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3e Congres International de Pyrotechnic du
« Groupe de Travail de Pyrotechnic Spatiale »

et 12e International Pyrotechnics Seminar »

3rd International Seminar of the
« Groupe de Travail de Pyrotechnic Spatiale »

Combined with the
12th International Pyrotechnics Seminar »

Cinq ans se sont ecoules depuis le « CoIIoque
International de Pyrotechnie fondamentale
et appliquee, substances et systemes»
d'ARCACHON.

Le G.T.P.S., « Groupe de Travail de Pyro-
technie Spatiale » a mis a profit cette periode
pour structurer et elargir son action. Cree
en 1969 le G.T.P.S. reunit une vingtaine de
societes ou organismes travaillant en France
dans le domaine de la Pyrotechnie. II a tenu
recemment sa 43C assemblee pleiniere.

Ses commissions, rassemblant les experts des
societes membres, realisent des travaux visant
a la constitution d'un vocabulaire commun
(Dictionnaire de Pyrotechnie) et des regies
de pensee communes (recommandations spe-
cifiques). Le journal temoigne de la vie de
notre groupement.

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

Ce 3e Congres International du G.T.P.S. est
aussi le 12e «International Pyrotechnics
Seminar » renouvelant ainsi 1'experience faite
a KARLSRUHE en 85. Ces actions conjointes
contribuent largement a 1'internationalisation
de nos organismes et favorisent les echanges
d'idees au plus haut niveau. L'annee pro-
chaine le 13C « International Pyrotechnics
Seminar» se deroulant dans le COLORADO
a Grand Junction verra sans doute une
grande participation d'Europeens.

Notre Congres de Juan-les-Pins regroupe plus
de 90 communications sous les themes
suivants :
• Physico-chimie des reactions.
• Substances et dispositifs pyrotechniques :

Developpements recents et applications
nouvelles.

• Instrumentation, methodes experimentales
• Qualite, fiabilite et securite des systemes

pyrotechniques.

Five years have elapsed since the « Colloque
International de Pyrotechnie fondamentale et
appliquee, substances et systemes » (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 Prance 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 198$, G.T.P.S. created a comple-
mentary structure, AFP (Association Fran^aise
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 1985. 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, 1 3th « International Pyrotechnics Seminar »
shall be held in Colorado, at Grand Junction
and hopefully a large number of Europeans shall
participate in it.

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

• physico-chemistry of reactions,
• pyrotechnic devices and latest developments

and new applications,
• instrumentation, experimental methods,
• quality, reliability and safety of pyrotechnic

systems.



Le haut patronnage de cette manifestation,
par Monsieur le Delegue General a 1'Arme-
ment, montre 1'interet que porte les Autorites
Franchises a ce Congres International et
place par la meme, la pyrotechnic sur le
meme plan que les autres secteurs d'activite
de l'Armement.

La participation au congres doit etre impor-
tante. Du fait de leur nombre, les pre-
inscriptions confortent I'impression faite par
1'afflux des resumes. Leurs origines montrent
que 1'ensemble de la communaute des
Pyrotechniciens est representee.

L'edition des actes du colloque, avant le
debut du congres, oiTre pour 1'ensemble des
congressistes un avantage appreciable mais
helas pour les auteurs conduit a une
contrainte supplemental. C'est ainsi que les
textes non parvenus a la date du 1" mai ne
sont pas publics ici mais juste presentes sous
la forme de leur resume. Les auteurs
concernes pouvant, s'ils le souhaitent, difluser
directement aux interesses leur texte definitif.

La qualite de cet ouvrage temoigne de la
reconnaissance du Comite d'Organisation vis-
a-vis des auteurs. Je tiens pour finir a
remercier tres vivement 1'ensemble du Comitc
de Parrainage et du Comite d'Organisation
et particulierement Mile ROUSSEL et Mile
GARNIER pour le travail important realise
lors de la preparation de ce Congres.

Alain FAUCONNIER
President du Comite d'Organisation

President du « G.T.P.S. »

This event is under the high patronage of
Monsieur le Delegue General a 1'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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RESUME

Nous developpons un modele phenomenologiqiie d'atnorcage des compositions explosives par
sollicitations mecaniques rapides.

Ce modele est fonde sur I'lnipothese que les points chuuds prennent naissance dims !e litmt par
suite de phenomenes de cisaillement.

ll permet de calculcr les criteres litnites Pression = f (temps d'applicationj pour les impacts
de plaques minces et Vitesse = g (diametre) pour les impacts de projectiles ffilindriques, suits quit
soil necessaire d'utiliser des parametres de calaae. I! restitue d'autre part I'influence de certains
parametres tels que la temperature initiate de la composition explosive, la Jleymatisation par choc
preciirseur. les propriety's mecaniques des ntaterittitx, la uraiuiloim'trh', etc.

II propose enfin une phenomenolocjie de I'amorcacfe par choc des compositions explosives tenant
compte de la microstructure, de ces materiaux.

r INTRODUCTION

// est communetnent adrnis que I'amorcatji' par choc des explosifs est lie a la formation de
zones de decomposition localisees, appelees points chaiids j 1 /.

La naissance de ces zones est, par ailleurs, intimement liee aux heterogeneites pre'sentes dans
le materiau [1,2, 1].

Dans le cas de materiaux a tres faibles porosites, telles les compositions explosives formees de
plus de 90 % d'explosif granulaire et de quelques pour cents de polyrnere, i'heteroyeneite majeure
est, en f a i t , le liant.

Le modele que nous developpons ci-apres est done fonde sur le Jait que les points chaitds
naissent dans le liant par suite des phenomenes de cisaillement induits par le passaae de 1'onde de
choc. 11 est voisin dans son principe, mais non dans ses details, des theories proposees par Fm//4/
et Walker 151

II. DESCRIPTION DU MODULE

1. Phenomenologie proposes

Le principe du modele est le suivant:

1) Le passage d'une onde de choc sur 1'ensemble liant. 4- cruslal d'explosil' induit des
vitesses materielles differcntes dans les deux milieux.

2) II s'ensuit un cisaillement du liant qui resulto en un degagemenl de chaleur lie au
travail viscoplastique.

C.T.P.S. - 1 9 8 '
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3) L'elevation de temperature du l iant implique des transf'crts thcrmiques entre ce dernier
et les grains d'explosif qu'il enrobe.

4} La temperature des frontieres des grains s'eleve a son tour sous I'elTet de ce transfer!
el I'explosif commence a se decomposer.

5) Si I'elevation de temperature et la decomposition associec sont suffisantes, la reaction
s'cmballe ct aboutit a 1'amorcage de la composition explosive.

Le developpement dc cc modele repose sur qmitre types dc rnodelisation :
— description simpliiiee dc la microstructure.,
— modclisation du passage de 1'onde dc choc,
— prise en eompte du comportement rheologique,
— simulation des transferts thermiques internes avec prise en compte dc la decomposition

exothermique de 1'explosif.

2. Microstruelure

La composition explosive est idealisee sous la tonne d'un assemblage de grains d'explosiis
cubiqucs reguliercment disposes et separes par des joints de liant polymere.

cristaux

iiant

I,es vtileurs de <( et b peuvent etre deduiles dc la composititm du materiau et dc sa
granulometrie moyenne.

J. Comportement sous vide

\,<\e des vitesses matericlles dans le cristal et le liant (U, et 11,) se traduit p;ir
un eisaillement de ce dernier.

La vitesse de deformation en eisaille-
ment cst donnee par :

(I)

Hn fa i l , le contact entre les deux
rnatcriaux ne pent etre parfait et la vitesse
duns le liant a 1'interface liant-cristal est
( I , telle quo : LIANT

U

La qualite du contact depend de la pression hydrostatique 1' et nous admettrons que
I I ] = U, (contact considere comme pari'ait) kirsque P = P ]mi l l i,. Nous posons alors que la vitesse
reelle de deformation en cisaillemenl est donnee par :

C ( P ) . v ( 0 < C ( U )

Lcs grandeurs Pllll11lt. el ( ' ( I 1) sont deduites de I 'etude du comportement du materiau en
eisaillement sous pression.

4. Comportement rht-ologique

Le comportement en eisaillement est dccrit par un modelc rheologique non lineaire
prenant en compte les parametres temps, temperature, pression el cndomniiigemeut. Cette ioi
de comporlement est deduite d 'une caracterisation mecanique approfbndie du materiau f d ] .

Kile permet, eomuiissant la temperature in i l i a le , la pression du choc ct la vitesse de
deformation en eisaillement ( v o i r l l . i ) de calculer la courbc contraintc-dct'ormation i (v) .



I/aire sous cette courbc nous donne Ic dcg;igement de chaleur dans Ie lumt Q et
'elevation de temperature AB.

AO = -1
pCp

i dv din

p : masse volumique
Cp : chaleur spccifique

5, Modelisation des transferts thermiques

Kile cst reiilisec au moyen d'un code bidirnensionnd aux elements finis t ra i tant 1'equation
generale des transferts thermiques a laquelle est adjo in t un terme destine a tenir compte du
degagement de chaleur lie a la decomposition de 1'explosif [/] .

Nous supposons que cette decomposition suit une ctnetique d'Arrhenius [8|. L'ech a u Clement
homogcne ini t ia l du a la compaction par ie choc a etc calculc par I'expression proposes
dans [9] par Andersen et t'ondee sur les t ravaux dc I'astine et licrnccker [ 1 ()].

III. RKSUI.TATS

1. Critere d'amorpage P(t)

Ce critere est obtenu experirnentalement en projetant a differentes vitcsses sur des cihlcs
d'explosif des plaques minces de diflerenles natures et cpaisseurs.

La comparaison caleul-cxpcrience dans le eas dc la composition X a I'octogene conduit
a un bon accord.

P (kbar)

ca lcu l

_ experience

10

10
-2 10 10

2. Critere d'amorc.age V'(rf)

Ce critere cst obtenu expcrimentalcmenl en projelant des cylindres d'acier de vitcssc V
et dc diametre d sur des cibles d'explosif nu au moyen d 'un canon a ;iir cornprime.

Pour tenir compte des cflets bidimensionnels indissoctables de celtc ^eometrie d'essai
nous avons suppose, en ac:cord avec la metliode proposiV par (Irecn | 1 1 ], une divergence (ie
1'onde de pression selon un angle de 4S°.

Cc calcul cst en assex b{>n accord uvec les requitals de ['experience obtenus pour deux
di a metres. i V (rn/s)

10*

10-

10'

calcu

detonation

o non-detonation

100 d (mm)

C.T.I'.S. - 1987
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5. Influence de divers parametres

a) Temperature initiate
Elle cst prise en comple en deux points du inodele :
— comportement rheologique,
— transferts thi'rmiqucs.

b) Profil de la soliicitation
Les travaux do Sett-hell ( 1 2 , 13 ] montrent qu'un choc precurseur de faible intensite ou

une montce en pression sous forme dc rampe llegmatisent 1'explosif.
Cet efTet est pris en conipte, au inoins qualitativernent, par le modele propose, de la

manicre suivantc :
— le choc precurseur sutTit a conduire le liant jusqu 'a son endommagcmcnt maximum.

L'impulsion rectangulaire suivante aborde done un material! moins resistant que le
materiau vierge, ce qui se traduit par une courbe T ( V ) plus aplatie et done un
dcgagement dc chaleur moindre,

rnateriau vierge

mater iau endommage

— le choc precurseur compacte davantage le liant que le cristal, du fait des polaires de
choc respertives des deux matcrmux. Lorsque la deuxieme impulsion arrive, elle
trouve done deux phases qui presenter)! entre elles moins de difference que dans le
materiau vierge. Les vitesses materielles, en particulier, sont moins disscmblables.

II s'ensuit que la vitcsse de deformation en dsaillernenl donnee par les expressions (I)
et (II) est plus faible que dans le cas du materiau vierge. Le degagement de chaleur au
cours du temps est done moins important.

Ce phenomcne de flegmalisation est illustre par le graphe suivunt , issu du calcul, ou
Ton voit que le flux de chaleur degage dans le joint pour un choc impncteur dc l O O k b a r
est nettement plus faible lorsque ce dernier est precede d'un precurseur de l O k b a r :

.Flux de chaleur dans le joint
" ' -

100 kbar sans precurieur

JO " 10 LO " Temps (5)

100 kbar avec precurseur de 10 kbar

De la rnerne rnaniere. on pent considerer qti 'nne montec en pression sous forme de
rampe est ideylisee par une succession de chocs precurseurs.

line diminution de la taille moyenne des grains (a\) entrafne dans des proportions
identiques une diminution de 1'epaisseur du liant (b\) et. tie ce fait, une augmentation de

(expressions (I) et (II)) et du flux dc chaleur degage dans le joint, comme le montre le
graphe suivant.

Dc cc fait. le modele indique, au moins qualitativernent, une plus grande sensibilite pour
les fines granulometries. en accord avcc certains resultats experimentaux [ 14).

Flux de chaleur ddni Ic joint
. 10-16),

P = 100 kbar

Temps (s)



IV. CONCLUSION

Le modele que nous venons dc presenter permet de rendrc comptc d'un certain nomhre
de fa its expcrimentaux importants dans le domaine de la securite pyrotechnique.

II propose en outre une image physique du phenomene d'initiation par choc.
Son principal inconvenient est de necessiter, pour sa mise en oeuvre, la connaissancc

d'un nomhre important de paramctrcs caracterisant le comportement du material!.
Un certain nombre de rapprochements quanti lat i fs entre calcul et experience deineurent

a effectuer.
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for shock
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and explosives

ABSTRACT

A model is proposed for predicting the shock pressure l} and pulse pulse width i 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. Ignition occurs when the surface temperature of the
pore reaches the critical hot-spot temperature for thermal runaway.

Data from jlyer plate impact experiments were analysed and the pressure pulse at the ignition
threshold was determined for 2Al/!:e^O} (thermite) and the high explosives TATIi, PttX 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 I'1? 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 propellants and incendiaries.
In high explosives ignition sensitivity is important in the design of detonators and boosters / ] / and
for the design of shock insensitive explosives. It is, therefore, oj 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 properties and melting. Shock threshold data is given and compared with numerical
predictions.

2. IGNITION THRORY

It is believed that shock ignition of pyrotechnics, as in high explosives ( I I . l i . ) is achieved

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 ».

It has been proposed [ i ] 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-Kamenetskii tor 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 ct a\. \ j and more
recently by Carroll and Kim [4]. The theory is advanced over previous work [2, 3|. to include
variable material properties, melt ing, 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 he
volume preserving and is described by

where r is a coordinate position and a is the inner radius at time t , and the subscript
denotes the initial value. The porosity of the material and its initial value are given by

4> — »V'! and ij>() = tfn/b'n.

where b is the outer radius. The radial equation of motion is

++ a = p.r,
"1 I S 1IT r

where a = or — a(l is the maximum whear stress. The boundary conditions are :

a, = 1). if r = a ;
P ( J ) . if r = b.

The stress-strain rate equations arc :

CTr = P + 2\ltr.

CT0 = P t 2uiv

The strains and strain rates are :

f., + 2r.n = 0, '

i, + 2£ f, - 0.

The strain-displacement rate equations are :

r

The visco-plastic How rule is

a = Y(T. P) + 6u(T. P)

( 2 . 3 )

(2.4}

(2.5)

(2.6)

(2 .7)

(2 .8)

(2 .9)

12.10)

( 2 . 1 1 }

Substitute Kqn. (2.1 1) into Kqn. (2. J). Determine r from l-'qn. ( 2 . 1 ) and substitute into
Hqn. (2.3) and integrate using boundary conditions (2.4}. The equation for pore collapse
becomes

P(0 = - p,| (ail - alb) - - ir(\ «V

Y(P, T
dr

( 2 . 1 2 )

with the pressure pulse defined by

P( r ) = P . if t < r ;
0, if t 2- r.

and the initial conditions :

<i(0) = r),, and H(0) = 0.

The energy equation with heat conduction and chemical reaction is

p,C,,t = nrr,r t 2ctutu i fcV'T.

(2 .14)

2 . I S )



Combining Kqns. (2.9) to (2 .11) we get

pvC;i' = - ^Y(T. P) + 12u(T. P| -- + kV'T.
r

with boundary conditions

rT , rT ,
T(r. ()) = T [p , , (H, t) = 0, and „ (h. t) = 0.

rr rr

The functional form of the melting temperature T m ( P ) , yield stress Y ( P , T), and viscosity
u(P . T) are given by Dubovik and l , isanov|5| to be:

T m ( P ) = T,,,,, I pT;

T,,r - T
if 'I" < T,n :

if T > 'I',,, ;

Y(P. T) = Y(1 ,„

exp

exp

where H,, is the activation energy. K is the universal gas constant, cc, |3,
experimentally determined parameters. The value of these parameters are given
and I.isanov [5] for T.H.N.. the Russian equivalent of T.A.T.B., and are recorded
In this study, pressure-dependent yield stress and viscosity were not considered
P = 0, iind n — 1. Viscosities vary from I 000 to 10000 poise [2. 5] The choice
determines the time to ignition.

The total energy \,, deposided around a pore dur ing collapse by the applied
P dv. It is equal to the sum of the internal energy \( and the kinet ic energy Iv

- TC (at\ ( i * ) P - 4jcpsC,, | (T - Tn) r Ar -t ^icps

( 2 . I S )

(2.19)

(2 .20)

and n are
by Dubovik
in Table 1.
i.e. a = 0.
of viscosity

pressure is
i.e..

