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PREFACE

SMALL SOLID PROPELLANT ROCKETS FOR FIELD USE

The specialists ’ meeting is devoted to technological problems associated with
propulsion systems of advanced small rocket motors for anti-tank , anti-aircraft , and light
artillery rockets. After specification of the requirements for the three types of weapon
systems , problems of systems development will be discussed including the optimization and
matching of propulsion systems as well as new methods for control amid thrust vectoring.
High energy solid propellants and ignition problems will be reviewed. A discussion of mi -
portant problems of application, such as noise and shock effects on the gunner , will
terminate the sessions.

PETITS MOTEURS FUSEES A POUDRE L’EMPLOI
SUR LE CHAMP DE BATAILLE

Ce’te reunion de spCcialistes sera consacrée aux probièmes technologiques que posent
les systèmes propulsifs des petits moteurs de conception avancée destmnes aux roquettes
anticliars, anti-aCriennes et d’artillerie légère. Les conditions requises pour ces trois types
de systCmes d’armes seront tout d’abord définis; puis seront présentés les problêmes lies
a Ia phase de dCveloppement , en particulier J’optimisation et l’adaptat ion des syst èmes
propulsifs , ainsi que les nouvelles mCthodes de commande et de deviation de jet . II sera
procCdé ensuite a un tour d’horizon des propergols solides hautement energétiques et des
problémes d’allumage. Enfin, un examen de certains problémes majeurs d’application tels
que I’impact du bruit et de Ia seeousse sur le tireur, cloturera Ia reunion.
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LES ROQUETTES D’AV IAT ION - CONTRA INTES INHEKENTES

A LEUR U’TILISATION

Cla ude SRN(EISSKN
Ing enieur en Chef t4es Etudem et Techn i ques d’Arnement

.3ection Arm enients Missiles
Service Technique A~ ronaut l que
4 , avenue de Ia Porte d’Issy
75996 PARIS A RMEES

rren cc

SOMMAIRE

Cet expos4 concern e l’ utilisation des roquettes non guid~ es en aviation. Ii couporte dpux parties:

La prumm i~ re partie est une pr~sentation soimesaire des roquettes Ct de leura conditions d’utilisation :
Lea roquettes d’aviation sont des project iles autopropula~ s, enipenn4s, non guides , tfr i~s è partir d’avion ,
Le t ir s’elfectue en lé ger p ique ~ des distances variant de aOOm ~ 3000n melon le type de roquettes.

La deu xi~me partie eat une anal yse des contraintes inh.~rentes a l’ empioi ~ part ir d’avton .
File co~sporte: des considhations g4n~ rales sur lea avantages et inconv~nients de cc type de munition
(coOt modCré , puissance de frappe appr~ ciable , mats l’avion doit s’exposer pendant Ic tir),une discussion
sur its contraintes d’e~nplo i qut conditionnent Ic choix des caract’tristi ques , Ct des pr~cisions sur lea
conditions d’environnernen t et de fonctionnreient è partir d’avion: si~curit~ de fonctionnement , temp .~r.’ture
en vol etc...

1. - SITUATI ON DR L ’EXPOSE

Get exposi~ a pour but de pr~ senter lea roquettes non guid~ es uttlts~ es en aviation , de pr~ci ser lea
conditions ‘bans lesquelles cites sont uttlis~ es et d’~mettre certaines conaidi

trations qui conditionnent
leur d~ finition et cell e de leur propulseur. Ces conaid6rations ne relavent pas de It’ techn ique des propulseurs
mats des conditions pt ’rticult~’res d’ emp loi ~m partir d’evion .

2. - PRECISION S StiR LES ROQUETTES D’AVIATION FT LEUR UTILISATION

2.1. - Pr~sentatton de Is roquette
La roquette eat un projectile autopropuls~ , empenn*~, non guide . File se compose:

- d ’ un propulseur ,
- d’une tgte muil itaire de form e ogivaie fit ’~ e sur Ic fond avant du propulseur ,
- d ’ un enpennage 1 l’arrière.
L’ensemble form e un projectile a~ rodynami que stable.

Ii existe une grande dtversit~ de roquettes d’aviatton dont lea caract’~risti quea mont tr~ s vt’riables
des p lus petites aux p lus grosses: (voir eremp ies fi g. 1).
les calibres vont de 37nmn a l35vmmi ,
les masses varient de 1kg 1 SOtig pour les projectiles coup le ts
er dc 0,5 Kg a 25Kg pour Its propulseurs ,
l ea impulsion s sp~ cifi ques vont de 45 daN.s , I 3000daN.s,
les temps de combustion vont de 0,25 s et 2 s.
Les roquettes de moyen calibre (lOmms environ) sont lea plus r4pandues.

2.2. - Condi tions d’ enmport sur :vion
Lea roquetm .ea sont g4nhalunenc emporths dana des lanceurs accroch4s sous lea points d’ emport dont

son monie s lea voilures d’avion pour i’ accrochage do charges ext4rieures uiverses telles que les bombes,
lea r*d lervoirs aupp l4mentaires,etc .. (voir exempie uig.2).

Lea lanceurs sont g~nira l emnent constttuh de plusicurs tubes para l1~~l es raa semb l~ s en tin seul corp s
t u .e14 pour offr ir one moindre trainee.

