown from Fig. 2 that n is largely dependent on the chemical compositions consisting the
Mg/TF propellants. When £ is a small value less than (.4, the burning rate is relatively
pressure insensitive {n = 0 — 0.35) at low -pressure region below 2 MPa, and increases
rapidly with increasing pressure (n = 0.35 — 3.5) above 2 MPa.

Figure 3 shows the results of the burning rate of B/KNQ; propellants. The burning rate
increases with decreasing the weight fraction of B (n) at a constant pressure, and also
increases with increasing pressure at a constant v. The pressure exponent defined by Eq. (1)
is relatively independent of n, and is determined to be n = (.27 in the boron concentration
range tested (n = 0.2 — (.8).

These observed results indicate that the burning rate of B/KNO, propellants increases
with increasing the flame temperature (see Fig. 1 and 3). The burning rate characteristics
of B/KNQ; propellants are significantly different from those of the Mg/TF propellants.
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COMBUSTION WAVE STRUCTURES OF Mg/TF AND B/KNO; PROPELLANTS

In order to determine the mode of the burning process of Mg/TF and B/KNQ, propellants.
temperature profiles in the combustion waves were measured with microthermocouples. The
temperature profiles were similar for both types of propellants: the temperature increases
relatively smoothly from the initial propellant temperature, To. to the burning surface
temperature, Ts. In the gas phase, the temperature increases rapidly with large fluctuations.

The determinations of the burning surface temperature from the recorded temperature
profiles were done based on the method described in Ref. 5. As shown in Fig. 4 and 5, Ts

1300 : 1300 -
1200 ° b
w B o ‘ -
. o o #1200
i1 :
E 1100+ O o o O ; 1100 |-
<< o
o : ]
Ié‘ 1000 ° :
- - [T =
i o = 1000
& o <
=L
& 900 | © % 900 - 8
> % Q
5] 2 O
= 800 = 800 |
z 3 o
) @
©
700 1 1 L] 1 J 700 1 1 1 1 ]
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Mg WEIGHT FRACTION B WEIGHT FRACTION
Figure 4. — Burning surface temperature of Mg/TF Figure S. — Burning surface temperature of B/KNO,

propeliants us a function of & at 1 MPa. propellants as a function of n at 1 MPa,

G.T.P.S. - 1987

BURNING RATE

CHARACTERISTICS
AND MECHANISMS
OF PYROTECHNICS

63



G.T.P.S. - 1987

BURNING RATE
CHARACTERISTICS
AND MECHANISMS
OF PYROTECHNICS

64

decreases with increasing the concentration of fuels at a constant pressure. This is observed
for both types of propellants.

Since the physical structure of the propellants is highly heterogeneous, the burning
surface and gas phase structures are also heterogeneous. Therefore, the measurement results
of Ts appeared to be scatter in the data as shown in Fig. 4 and 5. However, it is cvident
that the burning surface temperature of Mg/TF propellants is higher than that of B/KNQ,
propellants at a constant’ pressure. The burning surface temperature remains relatively
constant for both types of propellants.

The Ts data of the Mg/TF propellants obtained in this study show a significantly different
nature when compared with the Ts data of the B/KNO,; propellants and of conventional
solid propellants: The Ts of the Mg/TF propellants decreases with increasing burning rate
and that of the B/KNO, propellants and of conventional solid propellants increases with
increasing burning rate {6]. This is probably caused by a different gas phase reaction
mechanism of the Mg particles and the fluorine produced by the decomposition of TF when
compared with the gas phase reaction mechanisms of other types of propellants|3, 6].
However, it is needed to study the gas phase structure of Mg/TF propellants more in detail
in order to understand the burning rate characteristics.

CONCLUSIONS

The burning rate characteristics of Mg/TF and B/KNO, propellants arc dependent on the
weight fraction of the fuel and oxidizer mixed within the propellants. The burning rate of
the Mg/TF propellants increases with increasing the weight fraction of Mg even though the
flame temperature decreases. On the other hand. the burning rate of B/KNO,; propellants
decreases with increasing the weight fraction of B where the flame temperature decreases
simultaneously.

The burning surface temperature decreases with increasing the concentration of the fucl
for both Mg/TF and B/KNQO, propellants even though the burning rate of Mg/TF propellants
increases and that of KNO, propellants decreases.

REFERENCES 4, \; (}ord(m and B. ). McBride, N.ASA., Sp-273,
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2. A, Peretz, AIAA paper. N°82-1189, 1982, 6. N. Kubota and A. Ishihara, Twenty Symposium
3. N. Kubota and C. Serizawa. Propellunts. Explosives, {International) on Combustion, The Combustion Insti-
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RESUME

Les collisions moléculaires permettent classiquement de rendre compte de la cinétique des
réactions en phase gazeuse et des phénoménes de catalyse hétérogéne. Cette notion a été étendue
aux réactions d'allumage et de combustion de solides en contact avec une phase gazeuse pour un
certain nombre de cas.

Aprés un rappel de quelques éléments de physique et de chimie moléculaire s'appliquant aux
réactions gaz-solide, les premiéres bases de cette théorie des collisions moléculaires appliquées aux
réactions d’allumage et de combustion sont exposées. Les applications réalisées et en cours de
réalisation sont présentées et un certain nombre d'applications potentielles sont envisagées.

ABSTRACT

The molecular collisions theory classically explains the kinetics of gaseous phase reactions and
of heterogeneous catalysis. This theory has been extended to ignition and combustion of several gas-
solid reactions.

After a review of several elements of molecular physics and chemistry applied to gas-solid
reactions, the elementary bases of this theory are exposed. Applications done and on their way are
presented and some potential ones are considered.

ELEMENTS DE LA THEORIE DES COLLISIONS MOLECULAIRES APPLIQUEE
AUX REACTIONS D’ALLUMAGE ET DE COMBUSTION DES SOLIDES

1. Rappels de physique et de chimie moléculaire

L'état gazeux est un état dilué de la matiére ot les N particules formant le gaz sont
agitées d'un mouvement incessant et remplissent le volume disponible. Les interactions
moléculaires y sont généralement faibles. ainsi, dans les conditions normales de température
et de pression le libre parcours moyen est de l'ordre d'une centaine de diamétres moléculaires
parcourus en typiquement 10~ '"s alors que linteraction avec une autre particule dure
typiquement 107 "*s, soit 1/1000 du temps total. Nous appellerons collisions moléculaires
les interactions particulaires ot la nature chimique des particules est inchangée apres
l'interaction et réaction chimique particulaire les interactions acompagnées d'un changement
de la nature chimique des particules.

Il existe trois types de collisions moléculaires :

— les collisions élastiques. de loin les plus fréquentes avec conservation de la quantité
de mouvement, de I'énergie cinétique et de 'énergie interne des molécules aprés
collision ;

— les collisions inélastiques qui correspondent a une diminution d'énergie cinétique des
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molécules se transformant en augmentation d'énergie interne de ces molécules
(vibrations, rotations, transitions clectroniques, etc.) ;

— et les collisions superélastiques qui correspondent a une perte d'énergie interne d'une
molécule correspondant a une augmentation d'énergie cinétique des deux molécules
et/ou a unc augmentation d'éncrgic interne d'une autre molécule.

La réaction chimique particulaire correspond a une interaction entre plusicurs particules
conduisant a la formation d'une ou plusicurs autres espéces chimiques. Dans les réactions
exothermiques qui nous intéressent particulierement en allumage. il y a formation d'une
espéce chimique naissante hautement énergétique et a durée de vie limitée, qui va conserver
cette énergie sous forme d'un excés d'énergie interne et en partie d’énergie cinétique par
rapport aux molécules de cette espéce dans les conditions ambiantes. L'excédent d'énergie
cinétiqgue de cette molécule active va se répartir par collisions moléculaires a l'ensemble de
la phase gazeuse. L'excédent d'énergie interne de cette molécule active va pouvoir se libérer
suivant plusieurs modes de relaxations :

— émission d'un ou plusieurs photons (désexcitation radiative);

— collision superélastique avec une ou plusieurs autres particules (désexcitation

collisionnelle).

I état solide est un état condensé de la matiere ou les N particules du solide sont cn
contact, sont agitées d'un mouvement incessant de vibrations autour de leurs positions
d’équilibre dans une structure rigide. Les interactions moléculaires y sont donc suffisamment
fortes pour donner une structurc rigide au solide qui limite I'espace disponible pour une
particule a4 son volume propre. Pour mémoire, nous dirons que l'état liquide est assimilable
au solide pour ce qui suit. dans la mesure ou, par rapport a I'état solide, la structure dense
du liquide n’est plus rigide et ou l'espace disponible pour une particule est I'ensemble du
volume du liquide.

1. énergie totale d'un systtme de N particules est égale a la somme des énergies de
chacune des particules soit :

: : +E S
Frowe = 2, | 1/2 mVy + Y e,
il i-1
141
énergic cinctique cnergie interne énergic
de la particule i de la particule i d'interaction

L'énergie interne de la particule i est connue & une constante additive pres et comprend
des termes d'énergies de vibrations, de rotations, électroniques, nucléaires, etc.

A l'équilibre thermodynamique, la distribution des énergies des particules suit une loi
de Boltzmann. Soit n, le nombre de particules d'énergie supérieure ou égale ak, :

E; K.

ny b

N

=7

C'est-a-dire que:

— dans un gaz, nous aurons toujours & l'équilibre, n, particules possédant un excédent
d'énergic d’au moins F, = £, — E,, par rapport a E,, énergie moyenne des particules :

— de méme, dans un solide, nous aurens toujours a 'équilibre n, molécules possédant
un excédent d’énergie d’au moins E, par rapport a I'énergic moyennc des molccules
du solide.

Décomposition d'un solide

Soit E, I'énergie de la réaction principale de décomposition d'une molécule de solide et
E, le niveau d'énergie de la molécule correspondant. Cette décomposition peut &tre:

— une vaporisation (sublimation) ;

— une décomposition en particules plus ou moins simples.

Une molécule du solide a ce niveau d'énergic va pouvoir :

— se décomposer ;
— transmettre tout ou partic de cette énergic aux molécules adjacentes.

Jla probabilite de décomposition de la molécule de solide va dépendre de sa position
dans la structure du solide et de la transmission de I'énergie entre les molécules du solide
(conductibilité thermique). Une molécule i la surface du solide aura une probabilité voisine
de 50 % de quitter la surface du solide. Unc molécule a l'intérieur d'un solide homogene.
sans vide ou pourrait exister une phasc gazeuse, a une probabilité quasi-nulle de s
décomposer, du fait de I'encombrement stérique et de la capacité 4 recevoir de I'énergie
(capacité thermique) des molécules adjacentes.

Nous avons vu que dans un solide en équilibre thermodynamique, il existe n, molécules



du solide 4 un niveau d'énergie supérieur ou ¢égal a E,. La probabilit¢c de destruction des
molécules en surface n'est pas nul, donc nous pouvons dire que:

— le solide se décompose intrinséquement en permanence ;

— la vitesse de cette décomposition dépend du nombre de molécules suffisamment
énergétiques pour se décomposer donc de la température sutvant unc loi type loi
d’Arrhénius.