(2 .21)

(2.22)

liquations ( 2 . 1 ) , (2.2), and ( 2 . 1 2 ) 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 i ts temperature wi th the cr i t ical 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. ( ) is given by Maiden and
Nntt [ 2 ] . Simplifying the i r solution, by neglecting heat conduction and expanding cxp( f / i , , )
in a power series to first order, the t ime the pore surface reaches the ignition temperature TN,
is

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 al. |i|
by a factor of 3. We also ghave by definition

h 2
- 2Y In - = - Y In

a 3
(2.24)

The P-'T ignition criteria becomes

(P,

The total pore-collapse time is [2. 1]

4u
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2.3. Ignition

Using the spontanious ignition theory of Frank-Kamenetskii, Mer/hanov c( 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

>n 'MI i >--— — a V I +
<:t C

(2.27

was solved numerically un t i l thcrm;il runaway. 'I'he critical radius rlf, of a hot-spot is related
to the ignition temperature T by

fcOE
In " , (T,,,

2RT- "'
(2.28)

where T,, is the initial temperature, R is the Universal gas constant, and the rest of the
parameters are in Table 1. The numerical ftictor in Eqn. (2.28) differs from the one published
by Mcrzhanov 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

cm, (2 .29)

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

T = T 4 T (2.10)

The « critical curve » of ignition temperatures T,,( from Kqn. (2.28) are plotcd in Figs. 7
to 10 with the critical radii r,,, as Ihe abscissa for the parameters given in Table 1. Ignition
of a pore is assumed to occur when the inside surface of the

TABLK 1

MATERIAL PARAMETERS FOR REACTIVE MIXTURES AND EXPLOSIVES

Parameter

Q = I lent of reaction (cal /gm)

fc (, = Arrhenius prefartor ( 1 / s )

A. = Conductivity ( c a l / e m . s . 0 K )

Cp - Specific heat (cal./gm . ° K )

K ~ Activation energy (eal/'mole)

ps - Density (gm/cm'|

(.in = Viscisoty (dyne.s/cm~) - poise

(J)D = Porosity

Y ( l ~= Yield strength (dyne/cm-)

T,,ri, = Melting Temperature (K)

I, - Latent Heal (eal /gin)

E(1 = Activation energy (cal/mole)

H = In Y(T, I1)

i =• In u(P. T) l/(clyne/cnr ')
[3 - In TJP) (K/dyne/L-m')

«„ = Meyn pore radius (cm)

a,,, = Maximum pore radius (cm)

T,s = Average ignition temp. ( K )

2Al/Fe,Oi

900

K ) 1 '

0.21/0.029

0.24/4.74

7fi x ] ( ( '

4.14

10000

0.5SS

4. 1. /SO* H)*

01 l /18(i7

9S

5012

1

-

-
2.2x K) "

( l .TX K) '

2 SOO

T.A.T.H.

600
l . J x K)1''

] . ( ) x 10 (

0.25
60 x ] ( ) '

1.95

7 000

0.081 1
1.1 x 1()'!

72 S
50

5012

4

5 x 10-'"
J x K)-*1

4 . 1 9 x HI ''
5 . ( )x HI !

1 400

PHX 9404

500
5.0 x K)1 ' '

7.0 x K) 4

0.504

52.7 x K) 1

1.89

7000

O.OJ2
1.1 x K)1'

52!

50

5012

[

-

2.53 x K) "
5.0 x K) l

1 200

1' K T N

300
6.3 x H)1 ' '

6.0 x ]() 4

0.26

47.0 x H) 1

1.77

! 000

0.1 154
1.! x ]0"

41 1
SO

S O I 2

I

-

-

1 .63 x 10 s

5. O x [0 !

1 000

pore reaches the critical temperature T,,, for ignit ion at u(t) — r,,r The ignition of the mixture
is assumed to occur at the surface of the collapsing pores.



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. Ignition
thresholds for pyrotechnics, as in high explosives, depend on P~T. Hornig et al [8] measured
the ignition threshold of 2 Al/FcsO; to be about 50 to 50 kbars for a pulse width of 4^s.
Ignition thresholds for T.A.T.B., PBX 9404, and P.E.T.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 arc-
given in Table 2.

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

TABU; 2
IGNITION THRESHOLDS: EXPERIMENTAL. NUMERICAL, AND THEORY

Material

2Al/Fe,0,

T.A.T.B.

1'liX 4404

P.F.T.N.

1'lxpi'rinu^nta]

Case
N°

1

I
2
3
4
5

1

2
3
4
5

1
2
5
4

P,
khar

60

361
1 7 1

124,4
95.1
68.8

172-1X7
145.4

67.2-78.3
68.7
40.1

22.3-25.2
17.0-19.6
14.6-17.0

14.6

T

ns

4 000

29
39
87
188
474

1 5.6-1 5.1
J7

101-95
200
609

146-141
31.3-31.2
162-157

162

P;T
khfir ' us

14400

5 779
1 559
1 546
1 700
2 241

404-461
762

457-585
947
989

72.7-89.4
9-11.6

54.5-45.4
54.5

Numerit"i I

\s

700

4
20
50
70
120

25
55

120
120
400

42
70
95
9S

P2T1 • l j f l
khf i r (is

2 520

521
584
775
633
568

758
720
566
566
650

21.0
20.2
20.5
20.5

Kqn. (2.251

(IV- 1'J'T,

kbar us

4 500

627

1 002

54

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 u(j where chosen so that the ignition time would
be in agreement with experiment. The viscosity of P.E.T.N. is much lower than T.A.T.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 1
and detail results are shown in Figs. 7 to 10. Theoretical and numerical calculation of the
ignition threshold parameter P"i is given in Table 2.

Pyrotechnics are composites with diffusion controlled reactions. The material properties
for Al and I-"e.,Oi 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 properties 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(H, t) for
three different pore sizes («„ = 2.2 x 10"", 9 x 10 "\d 2.2 x 10 4 em( . The ignition
temperature of a given pore size «0 is determined at the point of intersection of the critical
curve. For example, the center curve begins at «„ = 9 x 10 "' 'cm, as the pore is compressed
inward, the pore surface temperature increases due to visco-plastic heating until heal
conduction takes over and the temperature drops below the critical curve and ignition docs
not occur. Pores of average size, rcprcnsented by the curve on the left, also do not ignite.
Ignition, however, occurs for pore sizes «() > 2.2 x K ) " 4 when the pore temperature paths
intersect the critical curve. The larger pores arc more susceptible to ignition, as is confirmed
by experiment [9]. because they experience more pdv work.
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Similar ignition curves for T.A.T.B.. PBX 9404, and P.E.T.N. arc shown in Figs. 8 to
10. For T.A.T.B. (case 3 in Table 2) the ignition temperature for the mean pore size
(do - 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. S d at T = 1 200. K and 1 = 50 ns. The result is recorded in
Table 2. Similarly, for P.H.T.N. (case 1, in Table 2) T,,, = 1 200 K and i,,, = 42ns is obtained
from Figs. 6 d and 10. The dashed curve in Fig. 8 is case i with a constant viscosity
Ho = 1 000 poise.

The moment of ignition is also the minimum pulse width for ignition. Table 2 shows
the calculated minimum pulse width TW and the Pft,,, criteria. In the last columc is the
value of P2T calculated from Hqn. (2 .2S) . The results are in reasonable agreement with
experiment. It appears that PJT is a material constant. The shock sensitivity of P.K.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 materials. 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 tilt-
ignition delays are short because of the high temperature at the walls of the pores. Heat is
concentrated in the melt region and materials that are highly temperature dependent are
sensiti/ing. 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 properties are sensitizing :

• Low viscosity, high activation energy L(l, 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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Figure 8. — T.A.T.B. : temperature paths of wUapsinti pores
for cases I to S of Table 2,

The dashed curve for case $ is for a constant viscosity /.„ — 1 000
poise.



T
em

pe
ra

lu
re

 (
K

)
T

em
pe

ra
tu

re
 (

K
)

1
 

A,
i

 ir



Max Auzanneau
et Michel Roux
l^boratoire de Chimie Physique
de la Combustion,
Llniversitf, de Poitiers,
U.A. n° 872 an C.N.R.S..
Dansaine du Deffend,
Mignahux-Beauvoir,
86800 Saint-julicn-rArs. France

Etude d'un systeme
Redox modele des
compositions
pyrotechniques et
contribution a la
determination du
processus reactionnel
limitatif de la vitesse de
propagation de 1'onde
de combustion.
Propositions de
classement
de quelques
compositions

G.T.P.S. - 1987

I. INTRODUCTION

L'etude des reactions pyrotechniques ne fournit souvent que des informations globules. Du jail
des difficultes experimentales de caracterisation et de la complex ite du milieu reactif, de nombreux
tnodeks sont proposes dont beaucoup sont relativement satisfaisants pour un grand noinbre de
compositions 1 1 , 7 j . Generakment, In reaction est consideree comme etant de type solide-solide et
ks vitesses de propagation de la combustion sont comparees a celles que I'on pent calcukr en
faisant I'hypothese que k transfert dc chakur est hmitatif. Toutefois, k schema reactionnel peut
i'tre plus complique et chanuer se,lon le system?, l-'n effet, i'ti dehors de la nature chimique du
systems qui conditionne I'energie calorij'ique degagee, les parametres physiques tels que la yninulometrie,
la densite, la structure cristalline, ks impuretes, la diffusivite thermique interviennent. II j'aut
d'aille.urs rajouter dans certains cas la fusion, I'evaporation ou la decomposition des reactij's ou
produits.

Aussi. pour simplifier le probkme, nous avons dejii envisage \tt\ classer ks compositions
pyrotechniques en grandes families correspondant a un schema ri'actionnel caracteristique de chacune
d'elles. Nous rappelkrons done les bases de ce classement. puis nous repartirons un certain nombre.
ih' compositions trn deux jntnilles dint index. I'.njin, par I'etnde d'un systemi' dc lei clause II, nous
verifierons que I'hifpothese de chissement pour celui-ci est correcte.

II. RAPPEL DU PRINCIPE DE CLASSEMENT J8 J

De nombreux auteurs ont remarque que lorsque la vitesse de propagation V et 1'enthalpie
de la reaction AH sont portees en fonction du pourccntage dc reducteur, le maximum de
vitesse est en general decale du cote riche en reducteur par rapport au maximum d'enthalpie
(fig. 1). Toutefois, pour quelques systemcs, c'est 1'inverse qui est observe (fig. 2). On peut
alors se dcmander si cette position respective des maxima de V et AH peut corrcspondre a
une difference de mecanisme liinitatif de la vitesse de propagation de 1'onde de combustion.

Cp
On fait alors I'hypothese, qu'en premiere approximation, la quantite est une mesure
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du terme qui exprime ie transfer! thermiquc par conduction dans la relation qui donne hi
lenteur (1 /V) du phenomene.

Cp est la chaleur specifique a pression constante;
a est la dift'usivite thermique de la composition pyrotechnique.

System.

• V - f ( I W )

c fiH - f ( I W )

de VAN HAW)

V - f(I Fe) : c

& • 1(7 Ft! : -

ft : lot K' 8323i (<63un:)

Tempf dt ucltr.ge : 20 nitiutes

Pression de compacUge : ] 3C Kcm"

On compare alors la forme des courbes:

V \AU

Pour le systeme de la figure I , ccs courbes sont donnees par les figures 3 et 4.

WC ftO IOC

U/PbCrO

u.i V
Svscenif H/PbCrO,

PBrimeite : I W

/•'u|lirc j.

v ' «i'
P«r«Bttre : I W

/•'if/1/re 4.

Ces deux courbes ont une forme identique. I,a reaction chimique n'apparait alors que
comme un generateur de chaleur et la Vitesse de propagation de I'onde de combustion est
limitcc pur Ic trunsiert Lhermique par conduction dans un milieu qui garde les caracteristiques
du milieu initial jusqu'a I ' inflammation.

Pour le systeme de la figure 2, les courbes sont donnees par les figures 5 et 6.
l,a forme des 2 courbes est tres differente et il taut alors adrnettre que le processus

limitatif dc la Vitesse de propagation n'est pas un transfer! thermique par conduction dans
un milieu dont les caracteristiques restent celles du milieu initial.

La forme des courbes = /
V

en deux grandes classes :

permet done de ranger les compositions pyrotechniques



S»Tr^ In i D u l i r

Gr*nk . lo»e iT l t : lot di ( t l f' t^?-

nrrl dt

<Jf c»r»r tigr : 1)0 He

. : 1 Ft

Ctinulocrf t l l t ; lot df It! I." fc3D-

P.rwitrt : I Fr

l-'itiurf 6.

C/os.v / : Tous It's syslemes dont la forme df la t'ourbt1 esl idc'iiliqut.' a fdle ohscrvt'L-
pour It' systeme VV/I'bCrO., ct qui sc comporti'nt clone comrm1 lu i .

Class? I I : Tous les systt-mes dont la t'oruu' dc la courbc i-st t-n y coninie pour la
composition fer-soufre. co qui implique th-s conclusions identiqut 's a celles Ibrmulces
precedemment. Le processus limitatif n'csl pas alors defini. II pout s'agir soit d'unc l imi t a t ion
par transfer! thermique par conduction mais dans un milieu largemfiit modifie par rapport
au milieu initial, soit d'une participation d'un transtert par convection par rintcnnediaire tie
ga/ formes, soit encore d 'unc l imitat ion de type cinetiquc.

III. CLASSEMENT DE QUIXQUES COMPOSITIONS PYROTECHMQUES

Ouelques compositions pyroteehniques sont rt'groupccs en deux families selon les eritcres
que nous venous de proposer.

1. Premiere famille : Classe I

I-e tableau I regroupe quelques compositions pyroteehniques pour lesquelles les donnees

de la litterature ont permis de tracer les courhes - /( —
V \AH

TABlJiAU I Compositions
pyrntechniques

Fe/KMnO,

Fe/HaO,

Fe/KNO,

l'c/Sr(NOJ,

Fc/Hii (NO,),

B/lijK'r(),

B/KNO,

B/KXV.O:

Mn/I>b(N(),),

Mn/Sr(NO,)7

']' (kVompositioii
oxydant (°O

240

795

628-XOO

(SOS

628-800

470

-- AH ;i hi
stoLvhioinetriL' (J/j;)

2054,5

1 1 5 J,9

2 4Sf>.( )

1 7«M)

1 S71.2

2 J26. J

7 2 1 S.l>

1 558.0

2 7 Jft. 5

5 OS 7, 8

(Suiti1 I'ttfii' sni\'iintt'l

(l.T.P.S. - 1487
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TABLEAU I (suite) Mn/BaO,

Mn/Ba (NO,),

Mo/KMn()4

Mo/BaO,

Mo/Pb(NO,h

Mo/KNO,

Mo/Ba(NO,h

W/PbCK),

W/K.CYA

C/KNO,

Ti/PbCr04

Zr/PbCrO4

Si (grosse granulome-
trie)/Pb,04

795

60S

240

795

470

628-800

605

600

628-800

600

600

1 589.1

2 8J6 .7

2 016,7

1 175,7

2 050.2

I 569.0

2 050.2

711.3

1 558.0

3005.4

2 2 1 7 , 5

2 175.7

1 296.9 .

2. Deuxieme famille: Classe II

IjC tableau II donnc quclques compositions dont la courbe

en y.

TABLEAU II

a uric forme

Compositions
pyroterhniques

Fe/S

Mn/KMn()4

Zr/KCIO4

S/BaO2

Si (faible granulome-
trie)/Pb,O4

TiHx/KCK),

T decomposition
oxydanl (°C)

445 (vaporisation)

240

510-619

795 (HaO,)
445 (vaporisation S)

600

- AH a la
stccchiometrie (J/gl

1 080,2

i 138.0

6276.0

1 393. i

1 303.4

3. Discussion

Si Ton compare dans les deux families Ics compositions ayant au moins un react!!'
commun, on constate que pour Fe/KMnO4 et Mo/KMn()4 de la premiere famille, |AH| est
nettement inferieure a cclle obscrvec pour Mn/KMn()4 de la seconde famille. II en est de
meme pour Zr/PbCr04 de la premiere famille et Zr/C104 de la deuxieme. Quant a Fe/BaO,.
Mn/Ba02, Mo/BaO2 de la classe I et S/Ba02 de la classell, si les |AH| ne sont pas differentes.
le soufre a une temperature de vaporisation (445 °C) nettement inferieure a la temperature
de decomposition de Ba02 (79S°C) . Cela suggere qu'une phase gazeuse est plus susceptible
d'intervenir avant 1'inflammation pour les systcmes de la classe II. En fait, ces tableaux
n'apportent pas d'arguments decisifs quant a 1'hypothese d'un mecanisme limitatif different
pour chaque classe.

Toutefois, la lenteur du phenomene est donnee [8| par la relation:

AxCpfT, • - T,,) J
(1

Ax : epaisseur de la zone de reaction ;
T ( : temperature d'inflammation ;
T,,: temperature ambiante.



I,e premier terme de la relation represents ('influence du transfcrt thermique par

conduction et le second -- I'influence des autres processus possibles.
V 2

l,a figure 7 donnc 1'cvolution de la diffusivitc thcrmiquc en fonction du pourcentage de
reducteur pour 2 compositions pyrotechuiques |9|.