Chaque tube contien t uric roquette. La roquette est munie d’un einpennage rep l iable pour pouvoir R tr e
logh dans Ic tube. A Ia misc I Ecu , Ic tube sert de rampe de guidage, A is sort ie do tube , l’ mipennage me
d~p loIe , la roquet te a alors ma configuration de vol .

II existe dc noembreux types de lance-roquettes de capscittds trls va r it es pour convenir aux divermes
po .s ib i l t t 4s des points d’cmport de voilure. (Voir exeamples fig.)).

L.e l onceurs de gros calibres contiennent en g~n~ ra i de 6 ~ 6 roquettes.
Lea lanceur s de petits calibres oft des capacLtt~a p l us va r t~emi :

lea lanceur. de 18 roquettem de 68n,e ou 19 roquettes de 2,75” mont Irs p l us r~pandu s mats il existe aus~ t
un la nceur fran ç sis de 36 roquettea de 6Anni.

2.3, - Conditions tie tir I partir d~avion
Les roquettes soft aujourd ’hui r4serv .t es ~ un usage AIR-SOL.
Le tir s ’ef fectue eli I~~ger p ique, l’avion se dirigeant vers l’ objectif . Lea conditions de vol su

tir soft g~n4ralement lea •utva nmeiz
- vitesse avion : comprise entre 400 Nt ci 600 Nt
- ang le dr pi qu4 i 200 environ
- d is tanc e di t S r  : ent re 8O~ n et 1S0~ mi pour Ics roquettes de pet i t  ci moyen calibre

entre lSOtSm ci 3000m pour lea roquettes de grom calibres.
Li pi lot. et fec tu .  Ii misc en direction de l’avion en pointant , aur l’obje ct i f , on r4ticu le de ion

v iscur de t ir ,

.-
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L.a roquettea de moyen ou petit calibre soft t ir~es en salve pour que I. probPbi1it~ d’ a t t e i nt e  tic
l’objectif ott 1. couverture de Ia tone trait~ e soit convenable.

2.4. - L.a objectifa et lee t~ tea mtlttxtree
Lea objectifa peuvent ~tre Coit pontuels (v~hicu iea i.o1~~a) anit one zone comprenant plusicurs vt~h1-

cules ou des personnels.
L.a objectil. de p lus grandes dimensions coesne lea vedettes marines , lea  bsteaux , lee abri. d’avion ,

l ea hang ars, lea ~clust ’s, lea radars etc nkcsaiten t l’ tssploi It’ grosses roquertea .
Lea t~ tes mili ta i res uti l isées mon t de p lus ieurs types :
- totes I charge creuse pour l’at taque d~ blindage (chars ou autres v~hicu Ies , biind~ a),
— t~ tes I d iet d’4clsts ~~ I iléchettea pour I’ at taque de v~hf cu les  non btirri~ sou fa t bie.nent

blindés sinai que de personnel.,
- t~ tes de demolition I pouvoir perforant pour l’ attaque d’objectifs ‘d ora” avec des roquettes de

gros ccltbre .
II existe aussi d’autres t~ tes pour des usages mom s r4pandus:
- t~ tea ltiiig~nes pour Ic marquage d’ obj e c t i f s ,
- t~ tea ~clairantes pour 1~~ cl airage d’objectifa de nuit ,
- t~ tea I “chaffs” pour Ic leurrage dc radars.

3. - CONSIDERATIONS SUE L’EMP LO I - REPE R CUSSION SUIt LA DEFINITION

3.1. - Conaid4rationa g~o4ralea
Lea condi t ions d’~~ ploi dc Ia roçuettc , tir en pique I faible distance , obli ge l ’ avion I m ’expoaer

a ux d~ fenses adverses C’est II i ’inconvhiie,it msjeur de cc type d’ arment qut pr.tsente par contre l ’ avan-
cage d’offrir une force de frappe appr~ciab’e pour un coOt re lativement faible. La sec herche du moindre
coOt cc l’au~ nentatirn des distances de tSr pour limiter Is vuln~~rxbi iit~ de l’ avion , sof t deux soucia
constants qui plaent aur Ia d~ linition de Ia roquette au moment dc ma conception.

3.2. — Cons id~ rations sur Ic choix des principole s caract~ risriq~es
Les csrecthisti ques principates dc Ia roquette et do propuiseur , masse, dimensions , lo t  de poussh

r4su ltent d’ un comupromia I 4tablir pour satiafaire au mieux plusieurs co . t ra in tes  contradictoires , I
savoir:
- me eflicacet4 terisinale unitatre auffisante 5
- une capacit~ d’ enport sur avion optimale ,
— une probabilit4 d’at teinte convena ble I Ia plus grande distance tie tir possible ,
- un coOt modéré.