Lorsqu'une molécule du solide se décompose en surface, les particules correspondant a
cette décomposition sont émises dans la phase gazeuse entourant le solide. En I'absence de
phase gazeuse, les particules émises vont s'éloigner indéfiniment du solide. $'il existe une
phase gazeuse, plusieurs cas se présentent :

— les particules de décomposition sont inactives avec la phase gazeuse. Des calculs de
simulation montrent qu'au bout de quelques collisions en phase gazeuse, la plupart
des particules de décomposition finissent par entrer en collision avec la surface du
solide. Si les produits de décomposition contiennent des molécules condensables, celles-
ci se condenseront sur le solide en libérant leurs énergics de vaporisation par collision
de type superélastique :

— les particules de décomposition sont susceptibles de réagir avec la phase gazeuse.
Pour une phase gazeuse cnticrement réactive, un raisonnement élementaire montre
que les réactions avec les produits de décomposition se font en moyenne a .un demi
libre parcours moyen de la surface ct que le quart des molécules naissantes formees
vont impacter la surface du solide lors de la collision suivant la réaction. Si la durée
du trajet est supéricure au temps de relaxation de la molécule naissante, celle-ci sera
désexcitée au moment de la collision avec le solide et nous aurons une collision
élastique avec le solide. Sinon, la collision avec le solide sera superélastique et la
molécule naissante, active collisionnellement, sc désactivera sur les molécules du
solide.

2. Bases actuelles de la théorie des collisions moléculaires appliquée aux réactions d'allumage
et de combustion des solides

Historiquement, cette théorie a été développée pour expliquer 'allumage par amorce des
munitions de petit et moyen calibre. Aussi compte tenu de ce qui précede. avons nous ¢émis
un certain nombre d'hypotheses évolutives pour caleuler 1'allumage et la combustion d'un
solide en fonction des résultats de Fexpérience.

Pour le moment, le calcul est effectu¢ dans un volume fermé, pouvant étre variable au
cours du temps (tirs en bombe, tirs en arme), ou un ou plusicurs solides sont dispersés
d'une facon homogéne. Ces grains solides vont étre attaqués par les molécules condensables
ou gazeuses actives générées par la décomposition du solide.

Hypothéses permettant le calcul

Premierc hypothése : Les molécules condensables sont les plus efficaces pour détruire le
solide. Compte tenu de la nature particuliere de l'interface solide gaz, 'énergie cédée au
solide est intégralement utilisée pour décomposer des molécules du solide suivant une réaction
de décomposition « froide » donnant des molécules gazeuses & température ambiante.

Deuxieme hypothese : Les molécules actives sont moins efficaces pour détruire le solide
car nous supposons qu'il existe davantage de collisions élastiques de ces molécules avee le
solide. Nous définirons un coefficient d’éfficacité relative des réactions collisionnelles par
rapport aux réactions de condensation. L'action d'une molécule active se fait sur un nombre
entier ou sur une fraction de molécules solide suivant une réaction de décomposition
« chaude » dans la mesure ou les produits de réaction sont & température ambiante mais o
existe un excédent d’énergie se distribuant sous forme d'énergic cinétique de la phase gazeuse,
d'une part, et sous forme d’énergic interne de la surface des phases solides, d'autre part. Cet
échauffement de la surface des solides est pris en compte en admettant que cette énergie
facilite la décomposition du solide et dans le calcul elle est directement réinjectée dans
I'énergie condensable.

Troisicme hypothése: Je pas de caleul utilisé correspond a lintervalle de temps t au
bout duquel toutes les molécules condensables et actives présentes dans le systtme a I'instant
t, auront agi. Ce pas de calcul dépend uniquement des caractéristiques géométriques du
systeme.

Quatrieme hypothése :* Les collisions en phase gazeuse sont généralement négligeables
dans Ia mesure ou les sections efficaces des réactions entre gaz et solides sont beaucoup plus
importantes. Seules sont prises en compte les réactivations de molécules en phase gazcuse
par le rayonnement ambiant.

Cinguieme hypothése : La formation des especes chimiques se fait en supposant I'existence
d'un équilibre cinétique correspondant a la température cinétique du milieu.

GT.PS. - 1987

PRESENTATION DI
LA THEORIE DES
COLLISIONS
MOLECULAIRES
APPLIQUEE ALX
REACTION
D'ALLUMAGE ET DE
COMBUSTION

67



G.T.PS.-1987

PRESENTATION DE
LA THEORIE DES
COLLISIONS
MOLECULAIRES
APPLIQUEE AUX
REACTIONS
D'ALLUMAGE ET DE
COMBUSTION

68

Principe du calcul

Le systeme d'allumage va générer une énergie d'allumage dont seule la partie efficace
va étre considérée pour le début du calcul. Pour un fil chaud, une percussion, cette énergic
va étre estimée compte tenu de la durée de la mise en réaction ct sera considérée comme
une énergie de type condensable. Pour un systeme d'allumage type amorce pyrotechnique,
cette énergie est calculée et considérée en partie collisionnelle et en partie condensable compte
tenu de la constitution en molécules actives et condensables de la flamme d'allumage.

I'énergie d'allumage efficace, fractionnée ou non sur plusieurs pas de calcul, va agir
sur le solide, ou une fraction du solide, et créer des produits de décomposition qui vont
réagir et créer des molécules condensables et actives qui vont réagir et créer des molécules
condensables et actives qui vont entretenir et développer, quand c’est possible, la combustion.
L'algorithme de calcul va se poursuivre en calculant pas par pas la composition chimique
du systeme, sa pression, sa température cinétique.

3. Apports de cette théorie a la connaissance de I'allumage et de la combustion des solides

Cette théorie microscopique de l'allumage permet de pallier les lacunes des autres théories,
essentiellement macroscopigues, de l'allumage. Voisine des théories de 1'allumage thermique
en phase solide pour un allumage purement thermique (corps chauds, ou rayonnement), elle
rend compte, en plus, de la nature chimique de la phase gazeuse, de 'échauffement de la
phase solide et des échanges énergétiques a I'interface solide-gaz.

Mais surtout, elle rend bien compte des phénoménes d’allumage par flamme pyrotechnique
en permettant :

— d'estimer les processus controlant des différents stades de 1'allumage :

— de sélectionner des critéres réellement représentatifs de l'allumage par sa teneur en
especes condensables et collisionnelles ;

— d'estimer les cinétiques chimiques les plus probables :

— de tenir compte du non-équilibre thermodynamique de la phase d'allumage et de la
combustion a la surface du grain de poudre.

Son application est universelle et permet de montrer la différence entre un allumage
purement thermique et un allumage par une flamme d'origine pyrotechnique.

APPLICATIONS EN COURS DE LA THEORIE DES COLLISIONS MOLECULAIRES

1. Application a une composition pyrotechnique pulvérulente

Dans ce cas particulier, avec deux phases solides, 'une oxydante, 'autrc réductrice, la
distribution des espéces condensables et actives se fait suivant la surface respective de chacune
des phases. Les résultats expérimentaux obtenus en allumage par choc sur trois compositions
Zr/KClO, de formulation différente ont été utilisés pour cette modélisation, qui a fait I'objet
d'une communication au 8% Séminaire International de Pyrotechnie.

Les résultats expérimentaux avaient permis de montrer que les réactions principales
choisies pour décrire le systéme impliquaient un partage presque égal de I'excédent d'énergie
collisionnelle entre l'énergie cinétique de la phase gazeuse et I'énergie interne des phases
solides. De plus. l'évolution calculée des différents éléments chimiques du systeme était
confirmée par ['observation d'un dépdt de zirconium solide sous sa forme cristalline stable a
haute température lors de ['analyse des résidus de combustion des tirs.

Cette application n'a pas été poursuivie par suite de la priorité accordée a la modélisation
de l'allumage moyen calibre.

2. Application a une poudre noire

Dans ce cas particulier de plusicurs phases solides, intimement liées, présentant
macroscopiquement une structure homogene, la distribution des molécules actives se fait en
raison des abondances moléculaires des phases solides.

Une premiere application a été effectuée par 1I'U.P.S. dans un T.P.A., sans trou, pour
calculer la montée en pression liée a la combustion de la poudre noire. Mais cette application
n'a pas été poursuivic par suite de la priorité accordée a la modélisation de |'allumage
moyen calibre.

Ces travaux sont en cours de réactualisation pour essayer de modéliser le fonctionnement



des T.P.A. a poudre noire, utilisés par les munitions de gros calibre, afin de fournir des
données d’entrées plus représentatives du fonctionnement réel de ce systéme d'allumage pour

des codes de calcul de balistique intérieure biphasique bidimenstionnel.

3. Application a l'allumage et a la combustion d'une charge propulsive dans une arme de

moyen calibre

Cette application a été présentée lors du dernier Séminaire International de Pyrotechnie (3).

Les éléments essentiels de ce code sont résumés dans le tableau suivant:

Eléments

Observations

Combustion de 'amorce :

— Le programme calcule la combustion de
I'amorce. initiée par une certaine énergie de
percussion, et l'allumage de la composition
d'allumage ne se fait qu'a la fin de cette
combustion.

Combustion de la composition d’allumage (C.A.):

— Le programme calcule la combustion compléte
de la composition d'allumage. '

Combustion de la poudre propulsive :

— L’allumage de la poudre est réalisé par des
fractions de C.A. completement brillées ;

— Le grain de poudre propulsive est hétérogene :
une pellicule mixte formée des produits de
lissage et d'un pourcentage du grain de poudre
(déterminé expériementalement} qui enveloppe
le reste du grain de poudre;

— L'énergie collisionnelle et condensable dispo-
nible se répartit suivant leur nombre entre :
— les grains de poudre intacts ;

— les grains de poudre décapés de la pellicule
de lissage ;
— les grains de poudre partiellement détruits ;

— Energie de percussion arbitraire (peu d'intérét
a priori);

- Allumage de la composition d'allumage pro-

bable avant la fin de la combustion de
I'amorce.

— Combustion simultanée C.A. - poudre propul-
sive vraisemblable ;
— Progressivité de ['allumage.

— Fonction de forme de la poudre prise en
compte.

— les -grains de poudre détruits.

Notons que ce programme :

calcule a chaque fois la sortie de 'amorce :

calcule a chaque fois la sortie de la composition d’allumage suivant qu'elle soit
pulvérulente ou en grains;

calcule 'allumage et la combustion de la charge propulsive quelle que soit sa nature
dans la mesure ou celle-ci est définie ;

calcule le mouvement du projectile ;

tient compte de CO,, CO. H,0 actifs avec une probabilité de création liée a 1'équilibre
correspondant a la température cinétique du milieu :

tient compte du taux de molécules activées, renvoyées vers le solide pour le détruire,
ou bien réactivées dans les gaz du canon par un mécanisme d'émission-absorption
pendant la phase de balistique intérieure.

Les validations de ces codes en cours sont prometteuses et permettent de penser pouvoir
disposer a court terme d'un outil numérique de modélisation puissant pour calculer I'allumage
et la combustion de charges propulsives de moyen calibre.

APPLICATIONS POTENTIELLES DE LA THEORIE DES COLLISIONS MOLECULAIRES

Les apports de cette théorie a la connaissance fondamentale de l'allumage permettent
d’envisager un grand nombre d’applications potentielles comme celles citées dans la liste non
exhaustive suivante :

— la modélisation de l'allumage et de la combustion d'une surface réactive (grain de

poudre propulsive, surface a allumer de propergol ou de composition pyrotechnique
d’allumage, fumigeéne, éclairante, etc.) ;
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— la modélisation de la combustion d’autres compositions pyrotechniques pulvérulentes ;
— et la modélisation de la flamme d’'une composition pyrotechnique.

I'intégration de plusieurs de ces applications élémentaires a des applications pratiques
est cn cours de développement ou a développer pour les modélisations suivantes :

— allumage par choc des compositions pyrotechniques ;
— fonctionnement d'un systéeme d'allumage moyen calibre :

— en simulateur d'allumage ;
— en arme;

— fonctionnement d'un tube porte amorce pour l'allumage des canons de gros calibre ;
— mise au point d'un module de calcul des réactions de combustion des charges propulsives
tncorporables dans les codes de calculs biphasiques mono ou bidimensionnels de balistique

intérieure,

Yautres applications élémentaires sont envisageables, comme :

— la modélisation de la combustion de compositions pyrotechniques comprimées :
— la modélisation des phénomeénes d'érosion thermique dans ]e canon ;

— la modélisation de la déflagration ;

— la modélisation de la détonation d'un explosif condensé ;

— la transition déflagration-détonation.
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ABSTRACT

Efficient analytical representations of the excess thermodynamic equation of state for a classical
fluid of molecules interacting with the a-exponential-6 potential may be generated by using in place
of the usual three variables o, T., p. a related « canonical » set in terms of which the excess
thermodynamic functions behave more smoothly. In this paper the possibility of using a simpler
non-canonical set is explored. The modified analytical representations are compared with computer
simulation and statistical mechanical results, and are found to be slightly but significantly less
accurate than the unmodified ones.