De meme, la figure 8 rend compte des resultats de Lindsley et co-autcurs [10] et montre
la variation de la temperature d'inflammation en fonction du pourcentage de B pour la
composition B/K.,Cr_>07.

linfin, la figure 9 est un exernple de la modification dc la valeur de QJ en fonction du
pourcentage de fer pour le systcmc fcr-soufre,

• - f (I A l ) pour ]a

tompofc i i ion A l / F e 2 ° "
eti f o n c l i o n du pour -
c e n t a g e d ' a l u m i n i u m /
t e m p e r a t u r e «jDbiant

• • S<*) pour la
compos i t ion B-
< n i o n r t inn du
p o u r c f m a p i d t
Bore * l e m p t n
t u r * «iiib i an t e

V (ran f, )

1. CO

350

iH ( ca l g'1)

0.6S

JO 30

X Bore

SO

Figure Fii/firr 9.

Pour ces systemes, lorsque le % de reducteur augmente. les valeurs de Cp et T, diminuent
tandis que celle de a augmente. Alors, si le changement de ces paramctrcs correspond a
une allure generale pour toutes les compositions pyrotechniques et si le phenomene limitatif
de la vitesse est bien un transfer! thermique par conduction, la relation ( 1 ) montre que
1'evolution de a, Cp, T, en fonction du pourcentage de reducteur tend a provoquer un
decalage entre AH et V tel que celui rencontre pour la classe 1.

D'autre part. J. A. Holy [111 a mis en evidence 1'importance que pent prendre la
presence d'une phase gazeuse pour Ic systemc TiHx/KClO.,. La figure 10 montre revolution
de la pression en fonction du temps dans la bombe ou se produit la reaction. Holy considere
que la premiere partie de la courbe correspond a une limitation de la Vitesse de combustion
par un transfer! thermique par conduction. La seconde partie serait due a 1'intervention d'uri
phenomene de convection lorsque les gaz chauds penetrent dans les pores de la composition
pyrotechnique non brulee, ces gaz chauds provoquant 1'infiammation des particulcs individuelles.

G.T.P.S. - 1987
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a-.r

10.

Ce passage conduction-convection sera it une etape dans la transition deflagration-detonation.
Voyons avec le systeme fer-soufre appartenant a la seconde farnillc comment la phase

gazeuse est susceptible d'intervenir.

IV. CAS DU SYSTHMi; IFK-SOIIFRK

1. Resultats experimentaux

La methode experimentale et un certain nombre de resultats ont deja etc presented lors
d'une precedente communication [S|. l,a figure 11 rappeile le schema du montage. On voit
que la vitessc dc propagation de I'ondc de combustion est mesuree ;i 1'aide de sondes
disposees a des distances connues les unes des autres et loutes les mesures de vitesse out
etc realisees en regime etahli.

Le tableau (II donne des resultats
experimentaux nouveaux. II s'agit de
la vitesse de combustion en tbnction
de la granulometrie du fer pour
une composition stoechiornetrique
(6 3,64 % Fc et 36,36 % S) et pour une
pression de compactage de 1 30 N/cm".

TAIiLHAI] M l

2. Structure de la /one reactionnelle

(irunulomctrie du fer
Uim)

0 < ij> < 20
20 < $ < \1
32 < 4> < 45
45 < 4) < SO
SO < <j> < h i

Vitesse de combustion
( g - s ' )

0,56
0,48
0 ,31
0,29
0,23

Nous avons vu [8] qu 'au voisinage du front de reaction, les temperatures soul telles
qu'il y a gazeilication du soufre. Dans ces conditions, les gax chauds formes peuvent diffuser
a travers le reseau solide EI la fois vers 1'arricre ct vcrs 1'avant du front de reaction. Cctte
diffusion va depcndre de plusieurs facteurs mais en purticulier de la quantite de gax presente,
c'est-a-dire de la vitesse de reaction apportant I'energie caloriiique neeessaire a la vaporisation.
Kile dependra aussi des caracteristiques du reseau et de la possibilite qu'ont les gaz chauds
de provoquer. en avant du sulfure forme, la fusion et la vaporisation de soufre frais. Ce
transfer! de gaz chauds est sans doute plus rapide que le transfer! thermique par conduction
et la limitation de la vitesse de propagation de I'ondc de combustion correspond a la
competition entre :

— la diffusion des gax chauds ;
— la vitesse de production de ceux-ci.

DC plus, Svap(,UI. dcvra des recouvrement du grain dc Fc par du sulfure traverser la couchc
solide de celui-ci avant de reagir. Dans ces conditions, c'est probablement la vitesse de
production de la chaleur qui limite la vitesse de propagation et la structure du front dc
reaction doit etre celle proposee par la figure 12.



Dans la zone 2, il y a echauffement essentiellement du a la proximite de gaz chauds.
Du soul're commence a fondre, puis a reagir avec le fer.

Dans la zone 3, le soufre gazeux reagit avec les grains de fer.
La zone 4 est composce dc grains de sulfure de fer. Dans les interstices de ce reseau se

trouve eventuellement emprisonne le reactif en exces. En tete de zone, il peut y avoir du
FeS partiellement fondu.

II 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 reaction :

"e^niij,. T Ogiupcux l 1 "">si>lkie

3. Expression de la vitesse

Pour ce type de reaction As,,|ide + GBas! -» BW)|idei Destriau et co-auteurs [12] proposent de
representer schcmatiquement les potentiels chimiques en cours de reaction a differentes cotes
comme sur la figure 13. Dans ces conditions, 1'hypothese est faite que 1'attaque de A donne
presqu'immediatement une couche continue de B. Alors, la reaction a lieu par synchronisation
de trois processus de base:

1° La « reaction interfaciale externe » a I'interface gaz Cl/solide B.
2° La « reaction interfaciale interne » a I'interface solide B/solide A.
3° La diffusion entre les deux interfaces dans 1'epaisseur du produit B (de G vers A ou

de A vers G).

On fait 1'hypothese que les equilibres interfaciaux sont realises. Alors, le postulat de la
thermodynamique lineaire des processus irreversibles peut etre applique et les vitesses dependent
lineairement des aflinites.

<•"• 1 / / u1', potentiel chimique du gaz;
UA, potentiel chimique du solide ;
(uf* ; mmuf) = difference de potentiel

chimique du gaz au passage de I'interface G/B ;
(JJ.H' ; mmuft) = difference de potentiel

chimique de A au passage de I'interface
interne ;

(\i\[; mm(ij;*) = difference de potentiel
j __ chimique de G au passage de I'interface

"•"""'• " •>• •<- •*«"-«•>"• • interne.
Figure 13.

d$
Soit B la quantite de produit B. -- representc la vitesse d'apparition de B. Exprimons

dt
cette vitesse pour chacun des processus de base :

©

1. Reaction interfaciale externe:

dt ( 1 !

S, est 1'aire de 1'interface externe supposee constante pendant dt.

2. Reaction interfaciale interne :

di

La relation de (Jibbs-Duhem donne ici : dj.i{; + d(.i£) = O, ce qui se traduit par KJ = K'J
t-t :

-
at

(1}

3° Diffusion

IM>> ,

dt dx

S est 1'aire d'une surface equipotentielle a 1'interieur du solide B. II faut alors utiliser la

valeur moyenne *i> de ku calculee d'une peripherie a I'autre du compose.
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Alors :

avec C = facteur geometrique (3)

Notons que 1'asterisque indique la phase gazeuse ou la phase metallique pure mais
signifie aussi bien la valeur propre a la phase composec quand Ics equilibres interfaciaux
externe et interne sont accomplis.

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

I 1

Soit pour Ie terme de lenteur:

dt I 1
K,S, K.,8,, K,,C

ou

feDcJ

K, = k

KM = ( ( 4 1

Notre solide A est constitue de spheres de rayon initial r0. V,, etant le volume initial de

A, le nombre de spheres est : n =

Soient r, ct rn les rayons respectifs de I'interface I et de 1'interface II et VA et VB les
volumes de A et B au temps (. Le degre d'avancement (, de la reaction est defini par:

= V» ~ = =

V,,

ou A est le coefficient de Pilling et Bedworth :

V0A

A -

On tire de ces equations :

r, - r(,[l +

D'autre part :

- V

et rn = rn(l

C =

Alors, pour des spheres la relation (4) s'ecrit:

dt I

r, - r,

-^ + _L + l^l
li" r- V f- IT r- r

L1S'lrl N l ' rH "Ml MMI

Soit en explicitant », r, et r,, :

1
^ +

I
+ ̂Knrj(l - £)*' KDr0(l HI

Soit T, le delai d'inflammation pour atteindre la temperature T,. Le processus limitatif de
la vitesse se deroule pendant T,. L'inflammation correspond a une quantite de chaleur degagee
bien determinee .et par consequent pour une composition donnee. ^ et A, gardent la merne^
valeur quelle que soit la granulometrie.

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

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

La figure 14 montre la courbe - = / - On obtient une droite d'equation:
V \rr , /



r^ + 1.66 avec un coefficient de

correlation de 0,99.
La progression de 1'onde de combustion

peut done s'imaginer comme une suite
d'allumages dc sections successives au sein
dc hi composition pyrotechnique et le soufre
ga/eux precede constamment k1 Irori t principal
de reaction. Le processus regulateur de la
vitesse de combustion du systeme fer-soul're
est alors la diffusion du sout're gazeux a
trovers la couche de sulfure formee A la
surt'are de critique grain de fer.

Fiyurc 14.

V. CONCLUSION

Un classement des compositions pyrotechniques en deux families est propose a partir du
I / I

critere de la forme des courbes — = / I —
\

Pour la premiere I'umille, le mecanisme limitatii' de la vitesse de combustion est un
transfer! thermiquc par conduction.

Pour la seconde. le mecanisme est autre. Une phase ga/euse intervient alors avant
['inflammation et I'etude de ( 'influence de la granulometrie sur la vitesse de combustion
renseigne sur le processus controlant le phenomcne. Pour le systeme I'er-soufre, la diffusion
du soufre ga/eux a travers la couche de KeS formee a la surface des grains de fer est le
facteur limitant. II est a noler que pour un systeme oil les conditions sont telles que c'est
la reaction interfaciale externe qui est Ic processus l imilat i f . des vitesses de combustion eleve.es
peuvent etrc obscrvees.

VI. BIBLIOr.RAPHIK

1. K. A. W. - H i l l , I,. !•. Sut ton. K. K. Tt-inplf and
A- Whitf, Research. l ' ) i ( ) , J, Sfi7.

2. I-'. Booth, Trans, i'arad Sot\, 1SS}. 49, 272.
i. Cl . |. Kees. I'liel. 1974. S f , 1 10.

4. J. I- . Spice and I, A. K- Slave-ley. I.S.C.I., 1949. <>X.
51 }.

5. A. I'. Mardt ami I'. V. I ' hung , Combustion tint! i'lamr,
197 J, 21, 77.

6. M. L. Uernard. A. lispagnac-q and K. l i ranka, 7" Int.
I'yrotrihnii Seminar, Colonitio, 1980, H2(> .

7. M. Cournil. /. (."him. f%s,, 198(., 8J ( n ° 7 / H ) . 47!.
8. M. Auxanncau, A. Benmansour, C. Hrassy. M. Konx

iind M. I,. Bernard, I'roi'eedittgs Hi Internationale I.C.T.

|aliR'sl;if;unn I 9 8 S ainibined wi lh 10'1' (ntcrnational
Pyrotechnic Si-niinar, |uly 2-S ( 1 4 8 S ) Kh i r l s ru l i i '
l;L'deral Rfpuhl i i 1 of l ie rmany 2(S-1.

9. C. Brassy. M. Mcgluirt 'i, M. Koux el M. Aimanm-ai i ,
I'li'tTt'ditiifs Id Inti'nnilioihilt'I.C.T. jahr i ' s laguny 19JSS
I 'oinhit i t 'd wi t i i K)'1 ' Inl i ' rnal ion. i l Pyrott'rhnk's SL'-
ni inar . Ju ly 2-1 ( 1 9 S 5 ) Karlsruhf I'l'dcr.il Kcpublii. '
of (icrmany I d - 1 .

10. ( I . l . Lindsley, \L A. Kohinson, [• ' . [ , . Cliarsk'y and
S.ll. Warrinylon. I-li'vcnlli inti'rnatiinml I'ljrutn-fatics
Sftniniir. Vai l Colorado. Ju ly 7 - 1 1 ( 1 9 8 6 ) . p. 42S.

1 1 . ) . A. Holy, i',!e\vnth Intenuitivnal / ' i /nHcr/imVK Si'tnitmr.
Vai l Colorado, Ju ly 7 - 1 1 (198d) , p. 127.

U. M. Dc'striau. C>. Dorlhc cl K, Ben Aim, Cinetitjiu' ft
dimatnii{iu' titimitjitfs. 1'dirions Tcchnip I I 98 I I.

C.T.I'.S. - 198!

35





Sven-Erik Flygar
and Torstcn Liljegren
National Defence
Research Institute. Sweden

lonization
in tracer
flames

ABSTRACT

^i theoretical study of ionization in tracer flames has been performed to find compositions with
low contents of free electrons. Thennochemical equilibrium calculations, 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
aivt's 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 oj 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. Kartelson 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 (lame.

G.T.P.S. - 1987
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ION1ZATION IN
TRACER l-'LAMl-S

IONI/ATION REACTIONS

. The reactions which occur in a IItime are ionization of metals according to

Me(g) -> M e * (g) + c

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

TABU: i
IONI/ATION KNHRQKS

Re

NH(S)^
K(g(

Mg(g) -H
Cute) -

Ha{g) -i
A 1(8) -
Fe(g} -)
Il(g)

action

Na* + (•'
K ' + c
MS ' + e
Ca 4 4- c "
Sr ' + c
Ba ' + c
A l ( \
Fe+ + f
II1 4- r

loni/ation energy
kj/molc

495,8
418.9
717,8
589.8
549.5
502,9
•577,6
759,4

1 S 1 2 . I

The alkali metals have the lowest ionixation energies and they can therefore be of
importance, even if they are present only as impurities 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 ionixation.

Further ionixalioii of bivalent metals according to

Me' (g) -> M e - ' f g ) + c

requires much higher energies and this ionixalion can be neglected.
Electronegative elements can bind electrons and form negative ions according to

X ( g ) I e X (g)

The disposition to take up an electron 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. ,

TABLK 2

KLI'X'TRON AFFINITIKS

K cacti on

F t c -. F
Cl + ( - • - » F
Hr + p -» Hr

I + e -» I

Electron affinity
kj/rnole

J49
369
141
J 1 2

K,

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

(Mc*)(c ) = (X )

(Me(g))" " (X)(p

In these equations the element is present as gaseous atom and the ionixation is therefore
dependent on the chemical reactions in which this is formed.

The temperature dependence of the the equilibrium constant is given by

PInK AH

where AH is the ionixation energy. As th is is high, the ionixation 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 arc done with a program NASA SP-273
originating from S.Gordon and J. M. McBride at NASA Lewis Research 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-earth metals, Ca, Sr and
Ba, as common tracers contain nitrates of these metals.

A modification 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 magnesium and an organic binder as fuels. From the previous discussion, it was made
clear that strontium and berium can be ionized. Nor does the oxidi/cr 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 perchloratc as oxidi/er. Ionizing
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-tcrminated
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 l -2mm/s at atmospheric pressure [b|.

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 aff ini ty, it may be of interest to study other
halogens. Compounds of bromine and especially of iodine are more easily 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, i.e. polyvinyl chloride, PVC, and polymethyl metluicrykite. PMMA.

Calculations have been done for more than SO 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.

TABLH 3
DATA FOR DlFFIiRKNT COMPOSITIONS

Composition No

% Mg
% A I*
% SrtNO,),
% PVC
% HTPB

T ( K )
e~ . 10' (mole/kg)

5 . 1

40

50
10

-
2 938
f> 3(>7

{.2

32

45
23
-

1 l)7X
22

S . S

30
45
-
-
25

1 9 3 1
2.5

A composition with the same ingredients but with the contents changed, so that ;i
lower combustion temperature is achieved, has about 300 times lower electron content. With

G.T.P.S. - 198:
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At the same content of ammonium pcrehlorate and magnesium these hinders give higher
combustion temperatures and higher electron contents than HTPB. To get lower electron
contents it is therefore necessary to reduce the content of magnesium or ammonium
perchlorate.

TEST OF THE COMPABIUTY 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 TKSTEI) COMPOSITIONS

No

1
7

5
4
S

Type of composition

Conv. tracer
Mg/AP tracer
Mg/AP tracer
Composite propel Um I
Composite propelliml

Combustion
temperature

K

Unknown
1 9J6
1 250
1 870
1 5SO

Content of 1'
mole /kg

Unknown
2,8. 10 '
18. 10

0,04.10 '
( ->. ! . 10 '

The exact composition of the conventional tracer and its properties were not known,
but there is no doubt that the combustion temperature and the electron 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 fu/e 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 a correlation between the electron content in a tracer
flame and the interferences in the signals to a proximi ty fu/e. 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 achieve a low electron content
• the combustion temperature must be low,
• 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 decrease the electron content,
• only a low content of strontium compounds may he added.
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Decomposition
of nitromethane,
a critical
study of the
initial steps

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 surface 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 relevencc 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 (eg. 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 decomposition processes for unsensitised nitromethane. We also describe the
results of extended ground state calculations on nitromethane.