Consid~rations sur l’eff icac i t4  terminale
Ce sof t les caracthisti quea de Ia ~harge utile I transporter , Ia tate mi litatre , qu i d~ term inent Ic

type de roquette , peti te , mnyenne Ou grosse , et donc Ic type de propuiseur.
C’ est i’ sf f t cacit~ termina le qut doit poss~ der ‘15 t Rte milita~ re qui f ix e sea ca ract t~risti ques . On

cherche notai.nent , en tSr ponctuel , 1 cc que Ic coup au but d’ une seu le roquette soit  d~ cis i f .  La masse
minimal. d~ Is tate es~ sinai fix~e, maia aussi Ic calibre pour les t Rtes I charge creuse 00 la vitesse
te rmutnale pour l~ s tRtea de p4n4tt’ation. L pr opuiseur ea t op timis~ autour de is tate correspondent I Ia
miss ion prin c i p a l e, cepndant , Ic mane propulseur doit ~tre oussi capable tie recevoir d’autres types de
t Rtea correspondant I des missions secondaires ,

Opttmisation de is capacitê d’etnport tie I’avion
Pour optimiser Ia ca pac it4 d’ mmmport de l’svion ou minitniser lea p~na lisations de sea performances ,

it y a int~ rRt 1 cc que Ia masse unitaire de Ia roquette ioU Is plus faible possible dana lx mesure o~i
son efIicactt~ ,.erminale unitaire eat assur4e.

A Ia maase totale disponible donn4e, Ic maxim~ n de roquettes peuvent ~tre ainsi emport~ es I capacit~
donn4e, Ia masse et Ic voloue des lanceurs peuvent Itre nminimis~ e.

Recherche de is plus grande dtstance dc tir
Af in de limiter Ia vulnhabilité tie l’ avion t ire ur, on s ’e lforce de tirer du plus loin possible.

Cependant , Is probabilit~ d a tt ein te tie I ’ objectif d4croissant rapidenment lorsque Ia distance augtnente ,une
limit. eat vita attetnte pour que I. tir reste efficace. Deux caract4ristiques tie la roquette peuvettt Itre
opttmisées pour a~ l iorer cette probabilit4 d’atteinte: ii s ’ag!t du tmnps tie parcours et de Is dispersion
propre tie is roquette ,

Toutes choses ~galcs par ailleura , on recherche lea tentps de parcoura lea plus courts posstblea .
Les erreura de tir dues au vent sontainsi r4duUes. Dc plus lea erreurs de tir resultant d’une mauvaise
appreciation de Ia distance ti e tir par Ic pilote sont d’autant plus faiblea que Ia trajectoire eat tendue.
Toui lee avions, en~~ fet , ne sont pa. munia d’une conduite de tir sophistiquCe or pour des raiaons ~cono-
miqu.s, I. roqatette dolt Rt re one munition banaliaee. Kite dolt donc pouvoir Itre tirêe I partir d’avion
ne poasCdant qu ’une conduite tie tir rudimentaire :un s imple collimateur r4gld pour des conditions moyennes
d. t ic.

La recherche d’ une dispersion propre acceptable tmpoee auast des contraintes parttcultlres pour Is
roquett. et son propulseur. La dispersion propre de Ia roquette dCpend en grande pan ic de la stabili t4
aCrodyn ique. Zn effet lea oscillation s de l ’ sxe longitudinal de Ia roquette, donc de l ’ axe d. pouss4e
du p ropul se u r , introdui sen t des composant . tren sver salea de Ia pou saCe qui soft des causes do pertubationa
iaportsntes de is trajectoire. Ces oacitlat ion s doivent donc Rtre amortie, rapidement . Pour cels , certaines
relations entre Ic. caractCniati ques aCrodynamiqucs , donc dimensionne llea , cc massi quea ( cen t ra ge, tnertie)
doivcn t $tr. re .pectCe ..

3.3. — Contrainte s relative s sux conditions tie Lonctionnement 1 p artir d ’avion

Contrainte s Clectrtgues
La mis. I fsu du propu laeur doit Rtre effec tuCe I part ir tie I’Cnergie ~Iectr t que con tinue tie l ’avion

fourni. par Is g~nCration tie bond. Ses carac t4n is tiques sonti valeur nominate tie is tension 28 vol ts ,
va le ur minimal. : 22 volts.

La durC . d’ appl tc a tio n du coursnt , conumandh par lea tnte rv slloml tres tie Ut des lanceura , ne
d4 pass e p.s 15 m t ll i..condee dan. c.rtains cas de tSr I cadence ClevCe .
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Conditions ambiant~~ au d r
Condition s tie presaion

Les tt rs a ’nt effectu~ s I faible altitude su—dessus du aol , cependant pour permettre de tra lte r totis
lea objectits , y comepris ceux qui pourrai ent so t rouver en altitude , Ic propu lseur tioit pouvoir fonctionner
normalenment pour des pressions exthieurea comprises entre Is pression I I’ alt itude de R000m ~ Ia press ion
so n iveau tie la mer.

Conditions tie tempCratures
La temp~ rature au tir depend des conditions d’emport qui pr~ ctden t Ic dir. De I’ examen do c~~ condi-

tions (voir paragraphe 3,6.) ii ressort que le propulseur dolt fonctionner normalement entr o It’s t etnp.~ra-
tures tie - 40°C Ct + 100°C.

La tempi~rature haute correspond I des conditions extremes qui pourraient ~t ro roit c~
, ’~tr i~es par tem pa

chaud par des avions I hautes performances et grande autonocrie . FIle concern e p lus spt~cialeme nt lea avion s
futurs . Actu ellmnent , Is temp hature maximale pour laquel le Ic fonctionnemen t norma l ties mat .~riels ex is tant
est assurC est tie 70°C environ .