A complete set of coefficients for a 4 x 4 x 4 = 64 term representation covering the range
of temperatures and densities occurring in detonations is presented. It is accurate to about 1% and
nearly 100 times faster to compute than the statistical mechanical equations on which it is based.

1. INTRODUCTION

The calculation of the properties of a high explosive, such as the ideal detonation state and
maximum energy release, as well as the prediction of final concentrations of toxic and inflammable
products, all depend on knowledge of the thermodynamic equation of state (THEOS) of the detonation
fume. A great deal of work has been done in the past using empirical or semi-empirical equations
of state, such as the BKW. JWI and JCZ3[1]. to describe the large deviations from perfect gas
behaviour due to intermolecular forces between the small product molecules. These empirical equations
of state are all fairly simple mathematically, and have the advantage that they can be manipulated
analytically to find the internal encrgy, the entropy, the chemical potentials and other thermodynamic
derivatives needed to determine the position of chemical equilibrium, the detonation state, the
explosion adiabat, etc. Most existing computer codes for calculating explosive properties incorporate
one of these empirical equations of state, along with the intramolecular data needed to calculate
the well-known perfect gas contributions to thermal properties.
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The empirical equations of state are unsatisfactory for many reasons, but ultimately
because, no matter what values are assigned to the parameters, they give a poor description
of explosive performance, for example in cylinder expansion tests[2], and lack reliable
predictive power for new compositions. Following the developments of computer simulation
methods and hard-sphere perturbation theories in statistical mechanics [3], leading to non-
empirical thermodynamic equations of state, Chirat ard co-workers have pioneered the
application of the statistical mechanical approach to cxplosives [4. 5, 6). Chirat’s work is
based on the successful Weeks, Chandler and Anderson (WCA) hard-sphere perturbation
theory, which was modified to agree with Monte Carlo (MC) simulation results over the
ranges of temperatures and densities occurring in detonation (WCA4 theory). More recently
a straightforward -extension of WCA theory to high densities has been developed by Ree and
co-workers [7, 8] which gives excellent agreement with computer simulation results for
realistic model potentials (WCA/Ree theory). The various satisfactory statistical mechanical
theories of fluids valid to high density have been reviewed and compared by Talbot et
alia [9].

Given a satisfactory THEOS for a single substance, there are two well trodden routes to
a THEOS for a mixture of substances. The simplest is to replace the intermolecular potential
parameters, such as the well-depth ¢ and the potential minimum r,, by composition-averaged
values €, and r,, of the kind introduced by Van der Waals [10]. The alternative is to go
back to statistical perturbation theory and to start from an equation of state for mixtures
of hard spheres of different diameters, and to add an appropriate first-order perturbation
correction to the free energy. A hard-sphere-mixture perturbation theory of this type developed
by Lee and Levesque[11] was used by Chirat and co-workers. It is considerably more
complicated than the Van der Waals approach, and according to MC results it is only of
comparable accuracy, at least at low pressure [10]. For fluid detonation fume, where the
intermolecular parameters for the pure products are determined by fitting Rankine-Hugoniot
data from shock experiments, and the mixture aspect of the THEQS serves essentially as a
method of interpolating between the product species, the Van der Waals type of theory
involving composition-averaged parameters appears to be adequate and is much easier to
work with.

The only drawback in the new more accurate approaches using statistical mechanics is
the complexity of the equations, which require numerical integrations and iterative solution
to compute the free energy, followed by numerical differentiations to compute the pressure,
internal energy and chemical potentials. The computer time required on all but the largest
computers is therefore far from negligible. Since calculations of the ideal detonation state
and the explosion adiabat are also iterative, involving the calculation of chemical equilibrium
between ten or more species for each of the 10-100 steps required for convergence, the
routine calculation of explosive propertiecs on a supermicro- or mini-computer becomes
prohibitively long.

What is needed is an analytical representation of the THEOS, and in particular the
excess or imperfect part due to molecular interactions, which is a sufficiently accurate fit to
the computer simulation and statistical mechanical results for a realistic form of the
intermolecular potential. Such a fit involving two variables, temperature and density, is
available for the Lennard-Jones 12 : 6 inverse power potential [12]. Unfortunately the Lennard-
Jones potential is inadequate for describing thermodynamic behaviour at the high densities
reached in detonations, and in particular is markedly inférior to the Buckingham
a-potential. Furthermore, it is known that molecules of the same size can differ decisively in
the « steepness » of their repulsive forces, so it is not sufficient to have a fit for a fixed value
of the repulsion index o, which determines the steepness. The variations in well-depth energies
¢ and potential minima r, are accurately dealt with by the corresponding-states scaling of
temperature and density, and as discussed above, if the Van der Waals approximation is
adopted, which in this respect possesses a decisive advantage, mixtures can be handled by
using composition-averaged potential parameters g,, r,, and a, [13, 14]. It follows that what
is needed is a good three-variable analytical representation of the excess thermodynamic
equation of state for a single substance with Buckingham exponential index «, at reduced
temperature T, = k;1/e and reduced density p, = Nr,/V which is valid over the ranges of

o, T. and p, occurring in detonations, namely
11 € a < 14, 2 <71, <100, 0<p. <3 (1.1)

The accuracy required is a bit better than the errors in the « experimental » computer
simulation results and in knowledge of the intermolecular potential parameters, which are
both around the 1 % level at best.

Preliminary attempts to fit the statistical mechanical results over the above ranges, either
with a uniform grid of points in «, T, and p., or with a multinomial in the « natural » set
of variables

1/a, B. = 1/T.. p.. (1.2)




indicated the importance of finding combinations of the three original variables in terms of
which the excess Helmholtz free energy and its derivatives behave in a smooth and simple
fashion. A set of such combinations has been proposed [15] and may be called the « canonical »
variables. They are defined by

= 1/0
y =B, = P (a/ap)’/(1 — 6/a), (1.3)
= p* (/)
where
o = o + log B, — log (/6 — 1). (1.4)

The statistical excess Helmholtz free energy factor A, /NksT behaves smoothly in terms of x,
y and z, and can be fitted by a tri-nomial in these variables of the form

K-1L I M-1

AL/NKT = % % 3 Agxyz'"! (1.5)

i=0 j=0 k=0
where the coefficients can be determined by the Tchebyshev optimum interpolation technique.
The analytical derivatives of this Thermodynamic Equation Of State Tri-variate Analytical
Representation (THEOSTAR) with respect to p and 8 give representations of the compressibility
factor Z = PV/Nk,T and the excess internal energy factor U./NksT which agree well with
the available MC results. Even better fits with the same number of terms, for example
4 x 4 x 4 = 64, are obtained using linear combinations of x and y defined by

u=x+ Ru‘,,y. (1.6)
v =y + Rux,
which may be called .« rotated » canonical variables.

The canonical and rotated canonical variables seem somewhat complicated, and one of
the objects of this paper is to see whether there is a significant loss of accuracy in simplifying
them. The other object is to present new results covering the full range of temperatures,
densities and o values given in (1.1) which have not been published previously.

2. CANONICAL VARIABLES

Before proposing simplifications to the canonical variables defined by (1.3) and (1.4), let
us briefly review their heuristic derivation [15].
The Buckingham o-exponential-6 potential is defined by
u(ry = (6 exp [l — r/r,)} — alr,/MMa—6) r=c 2.1)
u(r) = + © r<c
when ¢ is a core diameter given by u'(c) = 0, u”(¢) < 0. The pair potential appears in the

fundamental statistical mechanical equation for the excess Helmholtz frce energy factor
A, /NkgT in the form

Bu(r) = 6B = exp [a(1 — r/r,)l/(ax = 6) — B * a(r,/r)*/(cc — 6), (2.2)
where r = r; = |r, — rj| is an intermolecular distance and the molecular coordinates r; are
integrated througout the volume V. In order to simplify the repulsive energy term in (2.2),
which is dominant, we introduce a distance scaling factor x and put r = s to get

Bu(xus) = 6P * exp [a(1 — us/r,)1/(x — 6) — B x ofr,/xs)"/(ax — 6), (2.3)
exp.op — {oan/rum)s| — B* (1 -~ 6/(1)_](":"/%)68_6,

Il

where oy is a new temperature-modified repulsion exponent defined by (1.4). Now if, and
only if, we choose’

K= ol /o (2.4)

do we reduce the first term to a function of s with only one parameter, oy Then (2.3)
becomes

Bu(us) = exp [oy(1 = s)] — Bos™° (2.5)

where B, is a new repulsion-modified B+ parameter defined in (1.3). As a consequence of
the scaling, the new molecular coordinates s, = r,/x have to be integrated over the volume

V(at/agr,)®, or in other words the new reduced number density variable is
zZ = N(aﬁrm/m)‘/v, (26)
= (ag/o)’p.

where p, = Nrj/V is the usunal reduced number density.
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The directness and simplicity with which o P, and z appear in the fundamental
cquation for F = A,./NkT' suggests that F may be a smooth function of these variables, and
this proves to be the case.

3. MODIFIED CANONICAL VARIABLES

The canonical variables o, and B, are complicated by the term log (x/6 — 1) and the
factor 1/(1 — 6/a). and since o and B, are being used in polynomial-type fits, it could well
be that modificd variables defined omitting the complications would do just as well. We
therefore define modified canonical variables

x' = 1/o = 1/(a + log B,),

y' = B = B.lo/og), (3.1)
2= plog/a)’,

and also two rotated modified canonical variables

wo=x" + Ry, (3.2)

vi =y + R,x.
We choose the modified rotation coefficients as in previous work [15] so that at the
mid-point of the ranges of a and T* of interest, the contours of ¥’ and v are orthogonal.

This enables wider ranges of « ant T to be compactly represented. The form of equations
is unaffected by the contours of modification. namely

Riy = Py (1 = 6x). (3.3)
R\‘»\‘ = ()AI"( ] - ax')/[a(x')l‘"”d

4. REPRESENTATION

The choice of the form for F as a function of o B, and z was dictated by : (a) the
virial expansion in powers of the density p,, wich suggests that I’ should be represented by
a polynomial in z starting with the first power; (b) perturbation theories based upon the
repulsive interactions as the unperturbed condition and the attractive term in the potential
as the perturbation, which suggests that F should be represented by a polynomial in y = B, :
{¢) analysis of the exact second virial coefficient for a exponential repulsive potential which
suggests that F should be represented by a polynomial in x = 1/a,[15]. Hence the ansatz (1.5).

To represent the excess Helmholtz free energy factor F analytically in terms of the
modified rotated variables we propose a similar K X I, X M — term ansatz

K 1L 1M=1
B2 =@ =% % % W)Yy, (4.1)
=0 j=0 k=0
and determine the coefficient W, for the modified rotated variables by the same Tchebyshev
optimum interpolation technique [15]. The compressibility factor 7 is then given by

7 = PV/NKT = 1 + 2(® + @), (4.2)
where

K-1L-1TM 1

=000 = 3 Y Y AWy (oY) (4.3)

i—0 0k 0

and the cxcess internal energy factor E = U,,/Nk,T by

E=2[= (), + (1 — 6x")y' D) + 3 (D + x'D)], (4.4)
where
(Dfr = Q)I’A + (I)\”R:',\‘- (l);( = (I)\: t (D;Rz’ly‘ {4'5)
and
K—-1L—=-1M-1
D, = S Y W) T (v () (4.6)

PO j-0 k=0

and similarly for ®[. The excess chemical potentials w* can also be expressed analytically in
terms of composition derivatives of ¢,. r,, and a, and of 7, ¥ and oF/da. which in turn
can be cxpressed in terms of the derivatives of @'. The modified equations are very similar
to the unmodified ones (see reference 15).