01-
MTROMXTIIANE. A
CRITICAL STUDY ()/•'
THK INITIAL STEPS
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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 eode Gaussian 7f> in both minimal and extended
basis sets. We found that the minimal basis sets (STD-JG and STO-6G) predicted that the
triplet should be lower in energy than the singlet, whilst the extended 6 - J I G * * basis set
correctly predicted a singlet ground state. We noted that the inadequacy of min ima l 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 he expected
that this biradical character would be best described by a calculation incorporating electron
correlation in addition to a large basis set. In th is section we present the results from such
a study.

We have repeated the calculation in the 6- 5 !(!** basis set using the code Gaussian 82 [ J|.
and in addition to this we have also performed a configuration interaction calculation in
this basis set.

COMPARISON ()!•' EXPERIMENTAL AND CALCULATED PARAMETERS
OF NITROMETHANE

Cotk-

H;isis St't

['iiriuiifter

C-N <A>
N - 0 ( A l
C-ll ( A )
ONC
I1CN
Ii(SCF)/au
l-(CII))/aii
Dipok' ( l )chyi-)

C,7h

6-?it;**

1.472
I . I K S
I.07S
1 1 7 . 1 °
107. ft"

- 24UidMi
-

4.010

<;*2

f>- 5 1 C,**

1,479
1 , 1 ()2
1.078
11 7. T
l O / . V
24!.6fi(>7
244.5S22
4.035

I'.xperimenUil

1.489
1.224
1.088
1 I 7 . T
107.2°
-
-

3.46

ENERGY

l*U»

-243.Si

The results shown in table 1 show that inclusion of configuration interaction significantly
lowers the predicted energy. We shall ultimately be using th i s configuration interaction
calculation as the starting point for studies of decomposition mechanisms, but have for the
present restricted ourselves to the SCF/6-51G** level in the calculation of potential surfaces
detailed in the following sections.

UNIMOLECULAR DECOMPOSITION OF NITROMETHANE

In our earlier study [2| . we described the results of computing the potential energy
surface for the CH S N() : unimolecular bond scission process. These calculations were
performed with the code Gaussian 76 using a d - i l G * * 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 . i A
by a dissociative triplet state. The triplet state
dissociated into CH f and N(): radicals with
an overall endotherrnieity of 45.5 kcal.mol"1

(60.5 kcal .mol ' experimental). The activa-
tion energy was given by the crossing of the
singlet and triplet curves and was found to
be (Si.7 kcal .mol '.

We have extended our studies on possible
unimolecular decomposition mechanisms of
nitromethane by computing the potential
energy surface for the C-ll bond scission
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 (vi lG** basis set, as for the C-N unimo-
lecular decomposition. Like the C-N bond

TRIPLET STATE

SINGLET S T A T E

2.0 2 5

C,- Nj SEPARATION (ft")
1'tu'rtin surface lor C-\/ sri.vvkm.



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

H - Ctl.NO, SEPARATKW M

Figure 2 shows, that as the C'-II 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 act ivat ion energy is given
by this crossing and was found to be
KHikca l .mol '. The triplet state dissociates
into H and ClLNOj radicals, wi th an overall
endothermicity of 80.1 kca l .mol" 1 .

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
decomposition of nitromethane would be
predicted to he cleavage of the C-N bond,
and not breaking of the C-H bond. It must
be pointed out that the simple unimolecular
decomposition mechanism described above
only concerns an isolated molecule in tla-
gas phase. In the liquid at room temperature.
the neighbouring molecules must play an
important role in determining the reaction
kinetics. It is possible tha t the decomposition
of nitromethane involves a bimolecular rather than a unimolecular ini t ial step, and some
modelling work has been carried out on such systems by other authors [4]. It is also possible
tha t neighbouring nitromethane molecules included in the above calculations could reduce
the activation energy for the unimolecular C-H bond scission process thereby making it a
viable mechanism. Future work wi l l address this possibility.

DECOMPOSITION OI NITKOMITHANE IN THE PRESENCE OF AN AMMONIA MOLECULE

It has been known for a long time tha t amines sensitise nitromethane yet, relatively
l i t t l e 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
investigate it theoretically- This is partly due to the complexity of the problem, and it is
only in recent years t h a t computer codes have been available to make a theoretical treatment
a viable proposition. liven so, the time required to compute such systems is enormous. We
have carried out some calculations using the daussian 82 code, and employing the
« supcrmolecule » approach. The situation is also complicated by the fact tha t only extented
basis sets can be used if meaningful results are to he obtained, since as we have pointed
out previously, minimal basis sets wrongly predict the ground state of ni tromethane to be
triplet.

As with nitromethane we have carried out accurate ground slate 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 arc given in table 2.

TAHLK 2

CALCULATE) I 'ARAMKTKRS OF A M M O N I A

Parameter

N - H ( A )
H N H ( A )
lUau)
Dipok1

Moment (l)t'bye)

SCF

1.00]
l ( ) 7 . f >

- ih .msh

1.8 IS

M1'4SI)TQ

1.015
I D S . f i

- 5<).4014

1.952

Fxpt'rimenttil

1.008
107.1
-

1.468

A f > - J i ( i " basis srl w;is used tor these aik'iihitions.
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As expected the inclusion of electron correlation by Mollcr-I'lessct many-body perturbation
Uieory significantly lowers the energy calculated lor 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.

c

l-igitre J, Amitti'iiia ami iiUnniii'tliani'.
5 (a) N C-/V rolitiear. f (h) ,\' ctilineiir.

I'i(t\irt' 4. - Ammonia and uilrotnethane rim) arrangement.

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 invisuged on this basis. The first where the nitrogen atom of the ammonia molecule
points directly along the t'-N bond of the nitromethane molecule or alternatively, where the
nitrogen atom of the ammonia molecule is aligned along a C-I1 bond of the methyl group
of the nitromethane molecule (see figure 5). A third orientation involving a ring structure
(sec 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 favoured 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 kca l .mo l " ' , attractive).

surfaces for f i , \, und ll<\ irttertiftiom.



Kxperimental evidence to date suggests that the presence of an amine group affects the
C-H rather than the C-N bond. Kngelke, for instance, has shown that presence of amine
increases the concentration of the aci-ion. We have therefore concentrated on computing the
potential energy surface ibr 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
NH4 and CH>NOj under shock conditions, and the other, the reaction of the ammonia
with the nitromethane to form H and CHjN'Oj radicals under the influence of a passing
shock wave. The latter has proved more difficult than the former, because of computational
difficulties with the systems concerned.

Computations on the reaction of an ammonia molecule with a nitromethane to form
NH4 ' and "CHjNO, were carried out using the code Caussian 82 with a 6-31C)** basis set.
The computations described previously on isolated ammonia and nilromelhane 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 ( R l ) from the
methyl hydrogen atom (see fig. 3). By generating a number of such surfaces with varying
values of Rl, a two-dimensional potential energy surlace for this reaction was constructed.
Our preliminary calculations show that the energy required to compress the molecules such
that the nitrogen-hydrogen distance is reduced to ni. 1 .1 A is approximately 48kca l .mol ' .
The low energy required for this process suggests that the CH.NO. species may be relatively
abundant under shock conditions. This suggests tha t the subsequent decomposition of
~CHjNO ; warrants further investigation. Clearly, if th is mechanism has a lower activation
energy than the unimolecular decomposition mechanisms of n i t romethane then th i s is a
possible process by which amines sensitise nitromethane.

C.T.I'.S. - 19.X7

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 sensilivity
of nitromethane in the presence of an amine. We have found that the aci-ion ( CH^NOj )
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 .; '['his is a
question that our future studies wil l address. Whilst Hngelke 1 1 / > ] has suggested (ha t
subsequent reaction of the aci-ion may be analogous to carbonyl condensation, a radical
chain reaction would seem more appropriate for the rapid decomposition necessary to support
detonation. Although not detected in Kngelke's [ l o ] N.M.K. experiments it is possible that it
is the neutral aci form of nitromethane which plays the important, if 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 II and CH,N() j radicals. A fur ther possibility is t ha t the amine could be
hydrogen bonded to both the carbon and oxygen atoms of the ni t romethane molecule to
form a ring like structure {see figure 4). Knergctically, this is very l ikely, and we propose to
carry out calculations on this arrangement in the near future. Such an arrangement would
allow the possibility of either a concerted, heterolytic, or homolytic process. Anally, 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 he examined if we are to understand the decomposition of ni t romethane
and related explosives.

The relevance of studies on nitromethane decomposition to other nitro compounds is
clearly important since the nitro-aromatics in part icular 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 Kngelke \\h\o
interprets the effect as due to formation of the aci-quinone ion in an analogous fashion to
the aci-ion formation in nitromethane. This seems 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 every
reason to believe tha t 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
theoretical!^ predicted powder response indicated
that the oxidation models predicted reaction rates
consistent with those required for ignition.
However, reaction rates appear also to be
dependent on additional mechanisms, which must
he determined to develop generally applicable
models.

INTRODUCTION

Collins 111 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 ye tie ration rate during thermal ignition is determined by tlie 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 by Rogers, t-1 t i l . /2. ? / showed that titanium oxidation
rates and, therefore, pyrotechnic ignition are determined by diffusion-controlled growth of a Ti().
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 values, the
model predicted temperatures at thermal runaway which were consistent with the experimental data
reported by Collins / / /. However, the uncertainty in the expression for the heat losses from the
sample and the lack oj data fin 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 iwis xupjX'rtcd bif the tinili'tt Stalin Department <>/ llneraii under contnic! DI-,-ACI)4-7t'>DI'<)t>7X<).
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G.T.P.S.- 1987 in which sample heat losses and particle surface areas were better characterized, so that a more
exact comparison could be made between predicted and experimental!}! 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.

KXPIHUMKNT

Experiments were performed using u 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 99()'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 I lie sample temperature. Here, the basic
assumption is that for sufficiently small samples and slow heating rates the raised platlorm,
pan. and sample are at essentially uniform temperature.

Samples of t i tanium 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 l O m g and 20 to lOOY/min . respectively.

Typical endothermic or exothermic transitions observed with D.T.A./D.S.C. are on the
order of 1 to SO meal/ing [5|, and temperature differences between sample and reference
platforms are small. However, oxidation of Ti to Ti(), is exothermic by about S 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 ()!• TITANIUM POWDER

(Ventron lot J-470SA)

REFERENCE SAMPLE

]--PAN

CONSTANTAN DISC

Si'ttcmtitic iiiaqratn t>t i)u 1'ont D.S.C

Surface art-a (B.K.T.)

Nominal particle diameter

Titanium assay (vvt %l

Oxygen content (vvt %)

Hydrogen content (as Till,)

Other impurities (ppml

9.! nr/

1.95 x

l) 1-94

6.1-6.8

Till,,-,

MU 7
Al
Si
IT
Xr
Mn
Ca
t'u

£

10 4 cm

900
200
200
300

HO
10

200
< s

Sample heat losses were evaluated using a button-shaped electric heating element (of
known resistance) to simulate a sample undergoing exothermic reaction. The equipment,
procedures, and results have been described elsewhere 16]. 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 heater and temperature lag experiments then were used to evaluate the heat
transfer coefficient 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 element 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 cxotherm in D.T.A./D.S.C. experiments and depends on the surface area 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 T, formation of a Ti()2 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
Ti02 single-layer model is depicted schematically on Figure 2. In the Ti()2 layer, it is assumed
that mass transfer occurs by oxygen diffusion in the ^-direction only, At time t, the surface
of the TiOj layer is at position 8,,(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 TiOj and bulk Ti is
at position 6, (t) and is advancing in the positive x-direction due to oxidation of Ti to Ti02.
It is assumed that oxygen diffusion is adequately described by Pick's law with constant
effective diffusion coefficient I), 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

TiO,

Ti

Figure 2. — Schematic representation of sinfjle-hiiier oxidation model. The oxygen mass fraction in the Ti02 layer is
denoted by w. and the. mass fractious at o,, and <5, ure denoted hy w, and w,,

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 heat generation becomes sufficiently greater than the rate of heat loss to the ambient,
the oxidation reaction will become self-propagating (thermal runaway), and a sudden increase
in r\\e 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 temperature 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: ( I ) the
sample, pan and sample platform (both constantan and chromel parts) are at essentially
uniform temperature; (2) the oxygen flux 1\s the particles' surface is approximately
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given by the expression from the single-layer model; ( 3 ) heat losses to the ambient can he
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 al temperature Tfl could be described using a
linear-driving-force expression involving tm experimentally evaluated heat transfer coefficient h
discussed earlier; ( 5 ) the conduction losses to the disc could be approximated by considering
the disc to be a quasi-steady-stale heating/cooling fin having an effective inner radius r,
(radius of sample platform) and outer radius ( r ( ) ; ( b ) 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 I'or 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 Ti02 solidified from a
melt. The threshold temperature was taken as the value of Ts. where the rate of change of
T>T, with respect to T, became unity (which implies that tHJdt became much greater than
dljdt corresponding to the programmed heating rate). The observed threshold temperatures
are summarized in Table 1. 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 TrTr with respect to Ts

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 Muss
( ">H)

10.42
10.0
8.46
8.21
8.17
7.50
7.36
7.20
7.08
7.08
(>. 14
5.47
5.32
5.43
1.09

Heat ing Rate
("C./minl

100
50
SO

100
100
100
100
100
100
100
100
100
100
20

100

Experimental
(T)

5 1 7
N
N

5 5 5
522
562
572

N
N

550
572

N
N
N
N

Predicted
(°o

488
489
489
490
492
491
490
490
490
490
501
506
506
519
557

N ik'nok's that a thermal runaway luul not occurred when the maximum
programmed temperature of 650 V was readied.

The agreement between experimental and predicted threshold temperatures is reasonably
good for the 10- and K-mg samples heated at 100 T/minute, particularly considering the
complex physical and chemical phenomena involved. However, results from samples less than
8 mg and from those he;iteil ;il slower rates are not HS encouraging. The inconsistent ignition
of tile 7- and 6-mg samples and failure to ignite samples less than 6 mg at temperatures
below 6SOT disagree with predicted threshold temperatures that are much less than (>50 T.
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

rw _ t-w
~ ~ '

iv(5,,. 0 = ivs - 0.400

iv(tV t) = W| - 0. 1HS

w(.v. 0) = F(x)

Interface Displacement Rates

f/o,, _ F, _ D dw

dt p ex

5 ( J (0) = 0

(i(8, - 6n) -

+ -
dt

lit W, CX

6 , (0) - 6(){0) - 5,, = a constant

Oxygen Concentration: small <T(,

= x / 2 ( T + T,

x = x - 8,,

fi = i>LT(O|dr

h = A / ( l - w,)

S = Sr,/4y-

(when 5,i is small. FU) cannot be determined accurately experimentally, and it appears reasonable to

assume that F ( x ) ^ w(r|n) where n(1 = x/2v 'i,,).
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Ti02 layer Growth

ot - 8,, =
y

Oxygen I'htx Across Gas-Solid Interface

0.48 D

I) - 2.8 x K)-' exp (- 29,900/T}

Energy Balance for Sample
JPT*

M + • • • ' = m,SAHFs - Q,
dt

0, = ha{T, - T,,) + Q,

/.ess (o Disc

Qr= -

~ T 'T, ~ TjIJrJ - (T. -

K ( ) ( r r ) I ( ) ( r ; ) -

r, ~ rf(h/dk)}'2

Disc Radial Temperature Profile

:r\-:T\ i-,W ~ T->dr \_ dr J ka
T(rJ = 1\r> - T,

T - Tfl ~ BJ^Ir ' ) + B,K 0 ( r ' )

Notation and Parameter Values

modified Bessel functions of the first kind, order 0 and
1 , respectively
modified Bessel functions of Ihe second kind, order 0 and
1, respectively
pan surface area, cm2 1-02
specific heat, constantan, cal/g °C 0.098
specific heat, chrome!, cal/g "C 0.106
specific heat, pan, c;il/g°C, gold 0.035
specific heat, pan, cal/g T, a luminum 0.25
specific heat, sample, cal/g T 0.16
disc thickness, cm 0.013
convective ht'tit transfer coefficient, 2.4 x 1()
cal/Yrir sec V
thermal conductivity, constantan, cal/cm sec T 5.4 x 10
platform mass, constantan. </ 0.016
platform mass, rhromel, <j 0.015
pan mass, = /, gold 0.106
pan mass, = j, a luminum 0.011
sample mass, #, varied
phitform radius, cm 0.2 I
effective « fin » radius, cm 1.0
sample surface area, cm~/g 9.3 x 1()4

heat of reaction, cal/g oxygen 7.1 x 10'



Dr. Charles T. S. Chow
Lawrence Livermore
National Laboratory (*)
P. 0. Box 808
Livermore, California 94 5 SO
U.S.A.

Dr. Jonathon H. Mohler
Monsanto Research Corporation
Mound I'ticilitfi ("*)
Mianiisbury. Ohio 4S342
U.S.A.

(*) Work ix'rjormt'il under (he unsjiiirs oj tht> U.S.
Department of /•'/imjjy bij the lAiwretiic lJvcrinort> National
tsiiwratory uiukr Contract No. VV-74(J')-/;mj-4#.

(**) Mound is operated hy Monsanto Resetirfli Corpo-
ration far the U.S. Department of Knergit under Contract
No. IW-AaH'/bDl'tHX)1) J.