Lea variation s tie performances du propulaeur en fonction tie Ia tmnpCraturee doivent Itre prat i quement
iti sens ibies au niveau tie Is balisti que exthieure tie Is roquette pour ne pas rmnettro en tause Ic r~ glage
du viseur de tir dans tout le domaine d’etnploi en temp~ rature.

ContpatibilitC avec l’avion tireur
S~ curtt~ de l ’ avion.

La sCc urttC tie l’ avion tireur eat un imp érat if  abso lui . Des pri~cautions parttcuIi~ res doivent ètre
pris es pour ~viter tout f~nct ionnmn en t inte,npestif do propulseur ou toute exp losion I Ia misc I feu:

— I’ allum eur doit gtre insensible aux effets des rayonnements ~Iectromagn *~ti ques 00 t r)ut aui t res
parasites ~lectr iques pouvant apparaitre par d~ charge d’~~lectr icit~ stat ique

— Ic propu lseur doit presenter un grand coefficient tie st~curitC vis it via des surpression s internes .
Ii doit pouvoir supporter sans exploser , dans tout Ic dotnaine d’ etnploi en tempt~rature , ties surpress ion s
cons~ cut ives it des d~ gradations do chargmnent tie proporgol ou it toute autre cause.

Projection s arrtlres at’ tir
Les project ions , I I’alltinage , tie corps so lides suscepti bies dq dCt eriorer les t~I~ unents de l’ avion ,

voi lure, mnpennage , fuselage , sit~ u~s en arrière do lance roquettes doivent ~tre ~vitt~es.
Cocnpatibilit~ avec lea moteurs tie l’ avion

Les gaz Cjectés par le propulseur peuvent Itre absorb~s par lea moteurs de l’ avion . Des d.krochages
do compresseur voire l ’ extinction lu moteur peuvent alors Se produire. Fort heureusement lea condition tie
tir des roquettes ne sont pas des conditions de vol o~l les moteurs Sont sensibles it ces pht~nonu~nes . Des
problInies peuvenc cependant exister au tir tie grosses roquettes.

Ef f e t s  corrosils des gaz ~jec t~ s,
Dans l:i mesure du possible , on dolt s’efforcer de limiter les effets corrosifs des gaz d’~~jection .

Ceux-ci provoquent cii effet la dkhioration rapide des ~Iêments de l ’ avion pIac.~s dana leur si llag e , t els
que lea car~nagea des pyl ônes , les prises ~ lect r i ques de liaison du pyi8ne au lanceur , etc...

3.4. - Contraintes 4~environnesnent pendant is pht.se d’emport q~j~~rt~c~ de Ic tir
La roqoette ot Ic propulseur doivent pouvoir supporter sans damage les conditions d’environnernent

propre I is phase d’ mnport qui pr CcCde Ic t ir .
P l u m  pr~cis~ment , ils devront supporter:
- lea vibrations tie vol ,
— les temp Cratures en vol ,
- lea pressions ,
- Is traversE~e de nuagesou de zones tie pluie.
En cc qut con.~ern e les temperatures , les précisions soivantes doivent ~tre apportée s:
Lea tempCraturea soft liCes au profit du vol. Lea pro tils tie vol des missions “d’ at taque roqoettes ”

soft d~temint~s par lea critIres suivants:
— au-deasua du territoire anti, I’avion pourra voler I haute altitude , it Ia tropopause , so rCg ime

econotsique. Ces conditions tie vo~ lu i assureront on plus grand rayon d’action et one navigation p ius ais~ e.
— au..desaus du terr i toire ennemi, l’ avion volena it Ia plus basse altitude et it Ia plus grande vitess e

posstbies , compatibles avec sea moyens tie navigation et son autoncanie.
Scion Ia position tie Ia base tie dCpart et tie l’ objectif , le vol s ’e f fectuera en part ie it haute alti-

tude et en partic ou en totatit~ I basse a l titude.
Le tableau cL-dessoua donne pour differentes conditions tie vol, lea t enmp Cratures de parol d’un corp s

p lacC dat e Un Ccoulmmi ent d’air .

i O ,8 I I 

I haute - 65°C — 41°C - 35°C - 28°C — 20°C — 11°C

altitude

+ 15°C + 48°C + 57°C + 67°C 4. 78°C + 90°C
base. I I I t I I I

I altitude + 20•C + 54°C + 63°C + 730C + 840C + 96°C

+ 30°C + 65°C + 74°C + 84°C + 964C +108°C

I 16°C ~ . % ~~~~~~c c  +120°C~~

Øs eat Ia t~mpCrature stati qu. I I’altitutie tiu vol N: cit Ic nombre de Mach de l” cou lenent
Dans lea lanceurs I tubes , 1.. roquette s ne lon t pa. direct enent p lac Ces dana t ’Ccou lenent aC*otiyna—

miqu.. Eltea n ’stteindront donc I.. tenmpCratures indiquCea ci-dessus qu’sprls un retard p lus ou moth s
long, fonction tic leur propre inentie thermique et de cell. do lancsur. Ccaspte ten u de cci considC rstions ,
Is pl age tie tsiap Cra ture I considCrcr , dan . laqu e lle les propu lseurs doiven~~ nCa cn ten un fonctionnwmert t no.-
mel ests-40° C + 100 C.
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La limtt e haute qui suppose tin vol prolonge it basse altitude et grande vitease , n ’est pa. atte inte
avec lea avion s ac t  ue ls  mais d I e  c cmtporte one marge pour l’ avenir.