5. RESULTS

The cxcess Helmholtz free energy factor F(a, T,, p,) calculated from the WCA/Ree theory
has been fitted to THEOSTARs of orders 3 x 3 x 3 and 4 x 4 x 4 in rotated canonical
variables and in rotated modified canonical variables. To assess the relative accuracy of the
two sets of variables and the change in orders, the functions F. 7 and E were evaluated at
a set of sample points in the chosen domain (1.1), extended in density to compare with MC
results and modified to exclude the low temperatures and high densities corresponding to
the solid phase : the latter was done by limiting the canonical density variables to the ranges
0 to 1[15]. The domain covered is then defined by

l<a<l4 2<T.<100. 0<z or 2 <1 (5.1)
The errors

SF =F — F, 02 =2-1, 8E =L — K,

between the representation values and the WCA/Ree values were calculated and two measures
of goodness of fit obtained in each case: {(a) the root mean square (RMS) deviation over the
sample points; (b) the magnitude of the maximum error over the same sample points. These
then serve as estimates for the integrated RMS deviations and as probable maximum errors
over the whole domain. In terms of the rotated canonical variables the sample points (u,
v, Z;) are given

u = ;(um,,x + Uy + ‘I);{u”mx — Uy} COS (T 2pK), (5.2)
and similarly for v; and z, where i = 0 to 2pK, j = 0 to 2pL, k = 0 to 2pM-1. The number
of sample points for given K, L. and M is controlled by the value of the number p = 1, 2, 3,...
The possible total number of sample points is (2pK + 1) (2pl, + 1) 2pM, which includes the
interpolation points, the mid-points between them {on a cosine scale) and if p = 2 the
quarter points, etc., and the ends of the range except for z = 0. However, only those points
which corresponded to values of a, T, and z lying within the domain of interest were used
as actual sample points.

The numerical results of the comparison are given in Table 1. It is clear that for the
3 x 3 x 3 approximants, the use of the modified variables is considerably less accurate than
the use of the unmodified variables (rotated canonical). However, a cubic form in the density
for Z = PV/Nk,I is not very realistic, as we know from the virial series. The 4 x 4 x 4
approximants are more realistic, and the RMS errors for both sets of variables are acceptably
small. As expected. the RMS errors for the modifted variables are always greater than those
for the unmodified variables, but the differences are small except for the excess internal
energy factor E, where the modified errors are about three times the unmodified ones. Note
that increasing the number of sample points by a factor of eight {from p =1 to p = 2)
hardly affects the RMS deviations, and only increases one of the probable maximum errors
significantly. We can therefore be fairly confident that both measures of goodness of fit give
a reliable indication of the true integrated measures.

It is important to test approximate equations of state directly against computer simulations,
and this is done in Figures 1{a), 1(b). 2(a) and 2(b) for the 4 x 4 X 4 THEOSTARs for the
special value o = 13.5. The MC results are from the lLawrence Livermore {I6] and C.EA.
Laboratories [17]. For the compressibility factor 7 it can be seen that for both the unmodified (R)
and modified (M) variable THEOSTARs the agreement with the MC results is good, although
for T, = 20 the unmodified is slightly better, in keeping with the error analysis. For the
excess internal energy factor E, however, it is quite clear that the modified (M) curves provide
an inferior fit except for the highest temperature, T, = 100.

Table 2 gives the 64 multinomial coefficients Wy, occurring in the more accurate
unmodified version of equation (4.1) for ¢ = F/z and the rotation constants in (1.6} for the
domain (5.1), which covers all states of importance in detonation. Trial and error shows
that 5-figures are needed to guarantee computational accuracy over the whole domain down
to the lowest densitics.

It is impossible to form any idea of the convergence of the Tchebyshev  expansion
underlying the multinomial cocfficients in Table 2, so the 64 corresponding  Tchebyshev
coefficients Cy, are quoted in Table 3 to 4 decimal places. The numbers indicate an overall
and reassuring decrease in magnitude of the contributions with order for each variable.

6. CONCLUSIONS
In this paper we have outlined briefly the background to the need for an analytic

representation  of the thermodynamic  equation of state of a fluid with the realistic
y-exponential-6 pair-potential in order to describe detonation product fume. A compact
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representation (THEOSTAR) is made possible by the introduction, in place of a, B. = 1/T.
and p,, of three related variables which are canonical for this potential «y B, and z. Two
of these canonical variables appear somewhat complicated in their forms, and one of the
objects of this paper has been to investigate whether there is a significant loss in accuracy
in modifying them to be simpler. Qur conclusion is that the use of modified variables does
lead to a slight but significant loss of accuracy in describing the excess internal energy,
which is important for detonation calculations. It is therefore worth-while sticking to the
more complicated unmodified variables in constructing a THEOSTAR.

Coefficients are quoted for a THEOSTAR of order 4 x 4 x 4 covering all detonation
states and expansion adiabats which are likely to occur. This THEOSTAR agrees with MC
computer simulation results and statistical mechanical perturbation theories to 2 9% or better
over the domain of interest, and is nearly 100 times faster to compute than the simplest of
the statistical mechanical theories.
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TABLE 1

ACCURACY OF TCHEBYSHEV 3-VARIABLE REPRESENTATION FOR THE EXCESS
HELMHOLTZ FREE ENERGY FACTOR F THE COMPRESSIBILITY FACTOR 7
AND THE EXCESS INTERNAL ENERGY FACTOR E FOR THE RANGES

11 € a < 14, 2 < T, €100, 0<z<g 1
Variables Orders Sample Estimated RMS devn. Probable maximum errors
points
r Z E F Z E
Rotated 3,33 90/294 | 0.0061 | 0.0764 | 0.0218 | 0.0327 0.5347 0.1455

(17.99%) | ( 8.36%) | (17.22%)

Modified rotated 3,33 150/294 | 0.0223 | 0.1004 | 0.1557 0.0916 0.5790 0.7887
(35.329%) { (15.73%) | (31.61 %)

Rotated 4. 4. 4 200/648 0.0013 | 0.0096 [ 0.0042 0.0103 0.0749 0.0353
(0.46%) [ ( 0.80%} | ( 1.55%)

Modified rotated 4. 4, 4 343/648 00016 | 0.0127 | 0.0139 0.0089 0.0652 0.0776
( 0.24%) | ( 0.89%) | ( 3.12%)

Rotated 4.4, 4 [1616/4.624 | 0.0013 | 0.0093 | 0.0040 0.0103 0.0939 0.0353
( 0.46%) | { 2.03%) | ( 1.55%)

Modified rotated | 4, 4. 4 | 2445/4.624 | 0.0015 | 0.0114 | 0.0131 | 0.0103 0.0674 0.0922
(12.28%) { ( 0.95%) | ( 3.49%)
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TABLE 2

THEOSTAR MULTINOMIAL COEFFICIENTS OF ORDER 4 x 4 x 4
IN ROTATED CANONICAL VARIABLES FOR DOMAIN

11 € a € 14, 2 < T, <100, 0<z< 1.
Rotation Coefficients
R,, = 0.045528 R, = — 7.630768
Multinomial Coefficients

W, (right-most suffix varies fastest)

6.0673 4.2012 - 1.5771 5.0412
3.2357 — 31662 - 6.5733 4.5891
— 2.7078 - 1.7746 — 2.6811 12579
—4.2126 94325 10.101 8.8164
- 102.60 - 63.484 21.186 49.794
- 115.12 55.266 98.282 62.206
61.646 45.631 57.263 2.8719
99.549 — 29.896 - 217.28 188.92
752.23 419.95 63.222 91.339
889.35 - 467.14 - 603.35 383.34
- 47293 - 353.28 — 460.07 61.842
— 768.72 251.44 1613.6 1391.8
- 2040.7 - 1058.5 - 702.42 153.84
- 2411.7 1299.01 1472.7 989.66
1204.0 930.86 1293.1 273.61
1994.5 - 696.88 — 4061.5 3467.3
TABLE 3

THEOSTAR TCHEBYSHEV COEFFICIENTS OF ORDER 4 x 4 X 4
IN ROTATED CANONICAL VARIABLES FOR SAME DOMAIN AS TABLE 2

Cj (right-most suffix varies fastest)

1.3131 .7559 1355 0112
- 1.8592 - .352 0344 0131
03501 0403 0043 0011
0054 - .0105 — .0003 - .0002
- .7307 — .3810 - 0948 - .0141
- .1380 0579 - 0089 — .0080
0308 0229 .0026 — .0004
0049 - .0047 0004 .0005
- .0763 - .0240 - .0000 L0010
- .0269 0089 - .0011 - .0000
0107 .0044 .0002 — .0002
0019 - .0018 0001 0001
- .0161 - .0039 - .0002 .0000
— .0047 0035 0003 0000
.0038 0016 .0002 0000
0008 - .0005 L0001 0001 ANALYTICAL
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ABSTRACT

In this series of studies the influence of various intrinsic parameters upon the deflagration vs
detonation manifestation in typical fucl-oxidizer « pyrotechnic » powders is under investigation. In
the first part of this current series the relationship of particle size and stoichiometry was studied.
In this, the second part. the influence of monomolecular additives such as nitroguanidine upon the
deflagration or detonation manifestation of a « stoichiometric »  composition of aluminum and
ammonium perchlorate pyrotechnic was studied. Chemical equilibrium computer calculations were
conducted for this formulation at 28/72 weight ratio of aluminum and ammonium perchlorate at
various overall densities. The TIGER code was used for this purpose to assess the Chapman-Jouguet
characteristics should such detonation be achieved in the pyrotechnic. Experimentally, stoichiometric
formulations of this pyrotechnic were evaluated in the LLT.R.L «pipe-test » apparatus under the
following conditions : (1) a standard as-received formulation of atomized aluminum powder and coarse
ammonium perchlorate and (2) a specially-prepared ground, fine grade of ammoniwn perchlorate
with flaked-aluminum powder. Both formulations were evaluated with zero, ten, and twenty percent
by weight nitroguanidine powder additive. The fine-powder formulation detonated under all three
conditions, with an increase in detonation velocity with nitroguanidine additive. The coarse-powder
formulation deflagrated, but transited into the detonation regime as the amount of nitroguanidine
was increased. Of course. it is understood that ammonium perchlorate is capable of detonation
alone, under particular conditions ; however. the overall influence of molecular explosive additive
sensitization to detonation of pyrotechnics is indicated. Future effort will concern fuel-oxidizer
formulations such as aluminum and potassium perchlorate.

INTRODUCTION

The stoichiometry and particle size relationship of energetic fuel and oxidizer pyrotechnic powder
formudations was investigated in Part 1 of this study scries (Tulis, 1986). In that work it was
concluded that detonability required sufficiently small particle sizes of both fuel and oxidizer
constituents and that specific stoichiometry was a function of the particle size distributions of the
constituent powders. In fact, large particles acted as inert particles in the detonative mechanism.

Although pyrotechnic formulations are being studied, it is preferred to refer to these powder
mixtures as energetic fuel-oxidizer compositions. It is generally accepted that deflagrating materials

are pyrotechnics and that detonating materials are explosives. It is, in fact, the manifestation of
the amount and rate of energy release in energetic formulations that establishes the reality of

deflagration or detonation.