Thermal
Ignition
of
Pyrotechnics
with Lasers

ABSTRACT

We arc studying the transient phenomena
of thermal ignition using laser energy. Present-
day infrared scanning and recording techniques
enable us to determine the heat content bused
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 our 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: Fei()4/Al.
I't'iOi/AI, 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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C.T.l'.S. - 1987 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, and the critical conditions
for, ignition have been theoretically studied by others 11,21 and experimentally demonstrated using
a laser as the heat source by the authors / J, 5/.

To observe the ignition process, we used a high-speed, infrared ( I . 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. S,

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.

TIIl-RMAL IGNITION
OF PYRWKCHN1CS

WITH l.ASl-RS

THERMAL MODEL

The experimental configuration consists of a laser heat source and an I.R. scanner and
recorder to monitor the sample surface where the beam is focused. The laser beam impinging
on the sample surface has a Claussian intensity distribution with a beam radius a defined
as the distance from the center of the laser beam at which the intensity decreases to e'1
times the center intensity. Thus, the si/e of the heated spot is rar. If one assumes the laser
to be a heat source with a constant and uniform flux, q. the surface-temperature history at
the center of the spot is given by Kef. (> :

T(0. 0. t) = T(1 +
1 , / fl

-7= — lend —7=
In \2Jftt

1

where T is absolute temperature in Kelvin, f is time, a is the thermal diffusivity of the
material, k is the thermal conductivity of the material, and lerfc(x) is the integral of the
congugate error function of .v. When ti/2^/ctt is large or t is small. lerfcfa^/at) = 0, and
the temperature at the center of the beam spot can be approximated by the following
equation, using a = k/c :

IM (2)

The thermal diffusivity, a. can be calculated from this formula if q, p, and c 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 hemisphericaliy symmetrical, with a
single dimension being sufficient to record heat flow in the sample.

It has been assumed [1 . 2, S] that the whole ignition process can be viewed as consisting
of two stages. In the first or preheating 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 Hq. (1) (see Ref. (S).

By using the boundary condition of a constant heat flux at the surface, q = — k(t?Y/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) K,
the thermal conductivity k, the heat of reaction Q, and the preexponential factor Z :

<r ~ c H H I ( , = constant. 3)

where T,,(in K) = ATmi!J1 + T,,. where T,, is room temperature ( i n K ) . This- equation in
logarithmic form is as follows :

A
2RTi>

(4)

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

log,th = B + - - 2 log,,-— < 5 >
R , A

where A and B are constants. liquation (4) or (S) 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 temperature inflection as a
function of the heat flux q, which is a lot easier than to measure 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. CO, 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 COj laser beam onto
a detector to monitor beam power, which we calibrate with a beam-power meter
(Seintech # 364).

Deteclor IR scanner

D
co2 laser

Sample

Beam splitter

Alignment
laser

Mirror

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

To avoid problems associated with the optical noises, we position the l.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 l .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, 1.9cm in diameter by 1.0cm
long. We used beam powers of 5 W to 45 W for heating and ignition,

TABLE I

SAMPLE PREPARATION AND IGNITION DATA

Sample #

1 "

2 "
5 '
4"
5 ''
h1

Material

Fc t(),/Al

Fe^/Al
I;e(04/Al
Fe,0,/Al
Fc,(),/Al

Ti/2B

Compact
density
<g/cm ! )

1.70-2.24

2.00
1.85 & 2.42

1.81
1.81
3.00

Laser
power

(W)

10-20

6-10
10-45

18
5

12

Ignition
time
(ms)

6000-50

140-50
-

150-250
250-1 000

1 (K)0

Hehavior

Mostly consistent except
one at low density (1.70).

Very hard to ignite.

(i()od preheat behavior ;
product rermiined intact.

(") Ft1 A (76 .3%, , Fishcr-71 1 545. 44 \im) ; Al (25 .7%, . Kcynolds-s 592-7288, spherical 44 pm).
(') FeA 1/4.7%,, Fisher-. 0.5-1.0 (.im) ; Al (25.5%, . Reynolds-, spherical 44 ^m).
C ) I;cA (76.3%,, Fisher-71 1543, 44 u rn ) ; Al (23 .7%, , Alcoa- 1662-271 1-7-1 , flaked 0.5 x 20 Mm).
(") Fc.O, (74.7%,. Pfizer-R1599, 0.25 um| ; Al ( 2 5 . 3 % , Revnokls-sJ92-7288, spherical 44pm) .
(') t-'e.O, (74.7%, Pfizer-R1299-K3041, 0.15 j.mi) : Al (25.3%,, Valiinet-84-5070. spherical fine, 0.5 |.mi).
(') Ti (68.9%, Unified-1088, 44 u r n ) ; 2R ( 3 1 . 1 %„ Consolidated Astronautics- 1 1 5, crystalline 44 urn).

RHSULTS AND DISCUSSION

In terms of ignitability and thermal responses, all the materials tested arc very sensitive
to such factors as compact density, powder particle size, and (in the case of thermites) the
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type of 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 preheating
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,
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I'itjiire 2. — Rise in temperature of the beam center
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- TolaJ hctit obtained bit integration during laser ignition of Ff
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that during the preheating stage, there is an «apparent heat flux q» impinging on the
surface, and we are thus able to use the theory described to analyze our data.

Figures 2 and i show the temperature and total heat plots, respectively, for the runs
using Fe204/Al (sample # 1, compact density of 1.83 and 1.91) with laser-beam powers of
1 5 and 20 W. The temperature traces follow the responses of inert heating defined by Hq. (1).
The values of (\e calculated from the two sets of plots using the method of Rcf. 5.

In addition, the values of '\\d th are approximated from the plots and shown in
Table 2, along with those from Ref. 5 for FCj04/Al (sample # 2).

TABUi 2
APPROXIMATION OF VALUES OF T,, AND th FROM HI OS. 2 AND i

Sample #

1

2 "

Laser power (W)

15
20

6
S

it, (ms)

840
120
110
47

Tb ( K >

7H7
833
693
704

q (cal/cnr2 .s)

110
322

32
SI

(") I'rom Re!'. S.



Using Kq. (2) or (3), we calculated that the activation energy E for both cases is
approximately (SO kcal/mol, in very good agreement with the value of S6 kcal/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
q (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 Ti/2B fuel. As shown in Fig. 4. the
inflection temperature Th can be seen to be about f > ? 5 ° C , which is very low compared to
a measured value of 1 1() ( )°C when a tungsten coil was used as the heat source [7]. This
is consistent, however, with the fact that the heat flux generated by our laser beam is 5
to 4 orders of magnitude higher than that of a tungsten coil.

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

t
(6)

in which m is approximately 1.8. Note that here t,, may not mean the same thing as t,s 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
laser power.
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i-'igure 4. Temperature o( the beam center ami tola!
heal during laser ignition

of Ti/2Bl6) with a laser power output of 12 W.

h'igure 5. — Correlation of heat
flux and ignition time.

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.f i (17 W and 18.5W
cases). It is interesting to sec that they deviate from the normal pattern, with what appeared
to be an intermediate reaction between normal preheating and ignition. This behavior
appeared to be repeatable. but further study is needed to explain why it occurs.

The other Fe,O4/Al samples tested contained flaked aluminum, which we found to be
quite difficult to ignite, if at al l . 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 S times that absorbed from the 10.SW of laser power. This shows that the
localized reaction contributing to the apparent heat flux is not sufficient to cause sustained
reaction.

(i.T.P.S. - 19H7
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We also tested two types of I ;c2() t /Al (samples # 4 and # 21}). They were erratic, sooty.
and gaseous, and they gave inconsistent data. The gas products from impurities and moisture
rendered the I.R. 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

• Using the inflection temperature T f r(f , ,) on the classical heat transfer equation can be
a valid and simple method to determine the kinetic constants.

• 'IV 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.

• The q values so obtained, however, cannot be used to determine the thermal dilTusivity
of the reactive material.

• 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.

1000

800

600

400

200

G 19 W
••> 17 W

( I Interpolated

0 0.1
Time, s

0.2

Figure f>. — Rise in temperature of the beam center
observed during laser ignition of two. low-densitn.
/'V,O,//W (J) pellets tit a density oj / . / ( / / c u t 1 (40% of
theoretical). Note the occurrence of the intermediate reaction.
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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)/TI'
(pohfti'triifluoroethylene) and B (boron)/KNOi (potassium nitrate) propellants. The burning rates of
both types of propellants were largely dependent on the mixture rutio of the fuel and oxidizer. The
burning rate of Mg/T!' propellants increases with increasing the concentration of My. 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 11-31. The burning rate characteristics oj 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 heterogeneous because the diffusional mixing
oj the gaseous and condensed juel/oxidizer fragments occurs on and above the burning surface 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)/KNO, (potassium nitrate)
propellant. Both pyrotechnics are known to have high combustion potentials used for igniters and
flares.

Research Engineer. Propellants and Explosives Laboratory.
') Chief of Propcllarti Section, Propellants and Explosives laboratory.
' ) Chief Engineer, Propelhmts mui Explosives laboratory.
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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 (r|).
The calculations were done based on the )ANAF Thermochemical Tables [4].
The flame temperature of Mg/TF propellant increases with increasing ^ and reaches the
maximum at £, = 0.33. The flame temperature decreases rapidly as E, increases in the region
of £ > 0.33.

On the other hand, the flame temperature of B/KNO, propellant is the maximum at
r\ 0.1 S. The flame temperature decreases rapidly as \\s in the region of n > 0.1 S.
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1'iyiire 2. — Kurning rate characteristics of Mg/TI'
(Mg particle size: 22 fmi in diam.).
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I'iyure L — AdiabuLic flame temperature of Mg/Ti' and
Ji/K/VOj proiteUant as tt function

at the weight fraction oj Mg (£) or li (tj) at 4 MI'a.

EXPERIMENTAL

Propellant Formulations

Various types of Mg/TF and B/KNO { propellaiits were formulated. The mixture ratio of
the fuel (Mg or li) and the oxidizer (TF or KNO, ) was chosen as a physical parameter. A
small amount of binder (Viton : CSHS sFh 5) 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 camera 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 sample.

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-PtlO%Rh wires (50 urn or S u m 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 propcllant.

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

n ~ d In rjd In p (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 0.4, the burning rate is relatively
pressure insensitive (n — 0 — 0.35) at low pressure region below 2 Ml'a. 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/KNO, 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 r\. The pressure exponent defined by Eq. (1)
is relatively independent of n, and is determined to be n = 0.27 in the boron concentration
range tested (n = 0.2 - 0.8).

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/KNO) propellants are significantly different from those of the Mg/TF propellants.
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(Ham.).

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/KNO5 propellants.
temperature profiles in the combustion waves were measured with micro thermocouples. 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
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decreases with increasing the concentration of fuels at a constant pressure. This is observed
tor 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 evident
that the burning surface temperature of Mg/TF propellants is higher than that of B/KNO,
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 [ J , 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 oxidixer 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/KN05 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 fuel
for both Mg/TF and B/KNO, propellants even though the burning rate of Mg/TF propellants
increases and that of KNO, propellants decreases.
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Presentation
de la theorie
des collisions
moleculaires
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aux reactions
d'allumage
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RESUME

Les collisions moleculaires permettent classiquernent de rendre compte de la cinetique des
reactions en phase gazeuse et des 'phenomenes de catalyse heterocjene. Cette notion a ete etendue
aux reactions d'allumage et de combustion de solides en contact avec une phase gazeuse pour un
certain nombre de cas.

Apres un ruppel de quelques elements de physique et de chimie moleculaire s'appliquant aux
reactions gaz-solide, les premieres bases de cette theorie des collisions moleculaires appliquees aux
reactions d'allumage et de combustion sont exposees. Iss applications realisees et en cours de
realisation sont presentees et un certain nombre d'applications potentielles sont envisaaees.

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'AU-UMAGE ET DE COMBUSTION DES SOLIDES

1. Rappels de physique et de chimie moleculaire

L'etat gazeux est un etat dilue de la matiere ou les N particules formant le gaz sont
agitees d'un mouvement incessant et remplissent le volume disponible. Les interactions
moleculaires y sont generalement faibles. ainsi, dans les conditions normales dc temperature
et de pression le Hbre parcours moyen est de 1'ordre d'une centaine de diametres moleculaires
parcourus en typiquement 10"'" s alors que 1'interaction avec une autre particule dure
typiquement 10~Hs . soit 1/1000 du temps total. Nous appellerons collisions moleculaires
les interactions particulaires ou la nature chimique des particules est inchangee apres
1'interaction et reaction chimique particulaire les interactions acompagnees d'un changement
de la nature chimique des particules.

II existe trois types de collisions moleculaires:

— les collisions elastiques. de loin les plus frequentes avec conservation de la quantite
de mouvement, de 1'energie cinetique et de 1'energie interne des molecules apres
collision;

— les collisions inelastiques qui correspondent a une diminution d'energie cinetique des

G.T.P.S. - 1987

PRESENTATION DE
LA THtiORlE DES
COLLISIONS
MOLfTHI. AIRES
Al'W.lQUf.l- AUX
REACTIONS
D'ALLUMACE ET 1)1-
COMBUSTION



Ci.T.P.S. - 1987 molecules se transformant en augmentation d'energie interne de ces molecules
(vibrations, rotations, transitions clectroniques, etc.);

— et les collisions superelastiqufs qui correspondent a une pertc d'energie interne d'une
molecule correspondant a une augmentation d'energie cinetique des deux molecules
ct/ou a une augmentation d'energie interne d'une autre molecule.

La reaction chimiquc particulaire correspond a une interaction entre plusieurs particules
conduisant a la formation d'une ou plusieurs autres especes chimiques. Dans les reactions
exothermiques qui nous intercssent particulierement en allumage. il y a formation d'une
espece chimique naissante hautement energetiquc ct a duree de vie limitee, qui va conserver
cette energie sous forme d'un exces d'energie interne et en partie d'energie cinetique par
rapport aux molecules de eette espece dans les conditions ambiantcs. L'exeedent d'energie
cinetique de cette molecule active va se repartir par collisions moleculaires a 1'ensemble de
la phase gazeuse. L'exccdcnt d'energie interne de eette molecule active va pouvoir se liberer
suivant plusieurs modes de relaxations:

— emission d'un ou plusieurs photons (dcscxcitation radiat ive);
— collision superelastique avee une ou plusieurs autres particules (desexcitation

collisionnelle).
L'etat solide est un etat condense de la matiere oil les N particules du solide sont en

contact, sont agitees d'un mouvement incessant de vibrations autour de leurs positions
d'equilibre dans une structure rigide. Les interactions moleculaires y sont done suffisamment
fortes pour donner une structure rigide an solide qui limite I'espace disponihle pour une
particule a son volume propre. Pour memoire, nous dirons que 1'etat liquide est assimilable
au solide pour ce qui suit, dans la mesure ou, par rapport a 1'etat solide, la structure dense
du liquide n'est plus rigide et ou I'espace disponible pour une partieule est 1'ensemble du
volume du liquide.

I/ energie totale d'un systeme de N particules est egale a la sommc des energies de
chacune des particules soil:

EM t a ie= 1/2 mVf
K,

I

cnLTgie cinetique
de la partieule i

cnergie interne
de la particule i d'intcraction

L'energie interne de la particule i est connue a une constante additive pres et comprend
des termes d'energies de vibrations, de rotations, electroniques, nucleaircs, etc.

A I'equilibre thermodynamique, la distribution des energies des particules suit une loi
de Boltzmann. Soit «rf le nomhre de particules d'energie superieure ou egale a H, :

N

C'est-a-dire que :
— dans un gaz, nous aurons toujours a 1'equilibrc, nd particules possedant un excedent

d'energie d'au moins Ed = H, - K ,„ par rapport a Em, energie moyenne des particules:
— de meme, dans un solide, nous aurons toujours a I'equilibre n,, molecules possedant

un excedent d'energie d'au moins ]\, par rapport a 1'energic moyenne des molecules
du solide.
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Decomposition d'un solide

Soit Erf 1'cnergie de la reaction prineipale de decomposition d'une molecule de solide et
H, le niveau d'energie de la molecule corrcspondant. Cette decomposition peut etre :

— une vaporisation (sublimation) ;
— une decomposition en partieules plus ou moins simples.

Une molecule du solide a ce niveau d'energie va pouvoir :

— se decomposer;
—- transmcttre tout ou partie de eette energie aux molecules adjacentes.

La probabilite de decomposition de la molecule de solide va dependre dc sa position
dans la structure du solide et de la transmission de 1'cnergie entre les molecules du solide
(conductibilite thermique). Une molecule a la surface du solide aura une probabilite voisine
de 50% de quitter la surface du solide. line molecule a 1'interieur d'un solide homogene.
sans vide ou pourrait exister une phase gazeuse. a une probabilite quasi-nulle de se
decomposer, du fait de rencombrement sterique ct dc la eapacite a recevoir de 1'energie
(capacite thermique) des molecules adjacentes.

Nous avons vu que dans un solide en equilibre thermodynamique, il existe nd molecules



du solide a un niveau d'energie superieur ou egal a K,(. La probabilite dt: destruction des
molecules en surface n'est pas mil, done nous pouvons dire que :

— le solide se decompose intrinsequemcnt en permanence ;
— la vitesse de ccttc decomposition depend du nombre de molecules suffisamment

energetiques pour se decomposer done de la temperature suivant une loi type loi
d'Arrhenius.