Un autre typ t d’échauffetnent part iculier it I’ esnport en t ube eat aussi I signaler: II est provoquf
par des mouveinents de convection de l’ air dans la partie vide ito tube situee en avant de Ia tate tie la
roquette , Iorsque cell e-ci est en retrait tie Ia si’c- tton avant do tube . çet t~chauffement est tr~s rapide
et t r~a important. II dtpend tie Is position tie In roquette dane Ic tub~ 7de Ia vi tesse de I’Ccouleauent
aérodynam ique. Ce ph~nomIne eat trls sensible sur les petit s c,tlibrea ma Ss n ’int~ resse pas le a gros cu ll —
b res tie 10(~rsn ou pius. Des tempm~ratures tie 200°C ant ~te mesurees en vol so ntveau d’ Ia tgte sur ties
roquettes do 68m de calibre , I une vitesse de 530 Kt.

On se protIge do ces phCriotalnes en obturant le tube I l’avant. La roquette doit alors traverser
Ia protection au tir .

3. 5. — Contraintea Iiu4es au stockage, et aux manip3j lat ions
Lea propulseurs doivent supporter sans damages lea conditions d’envi ronnemen t partic ul ilrea au

scockage et aux manipulations. Plus precisement , ils devr ’nt supporter:
— los vartat iou~~de temperatures journa lt Ires et saisonni Ires pendant t oute is duree tie leur vie ,
— les secousses et les vibration s tic transport par camion , chemin de Icr ou bateau ,
- les chocs consecutifc aux mani pulation s en ønballage Hendant los chargetnents et d~chargeinents ,
— lea chocs sur roquerte nue consécutifs aux operation s ~deatocka ge Pt tie pr~paration d’ une mis’ ton ,
— l’exposicion it l’ air satin.
u s  doivent pouvoir supporter , ~ventueIlement avec donmiages , mais sans mettr e en cause Ia a~ cur itu

des chutes accidentelles toujours possibies en utiliSatlon .

3.6. — Duree tie vie
La dur~e ne do lt pas ~tre infhieure 1 10 ans en climat tesapere. Au bout tie cette p~ rtode , les

propulseurs doivent pouvoir encore fonctionner en toute sr~curitL

6~ - CONCLUSION - PERSPECTIVES D’AVENIR

Du f~ it des progrès des tit fcnses anti—aerienne s rapproch~es des ob lec tifs so sol , I’ ut ili sation
ties roquettes classi quea d’ u’vixtion ccnnporte des risques accrus pour l’ avion tircur , dana lea condition s
actu elles d’ enup lc’i.

La d~ termination tie nouvelles condition s d’emploi , 00 l’adjonction tie dispos~ tif s tie guidage
rustiqocs permettant le tit it p lus grande distance , sand des solution s susceptibies tie rt~soutire cc
pr~ bI~’ue .
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£10.2 AVION JACUAR EQUIPE DE 4 LANCE-~0QUFTT’ZS tie 36 roquette . de 68 tins

sous les points d’emport tie voilure .
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A l’ rrri Irc de gauche it droi te : - lance- roquettes tie 100 tint 1 6 roquettes
- lance-roquette s de 68 tinn it 36 roquettes
- Iance-roqu.ttcs dc 68 rica d’ ent r.’tnerne nt it 6 roq uet tes

A l’ avant tie gauche I t i rc it e  : - lance-roquettes it cdne friable (c6ne avant dArro ntt~)
lance ’- roquettes de 5” 1 4 roq uet tes
lance-roquer tea tie 2,75” it 19 roquet tea

FlC. 3 FVXFMPLRS DI! LANCF.-ROQUETTFS



SPECIPICATI~ NS DF.S SYSTENEil OF. PRO~fl.3I N
DES ROQUE’1°t~ES Awr I-CEARS

per
Alain Poorni.r

Direction Technique dos A rmemants T.rro. t r..
Etsbiissesont Techniqu. tie B ut-g.e
Centre Technique A rmos it ~in itions

Carrefour di zCro—gord
Root. tie Guetry

18015 Bourges
Prance

RESUME

Lee propulseurs d’ sccClCr.tion des futures roquettes anti—chars tievi-ont utilisor on prope r~ol
do preeslon do fonctionnoment ~levCe avec on coefficient de to.p4rature acceptable pour l’e.ploi tout
t..1,s, do vitosse do combustion sussi ClovCe qus possible, tie sensibiiitC it la combustion Crouive
dim inuCe par rapport I coils doe prope rgols actuels.

Ii eat aCcossair. dana lee future progracmee do mettre davantage l’accent sur lea caractCristiqu.a
tie d1scr~tion via it vie do i’enneaj ot tie gIno pour~c8tC s.ai sinai quo sur lee caractCristiqu .s do
fiabiiltó et tie coat,

LISTE DES SYMBOLES trElLISES.