In the present investigation, as Part IT of this study series, it is the influence of monomolecular
explosive powder additives to pyrotechnic compositions that is explored. In previous work we have
demonstrated the so-called sympathetic detonation of ammonium perchlorate by sensitization with
small amounts : e.g., to less than one percent by weight, of nitroguanidine (Tulis, 1976). Ammonium
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perchlorate, as well as numerous other typical oxidizer components in pyrotechnics, is actually a
very insensitive and not-very-energetic explosive (Anderson and Pesante, 1962). However, the
addition of aluminum powder to ammonium perchlorate makes the resultant Jormulation a very
energetic system, but inhibits detonation of the ammonium perchlorate. The reason for this is that
the aluminum abstracts energy from the potentially detonable autocatalytic decomposition of the
ammonium perchlorate in order to heat the aluminum. Once the aluminum is sufficiently heated
to initiate chemical reaction with the oxidizer decomposition products from the ammonium perchlorate.
the heterogeneous reaction between the aluminum and the ammonium perchlorate takes over. This
is, of course, a much greater exothermic reaction than the autocatalytic decomposition of the
ammonium perchlorate by itself, but it is rate controlled by the heterogeneous nature of the reaction,
Unless the aluminum powder particle size is sufficiently small : ie., essentially submicron, it simply
can not be heated and chemically reacted rapidly enough to support propagation of a detonation
wave. This does not necessarily apply in situations wherein extremely large diameter charges are
involved.

The particle size of the ammonium perchlorate, which is influential but not critical for the
detonation of ammonium perchlorate by itself, does become critical Jor the detonation of a fuel-
oxidizer formulation involving powder constituents, unless very large induction times/zones can be
tolerated. The reason for this is that the formulation also has to be homogeneous at the chemical-
reaction level. In a molecular explosive the fuel and oxidizer atoms are within the same molecule.
In a gas-phase detonation, the fuel and oxidizer molecules are homogeneously mixed. Hence in a
particulate fuel and oxidizer formulation, in order to achieve equilibrium within a reasonably short
reaction zone, the individual fuel and oxidizer atoms and/or molecules need be readily accessible to
each other. This would simply not be the case if the fuel and oxidizer particles were not well
matched in size as well as in stoichiometry.

ANALYSIS

The analytical Chapman-Jouguet characteristics of the aluminum-ammonium perchlorate-
nitroguanidine formulations of interest in this work were calculated using both the BLAKE
and TIGER chemical equilibrium computer codes. In our earlier analyses only BLAKE
calculations were presented. Because of the difficulty and high degree of incalculability
involved with this code, due to phase changes, condensed species, and thermodynamic
derivative discontinuities, the newer TIGER code was used for this work. This revised TIGER
code includes procedures devised to remove the incalculabilities encountered in the BLAKE
code attributed to condensed species; e.g.. Al, ALO,, and C (Cowperthwaite and Zwisler,
1982).

Nevertheless, there are still inconsistencies with all thermodynamic/hydrodynamic codes.
In the present case of calculations in this analysis, the BKW equation of state was used. It
is believed that the Chapman-Jouguet characteristics calculated are, in general, unrealistically
high. In particular, the values obtained with the BLAKE code, when calculable, appear to
be more accurate when compared to experimental data. Therefore the analytical results
presented here are subject to future refinement of these computer codes and in their manner
of implementation in regard to the equation of state and the specific equilibrium states
involved, particularly for the condenscd species.

These analyses were conducted for the purpose of establishing the Chapman-Jouguet
detonation characteristics that could be expected provided that the particular formulations
involved would detonate in an ideal manner. Because in a particulate heterogeneous reaction
this condition ideal can be approached but not realized, the degree of approach to ideality
can be considered as a measure of the degree of such realization.

The aluminum-ammonium perchlorate formulation that was analytically evaluated was
the 28/72 weight ratio, at three density levels of 0.6, 1.0, and 1.4 Mg/m’, and with 0, 10,
and 20 percent by weight nitroguanidine additive. No attempt was made to compensate the
28/72 stoichiometry for the added nitroguanidine. The results of the TIGER Chapman-Jouguet
calculations for detonation characteristics arc presented in Table 1. The percent nitroguanidine
perchlorate.

The influence of nitroguanidine additive upon chemical equilibrium can be assessed
readily analytically. At all density levels, as the amount of nitroguanidine increases, the
temperatures decrease considerably while both pressures and detonation velocities increase
slightly. Hence the reduction of the highly calorific Al,O, with increase in nitroguanidine
additive is manifested mostly as temperature decrease. Figure 1 illustrates the effect of
nitroguanidine additive upon product species. Note the presence of carbon solid with the
increase of nitroguanidine, indicating a fuel-rich formulation. To assess optimum stoichiometry
the amount of ammonium perchlorate would need be adjusted accordingly. Such optimization
can be readily investigated using chemical equilibrium computer codes such-as TIGER.




TABLE 1

TIGER CHAPMAN-JOUGUET CALCULATIONS FOR 28/72 WEIGHT RATIO ALUMINUM
AND AMMONIUM PERCHLORATE PYROTECHNIC WITH VARIOUS AMOUNTS
OF NITROGUANIDINE (NQ) AS ADDITIVE

. Detonation
Percent NQ I;Ae;/sr:); Tempfle(rature Prgsl::re Velocity
km/s
0 0.6 5969 2.501 3.509
10 0.6 5403 2.603 3.534
20 0.6 5049 2.762 3.606
0 1.0 6018 6.034 4.432
10 1.0 5313 6.147 4.478
20 1.0 4855 6.396 4.555
0 1.4 5934 11.441 5.396
10 1.4 5163 11.744 5.496
20 1.4 4658 12113 5.616
T I I T [ 1 I I [
50f— NOTE: Species below 5 percent -
anywhere excluded here.
S 40}
§ %
§ 30— N2 —
i L .
;é,‘ 20 —
& = 1,05(14quid)
et C(solid)
2
10— —
Figure 1. — TIGER chemical equilibrium Ha g
computer calculation product species in . He -
the detonation of 28/72 weight percent
aluminum-ammonium perchlorate pyro- | | | | | | | |
technic  formulation at a density of 00 20 40 60 80 100

1 Mg/m’ illustrating the influence of

nitroguanidine additive. Weight Percent Nitroguanidine of Formulation

EXPERIMENTAL

The experimental tube apparatus, referred to as «pipe» tests, has been previously
described (Tulis, 1983). In this investigation only the propagation velocity was of specific
concern. The objective was to investigate the influence of nitroguanidine additive upon an
otherwise non-detonable fuel-oxidizer formulation as well as such influence upon the same
fuel-oxidizer formulation when made detonable by suitably small particle size of the fuel and
oxidizer constituents. Figure 2 illustrates the tube-test apparatus used for these experiments.
The tubes were 25.4 mm in diameter and 1.016 m long. Fiber-optic probes in conjunction
with phototransistor light detectors were placed at 101.6 mm intervals. In this manner
incremental velocities were determined and established propagation stability as well as
deflagration or detonation velocities.

The fuel-oxidizer formulation investigated was aluminum-ammonium perchlorate at a
28/72 weight ratio. To this basic formulation 0, 10, or 20 percent by weight nitroguanidine
was added. Hence the three specific formulations were 28/72/0, 25.2/64.8/10, and
22.4/57.6/20 weight percent Al/AP/NQ respectively. These three formulations were prepared
in each of two particle-size grades: i.e., a coarse grade using atomized-aluminum powder of
about 25 pum diameter and commercial-grade ammonium perchlorate with a mass mean
diameter of 138 um but 30.9 pm number mean diameter, and a fine grade using flaked-
aluminum powder with a 3-4 m?/g surface-to-mass ratio (equivalent to about 0.75 pum for a
comparable spherical particle) and a specially-milled ammonium perchlorate with a mass
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mean diameter of 18 um but 1.1 pm number mean diameter. The nitroguanidine was the
same in both coarse and fine formulations, but was screened prior to use. In addition, the
coarse ammonium perchlorate was screened through a No. 270 sieve to eliminate the fines
that were present.

Initiation was attempted with a sheet-explosive disk using an electric blasting cap and
a-tetryl booster pellet. Six experiments were conducted, as previously described; i.e., two
particle-size grades at three levels of nitro-guanidine additive each. In five of these experiments
propagation was readily achieved. The coarse formulation without any nitroguanidine did
not propagate beyond a few inches. This formulation was then re-tested using a much larger
30 g charge of C4. This time a rapidly decaying overdrive was achieved but did propagate
the length of the tube. In previous work a similar formulation deflagrated at 488 m/s.
Because this formulation will not detonate under these test conditions, initiation of deflagration
would better be achieved using a non-detonating thermal igniter. The results of these six
experiments are presented in Table 2, along with comparative analytical results.

PIPE COUPLING
ION PROBE

SHEET EXPLOSIVE
FIBER-OPTIC LIGHT

DETECTOR PROBES EXPLOSIVE TEST FORMULATION PIPECAP
r—— 1016 mm 4 /

;.r f r.r

|
T

f T.

t: L

, 3048 mm
CARBON-RESISTER SHOCK PRESSURE CONTINUOUS PROBE
AND ARRIVAL TIME GAGES LEPOXIED TO WALL)

TETRYL BOOSTER
wO0D SPOOL

ELECTRIC BLASTING CAP

Figure 2. — Schematic of the LLT.R.I. « Pipe-Test » apparatus developed for characterizing deflagration
and detonation in energetic formulations.

TABLE 2
ANALYTICAL AND EXPERIMENTAL RESULTS FOR THE DEFLAGRATION
OR DETONATION OF THE FUEL-OXIDIZER FORMULATION ALUMINUM-AMMONIUM
PERCHLORATE WITH/WITHOUT NQ ADDED

) . Density, Mg/m’ Analytical D, m/s Exp. D, m/s

Formulation Grade

NQ AP Form. NQ AP Form. Form.
28.0/72.0/00 | coarse 0.000 1.152 1.600 — 4.109 4.708 . 488
25.2/64.8/10 | coarse 0.134 0.868 1.340 1978 3345 4459 1604
22.4/57.6/20 | coarse 0.226 0.651 1.130 2347 2762 4228 2428
28.0/72.0/00 fine 0.000 0.628 0.872 — 2700 3276 2831
25.2/64.8/20 fine 0.086 0.556 0.858 1785 2506 3413 3230
22.4/57.6/20 fine 0.154 0.445 0.772 2058 2208 3372 3307

In Table 2 the analytical detonation velocities (D) are based upon the actual density of
the specific component in the formulation. The values here for the formulations (Form.) are
the Chapman-Jouguet velocities as calculated using the BLAKE computer code. The values
using the TIGER code are substantially higher ; e.g., about 20 percent in general. Based on
the calculations for the nitroguanidine, comparison with experimental data suggests that
these BLAKE values are closer than the TIGER values. Hence BLAKE values are included
here for the purpose of comparing the experimental results and obtaining some comparative
basis. The calculated values for the nitroguanidine and the ammonium perchlorate are
predicted detonation velocities at the specific densities of these components by themselves.

These results indicate that the coarse aluminum-ammonium perchlorate will not detonate
(under these test conditions) but that as the amount of nitroguanidine additive is increased,
it does indeed detonate but is apparently controlled by the actual nitroguanidine density
present in the formulation. This is as might be expected, as in previous work we have
demonstrated the sensitization to sympathetic detonation of ammonium perchlorate controlled
by the detonation velocity of the nitroguanidine based upon its actual density. The aluminum




additive in these cases apparently acts as an inert within the detonation zone, or in actuality
extending the reaction zone well beyond the detonation zone. As discussed earlier, with the
relatively large aluminum particles there will be less heat loss from the detonating system.