Lorsqu'une molecule du solide se decompose en surface, les particulcs correspondant a
cette decomposition sont emises dans la phase gazcuse cntourant le solide. Kn I'absence de
phase gazeusc, les particules emises vont s'eloigner indefiniment du solide. S'il exisle une
phase gazeuse, plusieurs cas se presented!:

— les particules de decomposition sont inactivcs avec la phase gazcusc. Des caleuls dc
simulation montrent qu'au bout de quclques collisions en phase gazeuse, la plupart
des particulcs de decomposition fmissent par entrer en collision avec la surface du
solide. Si les produits de decomposition contienncnt des molecules condensables, eellcs-
ci se condenseront sur le solide en liberant leurs energies de vaporisation par collision
de type superelastique ;

— les particules de decomposition sont snsceptiblcs de rcagir avec la phase gazeuse.
Four une phase gazeuse entierement reactive, un raisonnement elementaire montre
que les reactions avec les produits de decomposition se font en moyenne a .un demi
libre parcours moyen de la surface et que le quart des molecules naissantcs formees
vont impacter la surface du solide lors de la collision suivant la reaction. Si la duree
du trajet est supcrieure au temps de relaxation de la molecule naissante. celle-ci sera
desexcitee au moment de la collision avec le solide et nous aurons une collision
elastique avec le solide. Sinon, la collision avec le solide sera superelastique ct la
molecule naissante, active collisionnellement, se dcsactivera sur les molecules du
solide.

2. Bases actuelles de la theorie des collisions moleculaires appliquee aux reactions d'allumage
et de combustion des solides

Historiquement, cette theorie a etc developpee pour expliquer 1'allumage par amorce des
munitions de petit et moyen calibre. Aussi compte term de ce qui precede, avons nous emis
un certain nombre d'hypothcscs evolutives pour calculer I 'allumage et la combustion d 'un
solide en fonction des resultats de ['experience.

Pour le moment, le calcul esl effectue dans un volume ferine, pouvant etre variable au
cours du temps (tirs en bomhe, tirs en arme). on un ou plusieurs solides sont disperses
d'une fac.on homogene. Ces grains solides vont etre attaques par les molecules condensables
ou gazeuses actives genert-es par la decomposition du solide.

Hypotheses permcttant k calcul

Premiere hypothese : Les molecules condensables sont les plus efficaces pour detruire le
solide. Compte term de la nature particuliere de 1'interlace solide gaz, 1'energie cedee au
solide est integralement utilisee pour decomposer des molecules du solide suivant une reaction
de decomposition « froide » donnant des molecules gazeuses a temperature ambiante.

Deuxieme hypothese; Les molecules actives sont moins efficaces pour detruire le solide
car nous supposons qu'il existe davantage de collisions clastiques de ces molecules avec Ic
solide. Nous definirons un coefficient d'efficacite relative des reactions collisionnelles par
rapport aux reactions de condensation. L'action d'une molecule active se fait sur un nombre
entier ou sur une fraction de molecules solide suivant une reaction de decomposition
« chaude » dans la mesure ou les produits de reaction sont a temperature ambiante rnais ou
existe un excedent d'energie se distribuant sous forme d'energie cinetique de la phase gazeusc,
d'une part, et sous forme d'energie interne de la surface des phases solides, d'autre part. Cct
echauffement dc la surface des solides est pris en compte en udmcttant que cttlf energic
facilite la decomposition du solide et dans le calcul elle est directement rcinjectee dans
1'energie condensable.

Troisieme hypothese : ),e pas de calcul utilise correspond a 1'intervalle de temps t au
bout duquel toutes les molecules condensables et actives presentes dans le systeme a I ' instant
tn auront agi. Ce pas de calcul depend uniquement des caracttristiques geometriques du
systeme.

Quatrieme hypothese : 'Les collisions en phase gazeusc sont, generalcmcnt negligeables
dans la mesure ou les sections eiTicaces des reactions entre gaz et solides sont beaucoup plus
importantes. Seules sont prises en compte les reactivations de molecules en phase gazeuse
par le rayonnement ambiant.

Cinquierne hypothese : La formation des especes chimiques sc fait en supposant 1'existence
d'un equilibre cinetique correspondant a la temperature cinetique du milieu.
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Principe du calcut

Le systeme d'allumage va generer une energie d'allumage dont seule la partie efficace
va etre consideree pour le debut du calcul. Pour un fil chaud, une percussion, cette energie
va etre estimee compte term de la duree de la mise en reaction ct sera consideree comme
une energie de type condensable. Pour un systeme d'allumage type amorce pyrotechnique,
cette energie est calculee et consideree en partie collisionnelle et en partie condensable compte
tenu de la constitution en molecules actives et con den sables de la flamme d'allumage.

L'energie d'allumage efficace, fractionnee ou non sur plusieurs pas de calcul, va agir
sur le solide, ou une fraction du solide, et creer des produits de decomposition qui vont
reagir et creer des molecules condensables et actives qui vont reagir et creer des molecules
condensables et actives qui vont entretenir et developper, quand c'est possible, la combustion.
L'algorithme dc calcul va sc poursuivre en calculant pas par pas la composition chimique
du systeme, sa pression, sa temperature cinetiquc.

3. Apports de cette theorie a la connaissance de 1'allumage et de la combustion des solides

Cette theorie microscopique de 1'allumage permet dc pallier les lacunes des autres theories,
essentiellement macroscopiques, de 1'allumage. Voisiiie des theories de 1'allumage thermique
en phase solide pour un allumage purement thermique (corps chauds, ou rayonncment), elle
rend compte, en plus, de la nature chimique de la phase gazeuse, de 1'echauffement de la
phase solide et des echanges energetiques a I'interface solide-gaz.

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

— d'estimer les processus controlant des difierents stades de 1'allumage ;
— de selectionner des criteres reellement representatifs de 1'allumage par sa teneur en

especes condensables et collisionnelles;
— d'estimer les cinetiques chimiques les plus probables ;
— de tenir compte du non-equilibre thermodynamique de la phase d'allumage et de la

combustion a la surface du grain de poudrc.

Son application est universelle et permet de montrer la difference 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 pulverulente

Dans ce cas particulier, avec deux phases solides, 1'unc oxydantc, 1'autrc reductrice, la
distribution des especes condensables et actives se fait suivant la surface respective de chacune
des phases. Les resultats experimentaux obtenus en allumage par choc sur trois compositions
Zr/KC104 de formulation differente ont etc utilises pour cette modelisation, qui a fait I'objet
d'une communication au 8'' Seminairc International de Pyrotechnic.

Les resultats experimentaux avaient pcrmis de montrer que les reactions principales
choisies pour decrire le systeme impliquaient un partage presque egal de 1'excedent d'energie
collisionnelle entre 1'energie cinetique de la phase gazeuse et 1'energie interne des phases
solides. De plus. 1'evolution calculee des diffcrcnts elements chimiques du systeme etait
confirmee par 1'observation d'un depot de zirconium solide sous sa forme cristalline stable a
haute temperature lors de ['analyse des residus de combustion des tirs.

Cette application n'a pas etc poursuivie par suite de la priorite accordee a la modelisation
de I'allumage moyen calibre.

2. Application a une poudre noire

Dans ce cas particulier de plusieurs phases solides, intimement liees, presentant
macroscopiquement une structure homogene, la distribution des molecules actives se fait en
raison des abondances rnoleculaires des phases solides.

Une premiere application a etc effectuee par I'll.P.S. dans un T.P.A., sans trou, pour
calculer la montee en pression liee a la combustion de la poudre noire. Mais cette application
n'a pas ete poursuivie par suite de la priorite accordee a la modelisation de I'allurnage
moyen calibre.

Ces travaux soiit en cours de reactualisation pour essayer de modeliser ie fonctionnement



des T.P.A. a poudre noire, utilises par les munitions de gros calibre, afin de fournir des
donnees d'entrees plus representatives du fonctionnement reel de ce systeme d'allumage pour
des codes de calcul de balistique interieure biphasique bidimensionnel.

3. Application a 1'allumage et a la combustion d'une charge propulsive dans une arme de
moyen calibre

Cette application a ete presentee lors du dernier Seminaire International de Pyrotechnic (3).
Les elements essentiels de ce code sont resumes dans le tableau suivant:

Elements

Combustion de I'amorce :

— Le programme calcule la combustion de
I'amorce. initiee par une certaine energie de
percussion, et 1'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 complete

de la composition d'allumage.

Combustion de ta poudre propulsive:
— L'allumage de la poudre est realise par des

fractions de C.A. completement brulees ;

— Le grain de poudre propulsive est hetcrogene :
une pellicule mixte formee des produits de
lissage et d'un pourcentage du grain de poudre
(determine experiementalement) qui enveloppe
le reste du grain de poudre;

— L'energie collisionnelle et condensable dispo-
nible se repartit suivant leur nombre entre :
— les grains de poudre intacts ;
— les grains de poudre decapes de la pellicule

de lissage ;
— les grains de poudre partiellement detruils ;
— les grains de poudre detruits.

Observations

Energie de percussion arbitraire (peu d'interet
a priori t,

Allumuge de la composition d'allumage pro-
bable avant la fin de la combustion A"
I'amorce.

de

Combustion simultancc C.A. - poudre propul-
sive vraisemblable ;
Progress!vite de 1'allumage.

Fonction de forme de la poudre prise en
compte.

Notons que ce programme :

— calcule a chaque fois la sortie de I'amorce ;
— calcule a chaque fois la sortie de la composition d'allumage suivant qu'elle soil

pulverulente ou en grains ;
— calcule 1'allumage et la combustion de la charge propulsive quelle que soit sa nature

dans la mesure ou celle-ci est defmie ;
— calcule le mouvement du projectile;
— tient compte de C02, CO. H20 actifs avec une probabilite de creation liee a 1'equilibrc

correspondant a la temperature cinetique du milieu :
— tient compte du taux de molecules activees, renvoyees vers le solide pour le detruire,

ou bien reactivees dans les gaz du canon par un mecanisme d'emission-absorption
pendant la phase de balistique interieure.

Les validations de ces codes en cours sont prometteuses et permettent de penser pouvoir
disposer a court terme d'un outil numerique de modelisation puissant pour calculcr 1'allumage
et la combustion de charges propulsives de moyen calibre.

APPLICATIONS POTENTIELLES DE LA THEORIE DES COLLISIONS MOLECULAIRES

Les apports de cette theorie a la connaissance fondamentale de I'aUumage permettent
d'envisager un grand nombre d'applications potentielles comme celles citees dans la liste non
exhaustive suivante :

— la modelisation de I'aUumage et de la combustion d'une surface reactive (grain de
poudre propulsive, surface a allumer de propergol ou de composition pyrotcchnique
d'allumage, fumigene, eclairante, etc.);
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— la modelisation de hi combustion d'autres compositions pyrotechniques pulverulentes ;
— et la modelisation de la flamme d'une composition pyrotechnique.

L'integration de plusieurs de ces applications elementaires a des applications pratiques
cst en cours de dcvcloppement ou a developper pour les moderations suivantes :

— allumage par choc des compositions pyrotechniques ;
— fbnetionnement d'un sysleme d'allumage moyen calihre :

— en simulaleur d'allumage;
— en armc ;

— fonctionnement d'un tube porle amorce pour I 'a l lumage des canons dc gros calibre ;
— mise au point d'un module de calcul des reactions de combustion des charges propulsives

incorporabies dans les codes dc calculs biphasiques mono on bidimensionncls de halistique
interieure.

D'autres applications elemenlaires sont envisageables. comme :
— la modelisation de la combustion dc compositions pyrotechniques comprimees :
— la modelisation des phenomenes d'erosion thermique dans le canon ;
— la modelisation de la deflagration ;
— la modelisation de la detonation d'un cxplosif condense ;
— la transition deflagration-detonation.

REMERC1EMENTS

Ces travaux out ele realises au litre des conventions if 3/CT/85 et 43/CT/86 du Centre
d'Etudes Techniques Armes el Munitions passees avec le (l.l.A.T.-K.F.A.B.
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ABSTRACT

.Efficient analytical representations of the excess thermodynamic equation of state for a classical
fluid of molecules interacting with the x-exponential-fi potential may be generated by using in place
of the usual three variables a, T,, /;, 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 he slightly but significantly less
accurate than the unmodified ones.

A complete set of coefficients for a 4 * 4 * 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 KKW. JWI. and } C 7 , l j l ] , 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 energy, 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 and co-workers have pioneered the
application of the statistical mechanical approach to explosives [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 [9J.

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 e and the potential minimum rm, by composition-averaged
values ex and r,tll 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 I,evesque [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 THEOS 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 properties 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 inferior 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 a, which determines the steepness. The variations in well-depth energies
e 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 ?.x, rmx and ax [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 a, at reduced
temperature T. = kBT/e and reduced density p. = Nr^/V which is valid over the ranges of
a, T, and p. occurring in detonations, namely

11 14, T. 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 a, T. and p., or with a multinomial in the « natural» set
of variables

I/a, , = 1/T..



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

x = 1/cxp

(1.3)

where

y= ,

z - p *

= a + bgp, - log (a/6 - 1). (1.4)

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

K - 1 L I M - 1

A«/NkBT=

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 (i give representations of the compressibility
factor Z = PV/N&BT and the excess internal energy factor U^/N^T 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

v = y + Rvtx,
d-6)

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 a 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 a-exponential-6 potential is defined by

u(r) = e(6exp[a(l - r/rj] - a(rm/r)6)/(a - 6) r ̂  c (2.1)

u(r) = + oo r < c

when c is a core diameter given by u'(r) = 0, u"(c) < 0. The pair potential appears in the
fundamental statistical mechanical equation for the excess Helmholtz free energy factor
AK;t/NkBT in the form

Pu(r) = 6P * exp [a(l - r/rJl/(a ~ 6) - (3 * Qt(rm/r)V(a - 6), (2,2)

where r = r,, = rj - r, 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 = xs to get

pu(xs) - 6[3*exp[a( l - xs/rm)l/(a - 6) - p * a(rw/xs)h/(a - 6),

= exp-lap - <ocx/r,,,)s| - p * ( l - 6/a)~1(rfn/x)''s~fi,
(2.3)

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

x - aprm/a (2.4)

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

Pu(xs) = exp [»„( 1 - s)] - pV>'~h (2.5)

where P, is a new repulsion-modified R* parameter defined in (1.3). As a consequence of
the scaling, the new molecular coordinates s, = rjv. have to be integrated over the volume
Vla/apr,,,)5, or in other words the new reduced number density variable is

2 = N(otprm/a)VV,

- (ap/ct)'p.

where p. = Nr*,/V is the usual reduced number density.

(2.6)
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The directness and simplicity with which ocp, p., and z appear in the fundamental
equation for F = A,t/NfeBT suggests thatF may be a smooth function of these variables, and
this proves to be the case.

3. MODIFIED CANONICAL VARIABLES

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

x' = I/a;,- l/(a + log p.).

V' - P; = 3.(a/atJ)".

2' = p,(a,Va)!,

and also two rotated modified canonical variables

u = x' + R „,,!/',
v' = .(/' + R'vxx'.

(3.1

3.2)

We choose the modified rotation coefficients as in previous work f I S ] so that at the
mid-point of the ranges of a and T* of interest, the contours of u' and v' are orthogonal.
This enables wider ranges of a ant T* to be compactly represented. The form of equations
is unaffected by the contours of modification, namely

''"'"i (3.3)

4. REPRESENTATION

The choice of the form for F as a function of a[(, p, and z was dictated by : («) the
virial expansion in powers of the density p,, wich suggests that F should be represented by
a polynomial in 2 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 # ^ p\
(c) analysis of the exact second virial coefficient for a exponential repulsive potential which
suggests that F should be represented by a polynomial in x = l/ap f 1 5]. Hence the ansatx (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

,-0 ;-() k~-(l

and determine the coefficient Wiik for the modified rotated variables by the same Tchcbyshcv
optimum interpolation technique [ 1 5]. The compressibility factor 7, is then given by

7, = PV/NfcBT = 1 + z'(d>' + 2'0>;). (4.2)

where

o; = #D'AY = X I Z Hv^
i-O i - - ( ) k 0

and the excess internal energy factor F = U,.r/Nfc,,T by

E = z'[- (x')2<t>; f (1 - kx')y'Q>'H

where

and
K- I I,- I M- I

*«= Z E I
i - D i - O lr-0

(4.3)

(4.4)

(4.S)

(4.6)

and similarly for <t>^. The excess chemical potentials u" can also be expressed analytically in
terms of composition derivatives of cx. r,nx and a,, and of 7,, K and PF/da, which in turn
can be expressed in terms of the derivatives of O'. The modified equations are very similar
to the unmodified ones (see reference I S).



5. RESULTS

The excess Helmholtz free energy factor F(ot, T,, p.) calculated from the WCA/Ree theory
has been fitted to THKOSTARs of orders 3 x J x ? 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 li 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 [1 5], The domain covered is then defined by

The errors
11 < a ^ 14, 2 < T. ̂  100. 0 ^ z or z' ^ I .