Cd : coefficient do debit du propuiceur (dane is forinulo debit flu — Cd . P~ At)lap : lapulsion sp~cifique do prope rgol
L i guseur 6u tube 6. lancement
P : pression do fonctionnoment
N : masse do propergol br~iC correspondent it is vitosse V
Mo maca. thu projoctile correspondent 1 is Vitoase V
S : sire do is eection droito intCrieuro disponibie pour is chargemont propuleif
T : dur~e de combustion
V vitesse du projectile en fin tie combustion
g : acc4lC ration do is pesantour
1 : longueur dusponiblo pour 1. chargement propulsif
in : logsr~thme nC$rien
(3 : rapport d’aotoeerrsge (rapport do is surfsce do passage teroinale do chargoment A p I is surface

au col do tuyIre At)
masse volumique du proporgol

Nous none lisitorons dana cit ezpos~ aui propuiaeurs d’accCiCrutlon c’sst I dire atax propuiseunecosportant on soul Ctage do propulsion it 1 court, tiur~s do combustion tell ceuz utilieCs dane losare.. i~gbr.s sntichar du type roquette St a~5ooi~s 1 un. tlt. ailitsire constituC. en g~nCral par
one charge oreuae.

Ce. propulsion doivent en principe r~pondr. sux en t Ire. sui vants concirnant

— i.e performances : . portC e utile tie co.b t
eff ic*oitC torminal.
enco•bre.ent
poids

— is fiabiii~~ . probabilitC di bon fonotionnessnt it en psrticuii.r d’aliuaage I on instant
donit4
dur~. do vie minimal, (conservation ties performances initial..) en stoøk..g.

— is sCounitC : - edretC di l’eaploi
djscr~tion vi. I vii do l’.nnee.j
absence do g n e  pour l’entoure.g. tie J.’utilieateur

— 1. codt . m acable do systB.e armas St unlt ions

Moos ixamine ron. succ...ivemant los con t raint .s imposC.s nota~aent su propsrgol par ces dtffCronts
cr5 tIns..

Pour cc qul concern. lee performances

Ia roquette set placCe dsne un tub. tie lanoe•.nt do longu.ur L St on .y.tit. . do mis. I feu dlelsncho
1. fonctionno..nt tiu propuiseur. La roquett. set accCiIr~. dane 1. tubo it 1. quitte sv.c une viteese
V . Ii it g~nIrs1emant adais quo is coabuation do propule.ur dolt Stro tcrsln~o lorsquo 1. roquett. sort
thu tub. afin quo I. ttr.ur no recoiv. pee lee jots ti. gas du propulseur

11 en r~eulte iss~diat.mant une condition su r la du r~e tie fonotionn...nt T do propulsour qul ii
.1 I’acc~ lCrst1on 1st constant, pout $tre r.prOsntC. par is relation T —



C.tt. rolation n’e.t qu ’approchCe loraque J.’accClCrstion n’oet pa. constante mate eli. traduit
ciaire•.nt dana tous lea cas ia facon dont van e is dorée ti e combustion en fonotiout di ia longuour
du tube it do is vitoase do sortie.

Ii est d’sutre part b u n  connu qu’en l’ absenco 4. guidag., ia probabiiitC d’attointe eat liCe it
is durée di trajet do projectile qui doit rector so dessoue d’ une cortaine vsleur.

La propulsion additionnolle sur trajectoire po rzet di rCduire cotto dorée do trajet male all.
introduit sos-toot ii 1. gain do vitesse set grand on faction di eensibii itC so vent lateral .

Ii y aura donc toujours intCr4 t pour augmenter is portCe utile di combat des roqu.tte. anticha re
I augmenter is vite.ae initisle ci qul conduit 1 recherchor is diminution do is durCe tie combustion
do propulseur d’aocCiCration puieque 1. longueur do tube no pout croltre indCfiniment .

Xl faut donc rechercher eimultsnCment one diminution do Ia durCe do combustion ties propsuiss ’urs
at one augmontation do is vitesse dee roquettes. Nous aiions montrer quo Ce. condition. .e contrsrtent
ce qui rend le probiitine trIs difficilo et h aiti ho. progrIs quo l’ on pourra faire pour cc qul concerto
lee propulsion d’accCiCrstion par rapport aux réslisations actuolles telles quo is roquette antichar
françsi.e AC 89 module £1 dont Ia vitaoeo initialo eat do 300 rn/s env iron.

Exseinons 1. problitse do ia rCduction di is dunCe do combustion .

Los v ito sses do combustion des propergols dont on dispose ectualiesent en Prance sont himitCes it
des valour. tie l’or’iro de 30 ma/s Dour des pressions tie 2’V~ I 4~) )  bare . I) ~x Ss t e  en étude ties oron.r—
gols dotes tie vitiese do combustion eopCrisure mats aeuls so nt CvoquCs id las proporgoh. bo.ologuCe aysnt
doe bonn.. earactCnistiques rnCcaniquoe at dent le coefficient do tompCreture oat faible .