On the other hand. in the case of the very fine aluminum-ammonium perchlorate
formulation. detonation is achieved even in the absence of nitroguanidine additive. The value
is about 86 percent that of the analytical BLAKE Chapman-Jouguet value, or about 68 percent
that of the TIGER value. As the amount of nitroguanidine is increased, the experimental
values of the detonation velocity approach closer to the analytical values. With 20 percent
nitroguanidine additive the experimental and calculated BLAKE velocities are nearly identical,
If we consider the TIGER value here. the experimental value would be only 83 percent of
the Chapman-Jouguet velocity.

What is of the greatest importance here, however, is that these results confirm that
with the very fine fuel-oxidizer powder the aluminum and ammontium perchlorate react
within the effective detonation zone as a heterogeneous detonation and not as detonation of
the ammonium perchlorate in spite of the presence of the aluminum, as is apparently the
case with the coarse formulations. Note that if the nitroguanidine was simply causing
sympathetic detonation of the ammonium perchlorate the detonation velocity would be only
about 2.058 m/s, and in fact if the ammonium perchlorate was stimulated sufficiently to
detonate by itself the velocity would still be only about 2.208 m/s. The experimental values
are greater than those for the ammonium perchlorate alone in all three experiments, and
increase as the amount of nitroguanidine increases so that at 20 percent nitroguanidine
additive the experimental velocity is more than 1000 m/s greater than the velocities
associated with either the nitroguanidine or ammonium perchlorate alone.

CONCLUSIONS

Aside from demonstrating that very fine particle sizes of energetic fuel-oxidizer formulations
are conducive to detonation, the objective here was to investigate the influence of molecular
explosive additive to pyrotechnic fucl-oxidizer powder formulations. Tt “is demonstrated that
in the case of coarse powder that will not detonate, nitroguanidine additive can sensitize
such formulations to detonate, although it may be only sensitization to sympathetic detonation
of the ammonium perchlorate in this case. In the case of fine powder that can be detonated
without sensitizer additive, the nitroguanidine additive allows the detonation to approach
ideal Chapman-jouguet conditions and also stabilizes the detonation mechanism,
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ABSTRACT

Boron particle combustion is retarded by initial presence of an oxide coating. In current boron
ignition models, oxygen is assumed to desolve in the oxide and diffuse to the B/B,0; interface for
reaction. One method to observe the reaction of boron with its surrounding atmosphere is the time
resolved emission spectroscopy we applied in the range of 0.2to 5.5 um Jor different burning
processes.

In one experiment boron powder was burnt in oxygen atmosphere initiated by an efficient
pyrotechnic device. The energy transfer by the hot gases led to a glowing phase of the boron
particles which then changed to a high temperature combustion and ended in a further glowing
phase. The two glowing phases emitted continuous emission spectra, while the burning phase emitted
the bands of BO and BO,.

Another experimental setup was used to feed boron particles in a hot oxidizing atmosphere
provided by a propane/air flame which flew into a combustion chamber. Herein the reaction of
boron *was recorded with high speed cinematography and time resolved emission spectroscopy. The
flame contained a small amount of background radiation and we could identify emitted bands of
BO. BO,, HBO,, CO and CO,.

INTRODUCTION

In recent years solid fuels for air breathing propulsion systems have received considerable
attention because their potential for greater energy release per unit volume in comparison with
purely liquid fuels. A number of solids like aluminium, beryllium, boron, carbon, magnesium,
zirkonium, etc., are possible candidates for fuel mixtures. Boron, however, is the most attractive
candidate because of its superior volumetric heating value.

As described earlier [1], after ignition solid-phase boron is typically coated with a thin oxide
layer which must be removed before complete combustion can occur. A theoretical model of the
boron combustion and ignition is described in [2]. Therefore particle size and residence time during
combustion are important parameters. Furthermore, the agglomeration process will prevent a good
heat transfer from the surface to the center of the particle. In order to get more information about
the reaction during combustion of boron and its oxides we studied the burning process by time
resolved emission spectroscopy in the range of 0.2 to 5.5 um in two different experiments. Moreover,
high speed cinematography was applied to get an impression of the turbulence of the combustion.

EXPERIMENTAL METHODS

The UV-VIS spectra were acquired by a Jarrell Ash spectrometer with a focal length of
0.275 m. This unit was coupled with an intensified diode array containing 1 024 elements.
Using a grating with 295 grooves per mm the spectral range was 300 nm with a wavelength
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resolution of 1nm. The fastest data acquisition rate is in the range of 10ms for one
spectrum. This may be sufficient for studying slow burning processes.

The NIR emission spectra were observed by an InSb diode which was combined with
a rotating filter. Its three segments overlapped the range from 2.4 to 4.5, 4.4 to 7.9 and
7.8 to 14 pm. The rotation frequency could be varied in the range 0-50 Hz. The wavelength
resolution depends on rotation frequency and was in the range of (.1 pm. The spectral
response of the InSb diode begins at 2 ym and ends at 5.5 pm.

EXPERIMENTAL SETUP

Two different experimental systems were used to observe the ignition and burning of
the boron particles.

In an optical bomb we are able to burn pyrotechnic materials under various atmospheres
up to 10 MPa chamber pressure. As shown in fig. 1 this setup can also be used to measure
the flame temperature using the emission-absorption behaviour of the flame in combination
with a known black body radiation.

Another arrangement with an optical multichannel analyzer at one side of the optical
bomb and a Lowcam at the opposite side of it allowed to correlate the emission spectra of
the burnt pyrotechnic device to optical burning behaviour.

A second experimental setup consisted of a windowed combustion chamber as shown
in fig. 2. The combustor dimensions were : 150 mm inner diameter, 500 mm length, an inlet
area varying from 8 to 25 cm square. Air heated to approximately 2 000 K by means of a
propane/air flame was introduced into the combustor at flow rates of 50-150 g/fs. The boron
particles were injected against the main flow direction for increased residence time in the
combustor. Additional air with about 5 bar overpressure surrounding the boron inlet formed
a good circular spray and may be used to feed pure oxygen in the combustor. For stabilizing
the combustion a triangular V-gutter flameholder was installed. In the rear section of the
combustion chamber we put quartz glasses in order to have transmission in the UV-VIS
range.

The whole arrangement was placed on a platform on wheels, so we could measure the
spectral emission of the hot gases and solid particles at different positions without changing
the optical setup. Fig. 3 presents a schematic of the experimental arrangement.

RESULTS AND DISCUSSION

First we burnt boron powder of 100 pm size (impurity less 1 %) under oxygen atmosphere
in the optical bomb. The pyrotechnic device contained zirkoniun for high temperature ignition.
When starting the igniter the boron reacts after 100-150ms and shows a light glowing
surface. Then a white spherical zone of the flame is visible which is surrounded by a green
shining hemisphere and separated by a dark zone from the inner region. The reaction ends
in a further glowing phase of the remaining solid particles. The emission spectra are shown
in fig. 4-5. At the beginning continuous emission spectra were registrated containing sodium
(589 nm) and kalium (770 nm). We compared these data with the spectrum of a tungsten
lamp and estimated the temperature to about 2 000-2 200 K. During the high temperature
burning phase molecule bands could be identified to BO, [3]. At that time we could observe
self absorption concerning the lines and molecule bands. too. This means that the outer
flame zone has a lower temperature than the inner region. The effect of self absorption may
be used to estimate the flame temperature of burning boron particles.

In the second experiment our aim was to get information about the ignition and
reaction of boron particles when they are heared up in a combustor from room temperature
to 1800-2000K. The temperature of the propane/air flame was measured by emis-
sion/absorption pyrometry (sce fig. 1). In this case we used 2 um particle size. The ignition
of the boron at that temperature was spontancuos and a light green flame was visible. The
high speed films showed the great turbulence of the combustion. Glowing agglomerates of
boron particles were observed along the flow field. The emission spectra of the hot gases
are depicted in fig. 6-8. The IR spectrum has additional Bunsen-burner spectrum implemented
to show the background radiation induced by the propane/air flame. In the wavelength
region 0.2-0.9 ym we can identify the BO and BO, molecule bands and at 5 pm we observed
the HBO, emission band. Probably a better wavelength resolution would allow to identify
the HBO, band at 2.6 ym which overlaps with the H,0 — and CO, bands [4].

CONCLUSIONS

The instrumentation for the time resolved spectroscopy in the UV-VIS range delivers one
part of the reaction products like BO and BO,. The IR range shows the molecule bands of




HBO,. In both cases we measured in the ignition region and at the end of the combustor.
The received spectra seemed to be similar but had different background radiation, due to
the ignition phenomena. This effect we observed in the optical bomb, too. The hot gases
contained a small amount of glowing particles, which led to a very low continuum in the
IR spectrum and consequently showed the efficient burning behaviour of the boron during
the short residence time in the combustion chamber.

REFERENCES 2. Meinkéhn D., The Ignition of Boron Particles, Combus-
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Figure 1. — Experimental arrangement for flame temperature estimation.

Figure 2. — Combustion chamber for various inlet conditions
with transparent sections for optical measuring methods,
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. INTRODUCTION

For thirty years, an increasing number of thermochemical codes has appeared for computing
detonation products equilibra : Fortran BKW {1, 2. 3}, Ruby[4]. Arpege [S]. Tiger [6]. Etarc [7].

and a former one proposed by Tanuka [8. 9. 10]. These codes are based on different equations of

state (E.0.S) and the availuble data are generally not sufficient to determine which E.o.S is the
most suited to detonation products. Although most of them use BKW .., they do not yield the
same results with this E.0.S. Therefore we intend to build a new thermochemical code in which
the E.0.S is considered as a general subroutine, easy to change in order to check and compare the
different E.0.S. Moreover we wanted to provide data related to detonations but alse to combustions,
Hugoniot and Isentrope curves for both condensed and gaseous explosive mixtures (i. e. throughout
an initial densityy O < p, < 2000 kg/m’*). Such an gim raises several difficulties. First. the iterative
procedure which computes the composition must converge for any mixture with any E.o.S. The
program must see the E.o0.S through parameters whose meaning should be obvious and available
for every E.0.S. Then the E.0.8 have to be defined by the same parameters in spite of their specific
basis (empirical or theoritical).

Following these requirements, this code named Quatuor was built on a Hewlett-Packard micro-
computer.

Il. A UNIVERSAL DESCRIPTION OF EQUATIONS OF STATE

An equation of state links the pressure. temperature and volume:

SV, 1) =0 (1
However it is most commonly used in the form where the pressure is given explicitely
P=fiv. T) (2)

It is the case of most theoritical E.0.S which come from statistical mechanics. So we keep
this form and propose to define & common dimensionless parameter :

PV
o=aolV. T) = (3]
nRt ’
Applying this relationship to mixtures,
g=o(V. T, x) (4)

where x, is the number of moles of the component i.
o is a parameter equal to 1 for the well known ideal gas K.o.S and raises with the
density.

(*) Present adress : Aérospatiale. Direction Technigue S:DEP, B. P 96, 78133 Les Mureaux Cedex. France.
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Chemical equilibrium calculations require partial derivatives of 6. et us denote :

00'
co
1(8’1‘) (6)
5 = ((0) 7)
axl VT, X #X

where X, is the molar fraction of component i. Also are required :

¢ = JT(O' = 1)dv/v (8)

fl0]
o =1(2) = | o dvv 9)
(WT v ¥

and

oo ‘
O = =1 a,dV/V (10)

rX, VT »
P = o(V, T. x) nRT/V (11)
E=E(P, T) + nR1 ®, (12}
S =8%P, T) + nR(® + D) (13)
p, = pi(P, T) = RT(® - ® — Ino) (14)

Superscript « “ » denotes the ideal gas part of each function :

EYP, T) = Z ) EY(T) (15)
S(P. T) = Z T)SV(T) — nR{Lu(P/P*) + Z X,LnX)} (16)
p'(P, T) = FU(T) + RT Ln(P/P*) + RT In Xi (17)

EY(T). S$Y(T), FY(T) and P* are respectively the internal energy, entropy, Gibbs free energy.
available in thermotables {11, 12] and reference pressure P* = 1 atm.