51- = F - F, 8Z = 2 - Z, 8K = F - H,

'5.1

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,, zj are given

x + "mm) + -.('Wix ~ Um l [ 1) COS (TU/2pK), (5.2)
2 2

and similarly for i>, and zk, where i = 0 to 2pK, / = 0 to 2pL, k = 0 to 2pM-l. The number
of sample points for given K, L and M is controlled by the value of the number p == 1 ,2 , 5,...
The possible total number of sample points is <2pK + 1) (2pL -I- l ) 2 p M , 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 at, T, and z lying within the domain of interest were used
as actual sample points.

The numerical results of the comparison arc given in Table 1. It is clear that for the
J x J x J 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/NkijT is not very realistic, as we know from the viriul 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 modified variables are always greater than those
for the unmodified variables, but the differences arc small except for the excess internal
energy factor K, 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(«), H/J), 2(a) and 2(b) for the 4 x 4 x 4 THEOSTARs for the
special value a = 13,5. The MC results are from the Lawrence Livermore ( l r> | and C.K.A.
Laboratories [17]. For the compressibility factor / it can be seen that for both the unmodified (R)
and modified (M) variable THKOSTAKs 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 H, 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 Wi)(. occurring in the more accurate
unmodified version of equation (4.1) for 4> = 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 densities.

It is impossible to form any idea of the convergence of the Tchebyshev expansion
underlying the multinomial coefficients in Table 2, so the 64 corresponding Tchebyshev
coefficients Ci)t arc 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
ct-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, p. = 1/T,
and p., of three related variables which are canonical for this potential ocp, 3, 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. Our 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 % 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 i-VARIABLE REPRESENTATION FOR THE EXCESS
HELMHOLTZ FREE ENERGY FACTOR F THE COMPRESSIBILITY FACTOR Z

AND THE EXCESS INTERNAL ENERGY FACTOR E FOR THE RANGES

11 14, T, ^ 100, 0

Variables

Rotated

Modified rotated

Rotated

Modified rotated

Rotated

Modified rotated

Orders

3, 3, 3

1, J. 3

4. 4. 4

4, 4, 4

4. 4, 4

4, 4, 4

Sample
points

90/294

1 50/294

200/648

14S/648

1616/4.624

2445/4.624

Estimated RMS devn.

F

0.0061

0.0223

0.001 3

0.0016

0.0013

0.001 S

2

0.0764

0.1004

0.0096

0.0127

0.009 3

0.0114

E

0.0218

0.1557

0,0042

0.0139

0.0040

0.0131

Probable maximum errors

F

0.0327
(17-99%)

0.0916
(35 .32%)

0.0103
( 0.46%)

0.0089
( 0.24%)

0.0103
( 0.46%)

0.0103
( 2.28%)

Z

0.5347
( 8.36%)

0.5799
(15.73%)

0.0749
( 0.80%)

0.0652
( 0.89%)

0.0939
( 2.03%)

0.0674
( 0.95%)

E

0.1455
(17 .22%)

0.7887
( i l . f - 1 %)

0.0) 5 J
( 1 . 5 5 % >

0.0776
( 3.12%)

0.0353
( 1 -55%)

0.0922
( 3.49%)



TABLE 2

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

11 ^ a < 14, 2 < T. s£ 100, 0 1.

Rotation Coefficients

Multinomial Coefficients

R,,,, = 0.045528 Rvx = - 7.630768

j,k (right-most suffix varies fastest)

6.0673
3.2357

- 2. 7078
- 4.2126

- 102.60
- 115.12

61.646
99.549

752.23
889.35

- 472.93
- 768.72

- 2040.7
- 2411.7

1204.0
1994.5

4.2012
- 3.1662
- 1.7746

.94325

- 63.484
55.266
45.631

- 29.896

419.95
- 467.14
- 353.28

251.44

1058.5
1299.01
930.86

- 696.88

- 1. 5771
- 6.5733
- 2.6811

10.101

21.186
98.282
57.26*
217.28

63.222
- 603.35
- 460.07

1613.6

- 702.42
1472.7
1293.1

- 4061.5

5.0412
4.5891
.12579

- 8.8164

- 49.794
- 62.206
- 2.8719

188.92

91.339
383.34
61.842

- 1391.8

153.84
- 989.66
- 273.61

3467.3

TABLE 3

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

C,jlr (right-most suffix varies fastest)

1.3131
- 1.8S92
.03501
.0054

- .7307
- .1380
.0308
.0049

- .0763
- .0269
.0107
.0019

- .0161
- .0047
.0038
.0008

.7559
- .352
.0403

- .0105

- .3810
.0579
.0229

- .0047

- .0240
.0089
.0044

- .0018

- .0039
.00 3 S
.0016

- .0005

.1355

.0344

.0043
- .0003

- .0948
- .0089
.0026
.0004

- .0000
- .001 1
.0002
.0001

- .0002
.0003
.0002
.0001

.0112

.0131

.0011
- .0002

- .0141
- .0080
- .0004
.0005

.0010
- .0000
- .0002

.0001

.0000

.0000

.0000

.0001
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Roducod density p

T = 20

Tchebyshev orders lt, 4, A (M)
UCA/Ree HSPT results. +

results, n = LLNL i = CE

o.; o.t o.s O.B i . o i.i n i .o i . « 2.0 j.i ?, i it. i.o 5

Reduced dons I t

Tchobyshov crdors 4. 4. k (fl)

i-'igure la. — Reduced temperature
T. isotherms of the compressibility
/actor '/, = PV/NkT as a function
tir redwed density for the M.S-
vxp-f) potential. Solid lines are
THEOSTAR for unmodified va-
riables.

I'igurc I h. Reduced temperature
T. isotherms of the compressibility
factor Z •= PV/NkT as a function
or reduced density for the L3.5-
exp-6 potential. Solid lines are
THEOSTAR for modified variables.

I'iaure 2a. — Reduced temperature
T. isotherms of the excess internal
energy factor l:, = l!/NkT as a
(unction or reduced density for the
I J.S-pxp-A potential. Solid lines
are THEOSTAR (or unmodified
variables.

2i>. — Reduced temperature
T. isotherms of the excess internal
energy factor E = U/NkT as a
function or reduced density fur the
M.S-cxp-A potential. Solid fifip.s
are THEOSTAR for modified va-
riables.
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ABSTRACT

Investigation of
physical and
chemical effects
in energetic
fuel-oxidizer
powder
compositions
II. The influence
of monomolecular
sensitizers

In this series of studies the influence of various intrinsic parameters upon the deflagration vs
detonation manifestation in typical fuel-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 nitrogutmidine 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 2H/72 weight ratio of aluminum and ammonium perchlorate at
various overall densities. The TIGER code was used for this purpose, to assess the Chapman-joitguet
characteristics should such detonation be achieved in the pyrotechnic, Experimentally, stoichiometric
formulations of this pyrotechnic were evaluated in the I.I.T.R.l. «pipe-test » apparatus under the
following conditions: ( I ) a standard as-received formulation of atomized aluminum powder and coarse
ammonium perchlorate and (2) a specially-prepared ground, fine grade of ammonium 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 nitroyuanidine
was increased. 0} 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. I'uture 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
formulations was investigated in fart I of this study series (Tulis, 1986). In timt work it was
concluded that definability required sufficiently small particle sizes of both fuel and oxidizer
constituents and that specific stoichiometry wan 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
cire 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 II 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 formulation 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; i.e., 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 for 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 us 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, Al,05, 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 condensed 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 A120, 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

Percent NQ

0
10
20

0
10
20

0
10
20

Density
Mg/m!

0.6
0.6
0.6

1.0
1.0
1.0

1.4
1.4
1.4

Temperature
K

5969
5403
5049

6018
5313
4855

5934
5163
4658

Pressure
GPa

2.501
2.603
2.762

6.034
6.147
6.396

11.441
11.744
12.113

Detonation
Velocity

km/s

3.509
3.534
3.606

4.432
4.478
4.555

5.396
5.496
5.616

— NOTE: Species below 5 percent
anywhere excluded here.

Figure 1. — TIGER chemical equilibrium
computer calculation product species in
the detonation of 28/72 weight percent
aluminum-ammonium perchlorate pyro-
technic formulation at a density of 20 40 100
I Mg/m' illustrating the influence of
nitroguanidine additive. Weight Percent N i t r o g u a n i d i n e of Formula t ion

EXPERIMENTAL

The experimental tube apparatus, referred to as «p ipe» 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 25.4mm in diameter and 1.016m long. Fiber-optic probes in conjunction
with phototransistor light detectors were placed at 101.6mm 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 urn diameter and commercial-grade ammonium perchlorate with a mass mean
diameter of 138 urn but 30.9 um number mean diameter, and a fine grade using flaked-
aluminum powder with a 3-4 m2/g surface-to-mass ratio (equivalent to about 0.75 urn for a
comparable spherical particle) and a specially-milled ammonium perchlorate with a mass
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mean diameter of 18 urn but 1.1 um 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 ofC4. 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 PRODE

SHEET EXPLOSIVE
DISC FIBER-OPTIC LIGHT

DETECTOR PROBES EXPLOSIVE TEST FORMULATION PIPE CflP

1016mm-

CAHBON-RESISTER SHOCK PRESSURE
AND ARRIVAL TIME GAGES

CONTINUOUS PROBE
( E P O X I E D TO W A L L )

L T E T R Y L B O O S T E R

WOOD SPOOL

ELECTRIC BLASTING CAP

figure 2. — Schematic of the I.LT.R.L « 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

28.0/72.0/00
25.2/64.8/10
22.4/57.6/20

28.0/72.0/00
25.2/64.8/20
22.4/57.6/20

coarse
coarse
coarse

fine
fine
fine

Density, Mg/m'

NQ

0.000
0.134
0.226

0.000
0.086
0.154

AP

1.152
0.868
0.651

0.628
0.556
0.445

Form.

1.600
1.340
1.130

0.872
0.858
0.772

Analytical D, m/s

NQ

.
1978
2347

—
1785
2058

AP

4.109
3345
2762

2700
2506
2208

Form.

4.708
4459
4228

3276
3413
3372

Fxp. D, m/s

Form.

- 488
1604
2428

2831
3230
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 /one, or in actuality
extending the reaction zone well beyond the detonation zone. As discussed earlier, with the
relatively large a luminum 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 ammonium perchlorate react
within the effective detonation /one 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.OSS 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 1 000 m/s greater than the velocities
associated with either the nitroguunidine or ammonium perchlorate alone.

CONCLUSIONS

Aside from demonstrating that very fine particle sixes of energetic fuel-oxidizer formulations
are conducive to detonation, the objective here was to investigate the influence of molecular
explosive additive to pyrotechnic fuel-oxidizer powder formulations. It 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 tha t can be detonated
without sensitizer additive, the nitroguanidine additive allows the detonation to approach
ideal Chapman-|ouguet 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^ 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 0.2 to 5.5 urn for 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 B02.

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, BO2. HBO2, CO and CO2.

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
baron 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
0.275m. 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 1 nm. 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 nm. The rotation frequency could be varied in the range 0-50 Hx. The wavelength
resolution depends on rotation frequency and was in the range of 0.1 um. The spectral
response of the InSb diode begins at 2 um and ends at 5.5 um.

EXPERIMENTAL SETUP

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

In an optical bomb we arc able to burn pyrotechnic materials under various atmospheres
up to l O M P a 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: 1 SO mm inner diameter, 500mm 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 50-150g/s. 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 flameholdcr was installed. In the rear section of the
combustion chamber we put quartz glasses in order to have transmission in the UV-VTS
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. 5 presents a schematic of the experimental arrangement.

RESULTS AND DISCUSSION

First we burnt boron powder of 100 um 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 /one 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 B02 [5]. 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 1 800-2 000 K. The temperature of the propane/air flame was measured by emis-
sion/absorption pyrometry (see fig. 1). In this case we used 2 um particle size. The ignition
of the boron at that temperature was spontaneuos 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 IK 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 um we can identify the BO and B02 molecule bands and at 5 um we observed
the HBOj emission band. Probably a better wavelength resolution would allow to identify
the HBO, band at 2.6 um which overlaps with the H20 - and CO, bands [4].

CONCLUSIONS

The instrumentation for the time resolved spectroscopy in the UV-VTS range delivers one
part of the reaction products like BO and B02. The IR range shows the molecule bands of



In both cases we measured in the ignition region and at the end of the combuslor.
The received spectra seemed to be similar but had different background radiat ion, 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
IK spectrum and consequently showed the efficient burning behaviour of the boron dur ing
the short residence time in the combustion chamber.
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I. INTRODUCTION

For thirty years, an increasing number of thermochemical codes has appeared for computing
detonation products ctjuilUmi: Fortran KKW/ J , 2, 3/. K u / > / / / 4 / . Arpege / S/. Tiger ((•>}, l - . t a r c l 7 j .
and a former one proposed by Tanakaftf. 9, IOJ. These codes are based on different equations of
state <l-..oSl and the available data are generally not sufficient to determine which il.oS is the
most suited to detonation products. Although most of them use BKW i'.o.S, then <'<> ""f .'/'<'/</ t'"'
sunn' results with this l',.o.,S\ we intend to build a new thermochemical code in which
the E.o.S is considered as a general subroutine, easy to change in order to check and compare the
different l:,.o.S. Moreover we wanted to provide data related to detonations but also to combustions.
Hugoniot and Isentrope curves for both condensed and gaseous explosive mixtures (i. e. throughout
an initial density 0 < pl} < 2 000 k g / m l ) . Such an aim raises several difficulties. I'irst. the iterative
procedure which computes the composition must converge for ami mixture with anfi K.o.S.' The
program must see the K.o.S' through parameters whose meaning should be obvious and available
for every E.o.S. Then the K.o.S have to be defined by the same parameters in spite of their specific
basis (empirical or theoritical).

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

II. A UNIVERSAL DESCRIPTION OF EQUATIONS Ol STATE

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

/(P. V. T) = 0 ( 1 )

However it is most commonly used in the form where the pressure is given explicitly :

P = / (V , Tl (2|

It is the case of most theoritical H.o.S which come from statistical mechanics. So we keep
this form and propose to define a common dimension less parameter :

- cr lV. T) =
I'V

«RT
Applying this relationship to mixtures,

a - a(V, T, ,v, (4)

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

density.

I") /Vcsc/Jl adress : Aerospatiale. Diration Technique SDT;I', /i. P. l><i. 7X7 f J /j'.s Mureaux (.'edex, France.
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Chemical equilibrium calculations require partial derivatives of a. \£t us denote:

(S)

= A
V^i/V.T.X/X,

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

P<D = (CT - l )dV/V

and

<!>T = T

0

a, rfV/V

a, dV/V

Superscript

P - a(V, T. r,) nRT/V

E - K"(P, T) t nRT O-,

S - S"(P, T) + nR(<D + <D r)

u, = M'.'(P, T) - RT(0> - fc - I ,na)

0 » denotes the ideal gas part of each function :

E"<P, T) - £x,(P, T) E'^T)
i

S"(P. T) - £x,(P,T)S ( , '(T}-nR(I,n(P/P*) + ̂
! I

u(/(P, T) = Fl,'(T) + RT I,n(P/P*) +• RT ],n X.

(8)

(9)

(10)

( 1 1 )

(U)

(M)

(14)

(15)

7)

H','(T). S"(T), F"(T) and P* are respectively the internal energy, entropy, Gibbs free energy,
available in thermotables [11, 12| and reference pressure P* = 1 atm.

Equation ( 1 1 ) 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 ( ))(V0 - V)/2 - 0 (18)

One needs the entropy S for the calculation of the isentrope while the chemical potential
(jij 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, a is not defined explicitely but may he calculated,
solving

o(P. V, T) - PV/nRT - 0 (19)

andgiven V and T. Although slightly more complicated for this E.o.S, ov. cr-r, a,, O, <I>T

may he easily obtained from equations (5) to (10) [13].
All these considerations hold for any E.o.S given by analytical means. It provides usefu

informations aimed at the comparison of several E.o.S throughout a similarly basec
investigation. Eor instance, we have previously shown [14] that aT is linked to the repulsive
intermolecular potential and that an hard-sphere E.o.S corresponds to o, = 0.

III. 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 Qua tuo r [ lS j 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 = n</RT (20)

The mass balance equations yield :

( IA0)(X,,)+ f 'A .KX,) = (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 , ) - (A.HAf'MG,,) (22)

and the equilibrium composition requires:

(Y) = (0) (23)

The successive steps of the procedure are as follows :
. 1. Choose (X,)

2. Calculate (X0) as stated by equation (21)

3. Calculate (G0), (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 :

where a ~ 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) - En - (P(V, T) + P0)(V(] - V)/2 = 0 (25)

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

V0 V
- 0 (26)

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

D - V0((P - P,,)/(Vn- V)) I / J (27)

Then we obtain the isentrope curve in solving the temperature-based relationship :

S(V, T) - SC|. = 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.o.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 Janaf
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(3.T.P.S. - 1987 Thermo tables [11] in the polynomial form proposed by Gordon and McBride|12| which are
more recent and might he 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 |i|
are presented. Let us recall that A, B, C, 1), E, K, I , , M, N, O and Q, R, S, T, U, 7. are
defined by the least squares method along the isuntrope through the following relations:

En P '= A + B Ln V + C(Ln V)* + I)(Ln V)! + E(Ln V)4

Ln(E + 7.) = K + L Ln P + M(Ln P)2 + N(Ln P)1 + 0(En P)4

Ln T = Q + R Ln V + S(Ln V)2 + T(Ln V)! + II(Ln V)4

(P : Mbar ; V : cm'/g ; E : Mbar cm!/g ; T: K ; Z = 0.1)

(29)

(30)

(51)

These constants are then available for their use in numerical simulations.
The explosives that are compared in this paper are Tetranitromethane (TNM).