Ii en rC.ulte que lea Cpaie.eurs di proporgols cent trIe faibles~0,75 mm dane 10 C5~ du charge.ont
propulsif do l’AC 89 qui brdle par lea deisi faces .

Co. chargemante aont Cgaleaent carsctCnisCs per uno grand. surface di cosbuation. II eat en effet
nCceessiro do gCnCroz- do gros debit. gaseux pour obtenir los pous aCis et 1.. niveaux d’accCi~rstlon
roquis.

Si l’on a4outo I cea ceractCrtatiquem lea conditions sCvIr.s i.pos4ss par i’emploi comae munitions
d’infanterie, (fonetionno~ent I haute at baa.. teapCratur oe , chutes , vibratione, stockage do campagne
etc...) ain.i qua is condition nCcessaire do tenue it one accClCration do piusteurs miiliera di g, on
i.agine aieCmont is difficulté du probilme ot 1~. efforts d’ingCniositC dCployC s qui sont sttostCs par
do no.breux brovote.

Ii eat d’sutro part eCceacaire tie progreleer dens is connaissanc. ti es mCcsnismite tie combustion 6.
ces charg esents it courts dur Ce di combiuetion. Dana co type di ohargement is place tie co. bustio n in
régime permanent cit tr ls brIve , parfoie, pre.qu ’ inexi etsxtt e ( roquettes antichar) ot l’ enaemble ti e is
co mbustion cit alors rCgi par los phases transitoire. (allumage du chargement , vide~. do prop ulsour ) .
L’ objectif eat d’Ctablir un moditie do cosbus tio n qui puts .. pormittre do prC’voir lee performances de
ci type do propulaour on tenant compte des effets do combazetion Croeive it d’instationnanitC d.
1’ Ccouui.ent.

Ii eat donc pout •tre poseiblo d’ a5Cliorer encore l’ src hitocture des cbarge..nte propulsifs ats
los réalisat ions sctuoiles prCaontent dCjl it cit Cgard do~ performances satisfaisant.e .

On pout peneer cependant que ia problIme set-alt •Cniou.oaent siaplifiC e ’ul Cta it possible di
disposer ti e propergol. I itesac do combustion ot prop niCtCe sCceniquee •upCrieures .

Augmentation tie is v it eeae initialo

La vit eese V d’wi projectile sutop rop uleC it Clement non hargabie act donnée par is forwule

V — g .  Isp .ln (i + ...!L.. )
Mo

Ii rCaults iaeCdisteaent di cett. fotsulu que l’on pourra augmenter ls vitospo en sugmentant Isp
00 N ou on rCdul.ant Nb.

I.e sons di variation indique dono lip axes d’efforts . Ii oat soubaitabie di dtmtnuer Is mass,
transportC. o ust I dire allCger is t$t. ailitaire ot ii cot-pu di propulsour. L’allIg.sint du is tit.
mili taire no d.vant psi s’eff.ctoor su detriment do son efficacitC ii u t  probable vu los progrle
rCalisés pur isa blindage. quo lea gains offectif. di masse soront peu significstifs .

Pour ii propo rgol 11 oat souhaitable d’augs.nt.r 1’Iapulsion SpCcifiqui it is mace. do chdnloment
propul.if. La presl lro condition oat Cvid.nte , Is deuxilme 4ri te d’ltre comaentCo

On pout .ontre r on .ffit soyennant certainos hypothlees siaplifiestricee quo is mace. N do ps-o-
pus-gel petit Itre ezprt.Ce p.r ls formuli suivant.

N.

~~.

Cd J ’T
A calibre donsnC,S est one fonction dCcroisea nto ii is pneesion tie fonctiontt..ent.

Do cetti for.ulo 11 est possible do dCduire hem rC.ultsts suivsnts ha mass. 4. poodre dIes-ott
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sYnc 1. ~trée in Ctm b - at~ ~ a -gr’- ’ te avec Ia prossi~ 4p foflctjunnosent.

P~tur on v~~l uae rn.~ 1 .~ rat sr. • Xe soase tie poudre 1. plus forte eat obtenu . pour le minimu m
de iongueur.

La rasse Ia poud ro augment. avac 1. masse volusique du propergoi it lorequej~~, donc is aenbii itC
I is co~b~u, j ’n 4r~s~ ve rilmin ue .

L’ augeentat lon tie pr sslon qu~ perme t d’ sccrottre is masse do poudre entraine Cvidemmont un slour—
diaaem.nt tie is masse ii. l’onyeioppo donc u t  effet antagonist.. Ii oct vraiaemblable qua pour lea
petite. roquettes ar tichars i’optimu m Ic pruselon a. situe I one velour assez CievCo comprise entro
~1Ü et 1 000 bare .

A tttre d exempie dee caicule effectuCe sor l’AC 89 avec doe hypothIsa trIs simplifies., it longuour
do tu be do lancement  conctante ~1onc on maintenant le prodoit (VT) constant , donnent one preesion
optimal. d’environ 8-1 bars at un gain do v itea se initi s le d’ env i ron 15% avec one augmentation do is
densitC do chargement d’envlrvt n 3O~ at on aiourdiasement du projectile do i’ord re do 20% .