Equation (11) is required for determining the pressure P while the internal energy E
must be calculated in order to solve the Rankine-Hugoniot equation :

E—E, — (P + P)(V, —V)/Z (18)

One needs the entropy S for the calculation of the isentrope while the chemical potential
() is used at each step for computing the equilibrium composition.

As to some equations of state such as KHT [8, 9, 10] where PV/nRT not only depends
on V and T but also upon pressure, ¢ is not defined explicitely but may be calculated,
solving

o(P. V, T) — PV/nRT = 0 (19)

given V and T. Although slightly more complicated for this E.0.S, oy. o o, ®, ®; and ®,
may be easily obtained from equations (5) to {10)[13].

All these considerations hold for any E.0.S given by analytical means. It provides useful
informations aimed at the comparison of several E.0.S throughout a similarly based
investigation. For instance, we have previously shown [14] that o is linked to the repulsive
intermolecular potential and that an hard-sphere E.0.S corresponds to o, = 0.

Ill. CALCULATION OF THE COMPOSITION

The speed of convergence of the iterative procedure which computes the composition is
the key step since this latter is required several tens of times for a detonation calculation.
The method used in Quatuor [15} is particularly suited to micro-computer since it barely
needs restricted area in the memory and a lesser computing time even when twenty or
more components are involved in the mixture. Let us recall briefly this method.



For a given mixture containing n components and m atomic species, we first split the
components into two groups: (m) basic components which are expected to exhibit a greater
number of moles are denoted with subscript « 0 ». The (n-m) non basic ones hold the
subscript « 1 ». Let the matrices (A), (X) and (G) denote respectively the atomic decomposition
of the components, the numbers of moles and the chemical potentials :

(G)i = w/RT (20)
The mass balance equations yield :
(‘A (X} + (A)X,) = (D) (21)

where (D) is the number of moles of atomic species.
The chemical affinity (Y) of the chemical reactions involved between basic and non
basic components are provided by :

(Y) = (G)) — (AD(AT )(Gy) (22)
and the equilibrium composition requires :
(Y) = (0) (23)

The successive steps of the procedure are as follows :
1. Choose (X,)
2. Calculate (X,) as stated by equation (21)

(Xo) = (!Ailn)(D) - (lAl)(xl)
3. Calculate (Gy), (G,) and then (Y) by means of equations (20) and (22).
4. The empirical step which ends the loop and leads to convergence is, at the iteration P :

(X! = (X)) exp(— Y/a) (24)

where o ~ 3 is an empirical constant.
Then return to step 2 until (Y), gets close to zero.

IV. THE NUMERICAL PROCEDURE

Since the elemental steps were detailed in previous sections, we can now describe the
general procedure. The first part is the calculation of a point on the Hugoniot. Given a
value of the volume, let us determine the temperature which solves the Rankine-Hugoniot
equation

E(V. T) — B ~ (P(V. T) + P}(V, — V)/2 =0 (25)

Likewise one may calculate several points at different values of the volume until the
Chapman-Jouguet (C.J.) condition is achieved :

P P - P,
=+ =0 26
(6\/)\ V() - V ( )

This equation generally yields the C.J. state in a faster way than that minimizing the
detonation velocity D along the Hugoniot curve:

D = V,((P = Py)/(V, — V))]/Z (27)
Then we obtain the isentrope curve in solving the temperature-based relationship :
S(V, T) =8, =0 (28)

given different values of the volume.

V. RESULTS AND CONCLUSION

Numerous results have been previously obtained with Quatuor in the field of C.J.
detonations of gaseous mixtures at high initial pressures [16, 17, 18], C.J. detonations of
condensed explosives [14, 19] and overdriven detonations which correspond to the upperside
of the Hugoniot curve. All these results were obtained with several E.0.S and successfully
compared to experimental data and results obtained with other computer codes BKW (M) [1,
2, 3], BKW(T) [9] and KHT [8, 9, 10] or other techniques [20].

Most of the discrepancies between BKW (M), BKW (T) and BKW (H) are due to the
different numerical constants used in each code. BKW(T) and BKW (H) use Jjanaf
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Thermotables [11] in the polynomial form proposed by Gordon and McBride {12} which are
more recent and might be expected as more accurate than those used in BKW (M).

The aim of the present paper is to show the ability of Quatuor to calculate the isentrope
curves of several explosives. These results are of particular interest in pyrotechnics since they
are required in numerical simulations. Furthermore, the corresponding HOM constants | 3|
are presented. Let us recall that A, B, C, D, E, K, I, M, N, O and Q, R, §, T, U, 7 arc
defined by the least squares method along the isentrope through the following relations :

InP=A+BlnV + C(nV) + D{Ln V)’ + E(Ln V)} {(29)
ILnE + 7) = K + LInP + M({Ln P)* + N(la P)} + O(Ln P)* (30
InT=0Q0+R LnV + S$InV)+ TnV) + U(ln V) (31}

(P: Mbar: V: cm'/g: E: Mbar cm’/g: T: K: 7 = 0.1)

These constants are then available for their use in numerical simulations.

The cxplosives that are compared in this paper are Tetranitromethane (TNM),
Nitroglycerine (NG) and Hydrazine Nitrate (HN) due to the lack of solid carbon among their
detonation products. Would this latter specic be present the calculation had required a
particular E.0.S for solid carbon hence the difficulty for checking the validity.

We checked the isentropes obtained with Quatuor on the basis of BKW (H), H9 and
H 12 E.0.8[14]. These data are compared to KHT [8, 9, 10].

On the basis of the different E.0.S figure 1 and 2 exhibits the C.). points and isentropes
of each of the three explosives (corresponding HOM coefficients arc given in table 1).
Unfortunately. isentropes are not available for these explosives with BKW (M) and BKW (T).
Nevertheless, owing to the agreement between BKW (T) and BKW (H) we believe that results
may bc expected with these two E.0.S.

The P(v) isentropes (Fig. 1) are very close one to the other. The C.J. state has nearly
the same value in the case of TNM. Depending upon the equation of state that was used
a 109 discrepancy on the C.J. pressure can be observed in the case of NG and HN.

On the contrary, Fig. 2 exhibits temperatures cither at the CJ. point or along the
isentropes that strongly depend upon the equation of state. H9 and KHT lead to the best
agreement in the neighbourhood of the C.J. point. This is due to the fact that both are
based on an inverse intermolecular repulsive potential bearing the same exponent (nine). As
it is already known BKW E.0.S. leads to low values of the temperature. Thus, this whole
set of calculations shows that accurate temperature measurements would be required to
confirm the validity of any among these equations of state.
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TABLE 1

HOM COEFFICIENTS OF TNM, NG AND HN DEDUCED FROM H 9, H 12 AND BKW E.o.S.

(those related to KHT are given in [9]).

H9 H12 BKW
A = — 4.280620115 A = - 4320025340 A = — 4.207641758
B =~ 3011019138 B = — 2946665041 B = — 2.936667323
C = 1124708810 C = .3839143011 C = 2607489824
D = — 1694668345 D = 0332025141 D = 1671962738
E = — .0630145901 E = 0329646168 E = 0962172448
K = — 1666365125 K = ~ 1658361657 K = - 1.636642474
L = 3646225105 L = .3999306101 L = 3899644464
TNM | M= 0470173808 M= 0756886888 M = 0538112595
N = — 0014352739 N = 0066979071 N = — 0002725757
0 = — 0005965856 0 = 0002135919 0 = - 0005087673
Q =  6.565259640 Q0 = 6.883323797 Q = 6431044697
R = — 1.276866907 R = - 8513860751 R = - 1.110120773
$ = — 1.051595434 S = 2322337027 S = - 5190649032
T = - 1.575787905 T = — 0738580483 T = - 5347025394
U = — 8078009840 U = — 0253807275 U = - .2974077463
A = - 3.534907845 A = — 3.568450562 A = - 3413152979
B = — 2.479251496 B = - 2.481624539 B = — 2414879579
C = 3464349921 C = .4095446616 C = .2496580840
D= 0357501666 D = 0049255341 D = - .0106714631
E = 0195218915 E = 0061778174 E = 0063720950
K = - 1.672675152 K = — 1685379249 K = — 1.652372931
L = 4751886180 L = 4731851401 L = 4814600789
NG M= 0374925661 M= 0444175729 M= 0296578117
N = - 0021693602 N = - .0004744610 N = — 0023626096
0 = — 0004272069 0 = ~ 0003063659 0 = - 0003235143
0 =  7.889103588 Q = 7.975086490 Q = 7702534341
R = — 3961135191 R = - 4341184443 R = — 4314598859
S = 1065702126 S = .1449014896 $ = 0477029630
T = - 0535261626 T = - 0758886469 T = - 0101413017
U = — 0071869566 U= 0018096408 U = - .0405702010
A = - 3711863381 A = - 3.756026461 A = - 3.662269919
B = - 3.044191481 B = - 3.081082247 B = — 2974912159
C = 3563810545 C = 3413020144 C = .2884048223
D = .1805628365 D= 333173807 D = 2227259427
E = .1497075394 E = 0556859775 E = .1390262506
K = — 1.786093606 K = — 1.790190481 K = — 1.756004162
L = 5021025588 L = 5125535110 L = .5090364296
HN M= 0262232044 M= 0400567902 M= 0190617498
N = — 0085042771 N = — 0049507723 N = - 0104161745
0 = - 0010521089 0 = - 0007381559 0 = - .0011952148
Q = 6559702171 Q = 6880107287 Q =  6.468095317
R = — 1.152482479 R = - .9492883383 R = — 1187944412
S = — 4427679628 S = 2034828207 S = —.7241932749
T = — 7727760076 T = — 0429695146 T = - 7472924590
U = - 4849627278 U = 0200564491 U = - 4204218387
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ABSTRACT

In connection with improving the ignition behavior of conventional gun propellants and nitramine
containing propellants (LOVA). the ignition efficiency of the igniters and primers must be increased.

At this time, in most cases igniters are being used consisting of nitrocellulose (N.C.},
blackpowder and of ignition propellants containing the main components of black powder like benite
strands, N.S.P. und N.K.P. propellants.

In order to improve the enerqy of the igniters mentioned, more energetic iguition mixtures
should be taken into consideration instead of black powder.  Mixtures of interest could  be
boron/potassium nitrate (B/KNO,). zircomium/barium nitrate (ZriBa(NOy), and zirconium hy-
dride/barium nitrate (ZrH,/Ba(NO,),). etc.

Based on these components, modified nitrocellulose containing igniter mixtures and primers
were manufactured making use of pressing and a double screw extruding process.

Thermochemical calculations were conducted to examine adiabatic flame temperature, heat of

explosion and the phase changes of some main reaction products.
The ignition efficiency was tested in a closed homb.

1. INTRODUCTION

We know that the ignition process can influence very strongly the combustion of propellants
and therefore also the interior ballistics cfficiency.

The igniter or the ignition material produces hot gases and hot particles, both reacting with
the propellant grain. An efficient ignition will lead to an equilibrium burning. A too weak ignition
will start a fizz burning producing nitric oxide containing gases. which can be dangerous for the
subsequent ignition process. For future propeflants. for example for nitramine propellants or Jor
non-hypergolic liquid gun propellants, we need u higher energetic igniter material because of the
higher activation energy of those propellants.

In earlier investigations, the ignition delay time of gqun propellants by using ignition mixtures
consisting of black powder. boron potassium nitrate, zirconium barium nitrate and others has been
measured {1, 2, 3. 4]. In this case we found that the ignition efficiency was depending on the
energy of the condensed reaction products : this means that the higher the energy, the shorter was
the ignition delay time.