Nitroglycerine (NC) and Hydrazine Nitrate (HN) due to the lack of solid carbon among their
detonation products. Would this latter specie be present the calculation had required a
particular E.o.S for solid carbon hence the difficulty for checking the validity.

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

On the basis of the different E.o.S figure 1 and 2 exhibits the C.j. 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 be expected with these two E.o.S.

The P(v) isentropes (Fig. 1) arc 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 10% discrepancy on the C.J. pressure can be observed in the case of NC and HN.

On the contrary, Fig. 2 exhibits temperatures cither at the C.J. point or along the
isentropes that strongly depend upon the equation of stale. H 9 and KHT lead to the best
agreement in the neighbourhood of the C.J. point. This is due to the fact that both arc-
based on an inverse intermolecular repulsive potential hearing the same exponent (nine). As
it is already known BKW E.o.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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TABU- 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]).

TNM

NG

HN

H 9

A = - 4.280620115
B = - 3.011019138
C = .1124708810
D = - .1694668345
E = - .0630145901

K = - 1.666365125
L = .3646225105
M = .0470173808
N '= - .0014352759
0 = - .0005965856

Q = 6.565259640
R = - 1.276866907
S = - 1.051595434
T = - 1.575787905
U = - .8078009840

A = - 3.534907845
B = - 2.479251496
C = .3464349921
D - .0357501666
F. = .0195218915

K = - 1.672675152
L - .4751886180
M - .0374925661
N = - .0021693602
0 = - .0004272069

Q = 7.889103588
R = - .3961135191
S = .1065702126
T = - .0555261626
U = - .0071869566

A - - 3.711863381
B = - 3.044191481
C = .3563810545
D - .1805628365
E = .1497075594

K = - 1.786093606
L - .5021025588
M = .0262252044
N = - .0085042771
O - - .0010521089

Q = 6.559702171
R = - 1.152482479
S = - .4427679628
T = - .7727760076
U = - .4849627278

H 12

A - - 4.320025340
B = - 2.946665041
C = .3839143011
D = .0332025141
F = .0329646168

K - - 1.658361657
L = .3999306101
M = .0756886888
N - .0066979071
O = .0002135919

Q = 6.883323797
R = - .8513860751
S = .2322337027
T = - .0738580483
U = - .0253807275

A = - 3.568450562
B - - 2.481624539
C = .4095446616
D - .0049255341
E = .0061778174

K = - 1.685379249
L = .4731851401
M = .0444175729
N = - .0004744610
0 = - .0003063659

Q = 7.975086490
R = - .4341184443
S = .1449014896
T = - .0758886469
U - .0018096408

A - - 3.756026461
B - - 3.081082247
C = .3413020144
D - .333173807

E - .0556859775

K - - 1.790190481
L = .5125535110
M = .0400567902
N = - .0049507723
O - - .0007381559

Q - 6.880107287
R = - .9492883383
S = .2034828207
T = - .0429695146
U - .0200564491

BKW

A = - 4.207641758
B - - 2.936667323
C = .2607489824
D = .1671962738
E = .0962172448

K = - 1.636642474
L - .3899644464
M - .0538112595
N = - .0002725757
0 - - .0005087673

Q = 6.431044697
R = - 1.110120773
S - - .5190649032
T - - .5347025394
U = - .2974077463

A = - 3.413152979
B - - 2.414879579
C = .2496580840
D = - .0106714631
E = .0063720950

K = - 1.652372931
L = .4814600789
M = .0296578117
N - - .0023626096
0 - - .0003235143

Q = 7.702534341
R = - .4314598859
S = .0477029630
T = - .0101413017
U = - .0405702010

A = - 3.662269919
B = - 2.974912159
C - .2884048223
D = .2227259427
E = .1390262506

K = - 1.756004162
L = .5090364296
M - .0190617498
N = - .0104161745
0 = - .0011952148

Q = 6.468095317
R = - 1.187944412
S - - .7241932749
T = - .7472924590
U - - .4204218387
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ABSTRACT

Determination
of the
Performance
of Ignition
Powders

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 f.Vt'J,
blackpowder and of ignition propellants containing the main components of black powder like benite
strands, N.S.P. imd N.K.I*, propellants.

In order to improve the energy of the igniters mentioned, more energetic ignition mixtures
should be taken into consideration instead ot black powder. Mixtures of interest could be
boron/potassium nitrate (tt/KSOt). zirconium/barium nitrate </,r/lia(\() J, and zirconium hy-
dride/barium nitrate ( Z r H , / B a ( N O i ) , ) , etc.

Based on these components, modijied 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 {lame temperature, heal of
explosion and the phase changes oj some main reaction products.

The ignition efficiency was tested in a closed bomb.

1. INTRODUCTION

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

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. I-'or future propellants. for example for nitramine propellants or for
non-hypergolic liquid gun propellants. we need a higher energetic igniter material because oj the
higher activation energy of those propellants.

In earlier investigations, the ignition delay time of gun propellants by using ignition mixtures
consisting of black powder, boron potassium nitrate, zirconium barium nitrate and others has been
measured/1, 2, 1,4], 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 TIIK INVESTIGATION

In order to improve ignition mixtures consisting of nitrocellulose (N.C.). or ignition
propellants like nitrocellulose propellanls 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 ignit ion
propellants and modified benite strands. Instead of black powder we used more energetic
mixtures based on

— Boron/Potassium Nitrate { l i / K N O , ) ,
— Zirconium/Barium Nitrate (Xr /Ha(N() , | .
— Zirconium hydrogen/Barium Nitrate (/r!L/Ba(NOi),.
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1. THERMODYNAMIC CALCULATIONS

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

The Ihermochemical calculation of B/KNO, shows e.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 / K N O ,
(AXM-I), Xr/Ba(NO,), (AXM-2), N.S.P.-S-52o and bcnitc strands, see Table I.

We see an outstanding temperature value for the mixture Xr/Ba(NO,| . on the one side
and for the heat of explosion of the B/KNO j mix tu re on the other side.

This means, using those mixtures for producing so-called modified N.S.I', grains or benite
strands, would certainly lead to much more efficient igniter materials as we can see in
Table 2 which contains the results of the modified igniters, containing 50 % and 40 %
nitrocellulose. In both cases the Xr containing igniters show the highest temperatures, whereas
the B/KNO, containing mixtures exhibits the highest heat of explosion.

4. CLOSED VESSEL EXPERIMENTS

The experiments 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 j and Z r / B a ( N O , ) / a s follows: AZM-1. AXM-2,
AXM-3. see Table 3.

Using the basic mixtures AXM-1 and A X M - J . several ignition mixtures were produced
with different amounts of nitrocellulose (N .C . ) between i % and 30% of N.C.. see Table 4.

5.2. Granulated ignition propellanls

Additionally, granulated propellants were manufactured using a solvent process with a
different amount of boron and 40% of N.C"., see Table S. Also X r / B a ( N O s ) . > containing
propellants with 20 % and 40% of N.C'. were produced. Table 6.

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

5 . 5 . 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.I1, propellants consist of propellant grains with a geometry of 1.4 x 1.4mm. see
table 8.

Benite strands on the otfier hand, consist of strands wi th 254mm in length and 2.0mm
in diameter, see table 4.

6. RESULTS

h . l . Basic ignition mixtures and mixtures eonlaining different amounts of N.C.

The basic ignition mixtures exhibit ignition delay times of 10 to 14 milliseconds ( ins) as
can be seen in table 10. Between B/KNO, and Xr/Ba(N() j )_ , mixtures, there is no distinct
difference in the (Mime, even there is a large difference in flame temperature. On the other
hand, the heat of explosion of B/KNOS containing mixtures is much larger then calculated



for Xr/Ba(NO,)2 . With increased content of N.C.. ignition delay time increases, at first slowly,
later more definetly. The same holds for Xr/Ba(N() ( | j containing mixtures, see table 1 1.

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 A/M-5/40 N.C. with a boron content of only 9 % and
an oxygen balance of — 14,4%. see 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 Xr/Ba(NO,)j containing granulated igniters, the 20% N.C. containing
propellant A7M-6 is more effective than the 40% N.C. containing one (A/M-7), see table
12 and figure 4.

The 7rH2 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 done in producing nitrocellulose component igniters (N.S.I ' .). The
original N.S.P. are containing

ea
ca
ca
ca

30% N.C.
68 % Mlack Powder Components ( 7 5 % KNO,. 15% Charcoal. 10 % S)

1 % Akurdite
1 % Dibutylphtalate

Starting from these composition, we replaced black powder by the more energetic material
B/KNOj and 7r/Ba(NOs)i and produced a granulated propellant, a so-called modified N.S.P.
propellant, using a pressing process. Cylindrical propellant grains, 1 .4mm long and 1 .4mm
in diameter, were produced.

The ignition efficiency can be seen in table M : All igniters

— AZM-10/20 N.C. (B/KNO,).
— AZM-11/30 N.C. (B/KNOJ and
— ATM-\ 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 2 5 4 m m in length
and-2.Omm in diameter.

ms

A/M-15 /MO N.C. (B/KNO,) 23 + 2
AZM-14/30 N.C. (Xr /Ba (N( ) ( ) , ) 36 + 3
Original Benite Strands (75 /15 /10) 46 + 3

The benite strands based on B/KNO { were more effective than those with Zr /BafNOj) . , . see
table 14. The reason 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

— Ignition mixtures based on B/KNO, and Zr/Ba(NO,)3 and ZrH, /Ba(NO,) 2 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/KNOS and Zr /Ba(NOj) 2 ' 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 Xr/Ba(NO,)2 exhibited a better ignition efficiency than the conventional
nitrocellulose component powders, containing the black powder components (N.S.P.-
S-52r>), and the conventional benite strands.
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TABLE 1

THHRMODYNAM1C IMTA OF BASIC IGNITERS

i K-Schwar/pulver
B/KNO (AZM-1)
Xr/Ba{NO,). (AXM-2)
N.S.P.-S 526
Original Benite Strands

T
[Kl

2 180
2 900
4 US
2 400
2 500

0,,
f l / t l ]

2 9 1 5
8 558
4 141
5 0 5 1
5 55 J

i-;.
WG\2

340
598
492
S74

Condensed reaction products
< 1 500 K | %|

52.5
90
79.4
15.1

29.6

TABI.li 2

THI-RMODYNAMIC DATA ()!•' M O D I K I K I ) N.S.I'. AND BENITK STRANDS

AZM-21 (N.S.P.)
(B/KNO ,/!()% N.C.)
A/M-22 (N.S.I1. }
(Zr/Ba-N/30% N.C.)
AZM-21 (Benite)
(B/KNO,/40% N.C.)
AXM-24 (Benite)
(Zr/Ba-N/40% N.C.)

T
IK|

2 870

3 (.10

5 140

5 76d

0,,
U/c-l

8 555

5 785

8 181

4 1 3 1

Es
U/C]

SS6

645

70S

71 J

Condensed reaction products
< 1 500 K [ % ]

86.6

S4.0

76.5

47.0

TABLE i

BASIC K1NITER MIXTURES WITHOUT NITROCELLULOSE (N.C.

A/M-1

AZM-2

26.5 % B
7 5 . 7 % KNO,

14.5 %, Zr
41.2 % Ba(NO,) ,
1 3 . 7 % Nitroyuanidi i i f (Nigu)
8.6% PhO,

14.0 % Xr
46.0%, l 5 a ( N < ) ( ) .
10.0%, Nigu
10.0% I'bO,

TABLE 4

BASIC ICN1TER MIXTURES WITH NITROCELLULOSE (N.C.

AZM-1/N.C.

AZM-3/NC

AZM-1 (B/KNO,)
mit 3. 8, 1 5 , 20 und SO % N.C. ( 1 3 . 3 S % N )

AZM-1 (Zr /Ua(NOi) ,}
mit 5 , 8, 15. 20 uni! 10% N.C. ( 1 1 . 1 5 % N )



TABU? 5

B/KNO rK3NITERS WITH 40% NITROCELLULOSE (N.C.) (13 .1 % N)

AZM-4/40 N.C.

AZM-5/40 N.C1.

1 5.8 % B
44.2% KNO,
(O.S% Akardite ll|

9.4% B
50.6% KNO,
(0.5% Akardite II]

TABU; f>
Zr/RatNO^-ICiNITERS WITH 20% AND 40% NITROCELLULOSE (N.C.

AZM-6/20 N.C.

AZM-7/40 N.C.

20.0% N.C. (12.2 % N)
25.0%, Xr
32.0%, Ba(NO, ) ,
l f » . 5% Nitroguanidine
6.0%, PbOj
(0.5% Akardite II)

40.0% N.C. ( M . I % N)
20.4 % Zr
27.6%, B a ( N O , ) j

6.0 %) Nitroguanidine
6.0% PbO,
(O .S% Akardite II)

TABLE 7

ZrH2/Ba(NO t)r^NITHRS WITH 20% AND 40% NITROCELLULOSE (N.C.

AZM-8/20 N.C.

AZM-9/40 N.C.

N.C. ( 1 2 . 2 N )
ZrH, (V|
Ba(NO, l ,
Nitroguanidine
1'bOj
Akarditc II)

N.C. ( M . I % N )
Z r l l . ( V )

Nitroguanidine
PbO,
Akardite I I )

V = Fa.Ventron

TABLE 8

MODIFIED N.S.P.-KiNITERS WITH B/KNO, 20% AND Xr/Ba(N05j

AZM-10/20 N.C.

AZM-11/30 N.C.

AZM-12/20 N.C.

20%, N.C. ( 1 2 . 2 % , N)
80% Basic Mixture AXM-1 (B/KNO,)

30% N.C. ( 1 2 . 2 % N)
70% Basic Mixture AZM-1 ( B / K N O , )

20% N.C. (12.2%, N )
80% Basic Mixture AZM-2 (Zr /Ba(NO,)>

TABLE 9

MODIFIED BENITE STRANDS WITH B/KNO, 20% AND Zr/Ba<N05)2

AZM-13/30 N.C.

AZM-14/30 N.C.

30% N.C. (M.I % N)
70%, Basic Mixture A/M-I (B /KNO,)

30% N.C. (13 .1% N)
70% Basic Mixture AZM-2 (Zr/Ba(NO,),)
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TABLE 10

THERMOCHEMICAL CALCULATIONS AND BALLISTIC BOMB RESULTS (TrTTMES)

Igniter

AZM-1

AZM-2

AZM-3

ATM- 1 /N.C.
(13.35% N)

3 % N.C.

8 % N.C.

1 5 % N.C.

20% N.C.

30% N.C.

Basic Mixture

B/KNO,

Zr/BafNO,),

Zr/Ba(NOj)2

Oj-Balance

"/7o

- 29.30

2.50

0.25

- 29.23

- 29.26

- 29.28

- 29.28

- 29.31

Flame
Temperature

K

2 900

4 335

4 2 5 7

2 927

2 971

3032

3075

3 155

Heat of
Explosion

)/t;
8 55S

4 141

4 105

8 796

9 146

9 323

9 151

8 848

Ballistic Bomb
T2-Time

MS

14 ± 2

10 ± 1

12 ± 1

15 ± 1

16 ± 4

16 ± 1

17 ±2

22 ± 1

TABLE 11

THERMOCHEMICAL CALCULATIONS AND BALLISTIC BOMB RESULTS
OF AZM-3 WITHOUT AND WITH N.C.

Igniter

AZM-3

AZM-3/N.C.
( 1 3 . 3 5 % N )

3 % N.C.

S % N.C.

1 5 % N.C.

20% N.C.

30 % N.C.

Basic Mixture

Zr/Ba(NO,),

O2-BaIance

°//o

- 0.25

- 1 . 1 5

- 2.59

- 4.64

- 6.10

- 9.03

Flame
Temperature

K

4 2 5 7

4 2 1 5

4 155

4080

4 0 3 1

3 9 3 9

Heat of
Explosion

I/O

4 105

4 132

4 147

4 169

4 185

4 2 1 7

T2-Time

MS

12 ± 1

18 ± 1

19 ± 3

22 ± 2

25 ± 2

25 ± 2

TABLE 12

THERMOCHEMICAL CALCULATIONS AND BALLISTIC BOMB RESULTS

AZM-4/40 N.C.

AZM-5/40 N.C.

AZM-6/20 N.C.

AZM-7/40 N.C.

AZM-8/20 N.C.

AZM-9/40 N.C.

B/KNO,

B/KNO ,

Zr/BafNO,),

Z/BatNO,),

ZrH2/Ba(NO,)2

ZrH2/BA(NOj)2

°//o

- 31.1

- 14.4

- 12.3

- I 1.8

- 14.9

- 17.1

K

3 157

3 704

3 771

3 785

3 382

3 377

Qe*

Calc. Meas.

I/G

8228

6 355

3 933

4 124

3 534

3 754

-

-

-

-

3 609

3 630

MS

26 ± 2

42 ± 4

15 ± 2

27 ± 2

53 ± 3

43 ± 3

Figure I. — Thermochemical calculation of B/KNO>: Jsochortc flame temperature,
heat of explosion and phase change of B and BN,

Figure 2. — Pressure-lime plot and ignition delay (T,-Time).