2. AIM OF THE INVESTIGATION

In order to improve ignition mixtures consisting  of nitrocellulose (N.C.). or ignition
propellants like nitrocellulose propellants containing the components of black powder e.g. the
so-called N.S.P.- or N.K.P.-propellants and benite strands, we manufactured modified ignition
propellants and modified benite strands. Instead of black powder we used more energetic
mixtures based on

— Boron/Potassium Nitrate (B/KNQ),),
— Zirconium/Barium Nitrate (Zr/Ba(NO,).
— Zircontum hydrogen/Bartum Nitrate (7Zrtl,/Ba(NO,),.
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3. THERMODYNAMIC CALCULATIONS

Before we started to produce the igniter materials, we optimized the temperature and
the heat of explosion by thermochemical calculations [2]. Also the reaction products as a
function of the oxygen balance or the metallic fuel content were evaluated.

The thermochemical calculation of B/KNQ, shows c.g. that the combustion temperature
is very strongly dependent on the amount of boron, whereas the heat of explosion exhibits
a wider range for an optimum energy output. Fig. 1.

Another calculation shows the thermochemical results for black  powder. B/KNO;
(AZM-1), 7r/Ba(NO,), (AZM-2), N.S.P.-8-526 and benite strands, see Table 1.

We see an outstanding temperature value for the mixture Zr/Ba(NO,}, on the one side
and for the heat of explosion of the B/KNO, mixture on the other side.

This means. using those mixtures for producing so-called modified N.S.P. grains or benite
strands. would certainly lead to much more efficient igniter materials as we can sec in
Table 2 which contains the results of the modified igniters, containing 30 % and 409
nitrocellulose. In both cases the Zr containing igniters show the highest temperatures, whereas
the B/KNO, containing mixtures exhibits the highest heat of explosion.

4. CLOSED VESSEL EXPERIMENTS

The cxperiments were performed in a closed vessel. in which we measured the ignition
delay time of the gun propellant A 5020. This propellant was ignited by using the several
igniter materials to be tested. For the experimental determination of the efficiency of the
ignition material, four grams of the single base propellant A 5020 were ignited in a closed
bomb.

The pressure-time behaviour was measured and the ignition delay time at 10% of the
pressure maximum, the so-called t-time, was taken as a measure for the efficiency, see
Fig. 2.

5. IGNITION MIXTURES
5.1. Basic mixtures

For producing the ignition materials, basic ignition mixtures were used. This basic
ignition mixtures were composed of B/KNO, and Zr/Ba(NO,}, as follows: AZM-1. AZM-2,
AZM-3, see Table 3.

Using the basie mixtures AZM-1 and AZM-3. several ignition mixtures were produced
with different amounts of nitroceltulose (N.C.) between 3% and 30 % of N.C.. see Table 4.

5.2. Granulated ignition propellants

Additionally. granulated propellants were manufactured using a solvent process with a
different amount of boron and 409% of N.C., see Table 5. Also Zr/BaiNO;), containing
propellants with 20 % and 40 % of N.C. were produced. Table 6.

In the same way, zirconium hydrogen containing propellants, instead of zirconium, were
produced. see Table 7.

5.3. Pressed and extruded ignition propellants

Also ignition propellants on the basis of N.S.P. and benite strands were produced using
the pressing and extrusion method.

N.S.P. propellants consist of propellant grains with a geometry of 1.4 x 14 mm. sece
table 8.

Benite strands on the other hand, consist of strands with 254 mm in length and 2.0 mm
in diameter, see table 9.

6. RESULTS
6.1. Basic ignition mixtures and mixtures containing different amounts of N.C.

The basic ignition mixtures exhibit ignition delay times of 10 to 14 milliseconds (ms) as
can be seen in table 10. Between B/KNO, and Zr/Ba(NO,). mixtures. there is no distinct
difference in the (-time. even there is a large difference in flame temperature. On the other
hand. the heat of explosion of B/KNO; containing mixtures is much farger then calculated



for Zr/Ba(NOs),. With increased content of N.C.. ignition delay time increases, at first slowly,
later more definetly. The same holds for Zr/Ba(NO,), containing mixtures, sce table 11.

6.2. Granulated igniters

The granulated igniter AZM-4/40 N.C. with 16 % of boron and a oxygen balance of
— 31,1 % is much more efficient than AZM-5/40 N.C. with a boron content of only 9 % and
an oxygen balance of — 14,4 Y, sce table 12 and figure 3.

The difference can be explained by the fact that with the higher boron content we
have a higher heat of explosion and also a higher amount of hot particles. This means that
AZM-4 produces more hot particles than AZM-5.

With regard to the Zr/Ba(NO;), containing granulated igniters, the 20 % N.C. containing
propellant AZM-6 is more effective than the 40 % N.C. containing one (AZM-7). scc table
12 and figure 4.

The 7ZrH, containing materials on the other hand, are not as effective as the igniters
with zirconium, table 12 and figure 5.

6.3. N.S.P. Igniters

A lot of work was donc in producing nitrocellulose component igniters (N.S.I.). The
original N.S.P. are containing

Cd.evrvnnnnnn. 3009% N.C.

[ T 68 % Black Powder Components (75 % KNO;. 15 % Charcoal, 10% S)
CH verrnennnns 1 % Akardite

[ 1 % Dibutylphtalate

100°9%

Starting from these composition, we replaced black powder by the more energetic material
B/KNO, and Zr/Ba(NQ,), and produced a granulated propellant, a so-called modified N.S.P.
propellant, using a pressing process. Cylindrical propellant grains, 1.4 mm long and 1,4 mm
in diameter, were produced.

The ignition efficiency can be scen in table 13: All igniters

— AZM-10/20 N.C. (B/KNO;).

— AZM-11/30 N.C. (B/KNQO,) and

— AZM-12/20 N.C. (Zr/Ba(NO,),

exhibit a much shorter ignition delay time than the conventional N.S.P.-S-526 propellant.

6.4. Benite Strands

In addition to the N.S.P. propellant grain, also modified benite strands were manufactured
using a pressing and a double screw extruding process ; the strands were 254 mm in length
and- 2.0 mm in diameter,

ms
AZM-13/30 N.C. (B/KNQ);) 23 F 2
AZM-14/30 N.C. (Zr/Ba(NO,).) 36 F 3
Original Benite Strands (75/15/10) 46 F 3

The benite strands based on B/KNQ, were more effective than those with Zr/Ba(NO,),. see
table 14. The rcason for this could be that the zirconium containing strands were very
smooth on the propellant surface, which gave rise to a longer delay time. For the experiments
in the closed vessel, the benite strands were cut to a length of 50 mm.

7. CONCLUSION

— lIgnition mixtures based on B/KNQO; and Zr/Ba(NQ;), and ZrH,/Ba(NO;), were
manufactured.

— Using these mixtures together with nitrocellulose, different ignition materials were
produced.

—- Additionally, modified N.S.P. ignition propellants and modified benite strands. also
based on B/KNO, and Zr/Ba(NO;),. were manufactured using a pressing process and
a double screw extruding process. In all cases, the ignition materials containing
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B/KNO, and 7r/Ba(N0,), exhibited a better ignition efficiency than the convc}ntional
nitrocellulose component powders, containing the black powder components {N.S.P.-
S-526), and the conventional benite strands.
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TABLE 1
THERMODYNAMIC DATA OF BASIC IGNITERS

T Q... kg Condensed reaction products
(K] {1/G] [1/G] < 1500 K| %l

3 K-Schwarzpulver 2 380 2915 322 32.3

B/KNO (AZM-1} 2 900 8 558 340 90

Zr{Ba(NQ,}, (AZM-2) 4 335 4 141 398 79.4

N.S.P.-§ 526 2 400 3033 492 35.3

Original Benite Strands 2 500 3333 574 29.6

TABLE 2

THERMODYNAMIC DATA OF MODIFIED N.S.P. AND BENITE STRANDS

T Qe Eq Condensed reaction products
[K] U/Gl U/G) < 1500 K[ %]
AZM-21 (N.S.P.) 2870 8553 586 86.6
(B/KNO/30 % N.C.)
AZM-22 (N.S.P.} 3610 3 785 645 54.0
{Zr/Ba-N/30 % N.C)
AZM-23 (Benite) 3 140 8 181 705 76.5
(B/KNO,/40 % N.C.)
AZM-24 (Benite) 3 766 4131 713 47.0
(Zr/Ba-N/40 9% N.C.)

TABLE 3
BASIC IGNITER MIXTURES WITHOUT NITROCELLULOSE (N.C.)

AZM-1 2639% B

73.7 % KNO,

345 % 7r

43.29% Ba(NO,),

13.7 % Nitroguanidine (Nigu)
8.0 % PbO,

34.0 9% Zr
46.0 % Ba(NO;),
10.0 % Nigu
10.0 % PbO,

AZM-2

AZM-3

TABIE 4
BASIC IGNITER MIXTURES WITH NITROCELLULOSE (N.C.)

AZM-1/N.C. AZM-1 (B/KNQ,}

mit 3. 8, 15, 20 und 309% N.C. (13.359%N)

AZM-3 (Zr/Ba{NQ,),)
mit 3, 8. 15, 20 und 309% N.C. (13.35%N)

AZM-3/NC




TABLE 5

B/KNQO;-IGNITERS WITH 40 % NITROCELLULOSE (N.C.) (13.19% N)

AZM-4/40 N.C. 1589% B
44.2 % KNO,
(0.5 % Akardite II}

AZM-5/40 N.C. 949% B
50.6 % KNO,
(0.5 % Akardite 1I)

7r/Ba{NO;),-IGNITERS WITH 20 9% AND 40 9% NITROCELLULOSE (N.C.}

TABLE 6

AZM-6/20 N.C. 20,09 N.C. (12.2% N)
25.09% 7Zr
32.0% Ba(NO,),
16.5 % Nitroguanidine
6.09% PbO,
(0.5 9%, Akardite I1)

AZM-7/40 N.C. 40.0 9% N.C. (13.1% N)
2049 7r
27.6 % Ba(NO,),
6.0 9% Nitroguanidine
6.0% PbO,
(0.5 9% Akardite D)

ZrH,/Ba(NQ;),-IGNITERS WITH 20 % AND 40 9% NITROCELLULOSE (N.C.)

TABLE 7

AZM-8/20 N.C.

20,09 N.C. (12.2 N)

30.0 % 7ZrH, (V)

36.0 % Ba(NO,),
7.0Y% Nitroguanidine
7.0% PbO,

(0.5Y% Akardite II)

AZM-9/40 N.C.

40.09% N.C. (13.19% N}

20.4 % 7rH, (V)
27.6 % Ba(NO,),

6.0 9%, Nitroguanidine
6.0 % PbO,

(0.5 % Akardite II)

V = Fa.Ventron

TABLE 8

MODIFIED N.S.P-IGNITERS WITH B/KNO; 20 % AND Zr/Ba{NQ,),

AZM-10/20 N.C. 20%
80 %
AZM-11/30 N.C. 30 %
70 %

AZM-12/20 N.C. 20%
80 %

N.C. (12.29% N)
Basic Mixture AZM-1 (B/KNQO,)

N.C. (12.2% N)
Basic Mixture AZM-1 (B/KNO,)

N.C. (12.2% N}
Basic Mixture AZM-2 (Zr/Ba(NQ,),)

TABLE 9

MODIFIED BENITE STRANDS WITH B/KNO; 20 9% AND Zr/Ba(NQ,),

AZM-13/30 N.C. 30 %
70%

AZM-14/30 N.C. 30 %
70 %

N.C. (13.1% N}
Basic Mixture AZM-1 {B/KNO;)

N.C. (13.1% N)
Basic Mixture AZM-2 (Zr/Ba(NO,),)
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