En défjnjtjve lee &mCiiorati~ ns do performances doe roquettes antichars indCpendammont doe progrbs
aur los t*tee ailitairem eont condltionnCas par des progrIs sur lea propergoic portant sur

— l’sugmentation tie l’impulelon spCcifique.
— i’augmontation tie la masse volumique.
— l’augrrrentstion tie is preasion tie fonctionnemont (en reetant dana on domaine do fonctionnement it

toutee temperatures).
— l’au gmanta tlon do ia v i te~ee do cosbuetion.
— is diminution de is aen.~b1iltC 1 is combo.tion Crosivo (dl.lnutlon du 000fflciont/3 acceptablo).

Pour l’aliCgeaent dea structures (corp. do propulseus-, tuyIre, empennage . . ) donc do is masse
tranaportCe ii oat bien evident qu ’ii fsiile utiiieer des matCriaux it haute rési stance spCcifique
( rapport do is limit. Claatique 1 is ma... voiumiqu4 Ot pout penser, quo vu los dunCes do combuation
tree courtea envieagCoa , is tenue it is flasme ne dolt pee presenter do groe probil.... Lee matiriaux
composite. fiismontaires sinai quo doe matCriaux comma 10 titano pouvent , 1 cot Igard, •tru tree
intCreseant. .
La fiabilitC at is sCcuritC .

L’ augmentation dee performances des propergols conduit-c sane doute intro autrea 1 i’oaploi
d oxydante plus CnergCtiq uee, do produ ita do granulooltrie plus fine , do nouveaux additife. DC. lot-s
ii psra!t evident que certain. problCmoa comae coax 116. it is fiabilitC et it is eCcuritC du système
d’arme so poceront avec davantage d’ acol tC tel.

— is compatibuiitC des ClCmente do propergol entre sux at avec lie ClCments conetitutifs do
propul.oor, qui a ties consequences directas aur Is dunCe tie vie so stockage .

— l’aptitude du propergol I tranaiter do is dCfiagration I is detonation los-s d’agreaaions tells.
quo l’incundie , lee impact. tie projectilea, los dCtonations proohes. - . avec ieure consequences cur
ii aurutC d’empioi.

— is d~acrCtion vi. it vie do l’ennemi pour Cviter 1. repCrage lu point di tin par lea fumCes, i.e
(isaac. ou le bruit.

— is gIno pour 10 tireur at lee sorvants par ii bruit , lee effete tie eouffie , et laura Cventuelio.
conaCquencos thermique., lea projections srriI:ea directes (debris du ey.tIme d’aliu.sge, particulee
do propergol imbrOlles) it ind irectes (sable ,cailloux soulevCs du aol par is souffle do propuleour) .

Lu programme optimum correspond it on coaprcais entre lea caractIristiquee techniques, Cconomiqu,a
et opC rationnellos .

Atm do pouvoir faire cc choir en toute connaiassnci do cause ii pat-aft souhaitabie d’ ontreprendre
doe Ctudos complCrnenta ires. Cee etudes devnaiont porter sur is gCnCration doe bruits et dee fiammes ,
i.e moyens 4. lee rlduire ot is dCtorsination duo max imum admiesib les .

0. mIme 11 conviend ralt d’exaainer plus compibtisent les effota tie souffle it de projection our
Ic tireur at sur l’envlronnement de is pièce.

L’ objectif est d’Ctsblir des specifications dCfiniasant lea niveaux acceptable. pour 1. tireur
et son entou rage tie cos divers offet s environnant des propulseur., spCcificatlona qul dovrainet Itre
pr ices en com pti par ii bureau d ’Ct ude lore tie is conc.ption des prop uiseors .

De tell., Ctude. devraisnt peraettri de dlfinir i.e poesib il itC di tin dsnu des configurations
perticullInes (tir on cave , devan t un sun etc...) et 1. gabsrit do sCcurit C arriIro pour le. tire en
terrain tilcouvort.

I.e cotit

Ii sombio Cvidint que is eatiefsction do ci. diffCr.ntia contrsintes conduise I one majorstion du
pt-I. du propulseur. Il cat eouhaitabi . cep .ndan t quo cut uep .ct soi t prCe.nt dane 1’.epni t dee ooncep—
tour. lore du choir par exeaple tie matCnisux nouvosux ou des proc~dCe 4. •tao en oeu,re.

~n c~nc lueion on petit dire pour ci qut cocce rne 1. propu~aeor d ’ accClCrat ion des fti tur.s Joquett i.
antichare qu’ll devrs ut ilis er on propirgol do pression do fonct ionni ..nt IlevIe (aupCrieune it 500 bars)
sv,c tim coefficient do tempe rature acceptsbio pour l’e.pioi tout tispe, de vitessi tie co .bust bon aueei
Iiev~ quo po aible . do s.netbilitC it is combustion Crooiv. diainuCo par rapport it cciii des propergols
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actuels.

Ii eat nCcessaire dans lee future programmes do mottre davanteg. l accint sos- lee caractCristiques
do discretion vis it via tie l ennemi et do gIn. pour is ctitC sat — cette amelioration no concernant pa.seuie.ent ii proporgol, mais l’eneesblo do propuleour notsasent ii. inhibitours do combustion et los
protection. ther miques — sinai qua eon lea csractCristiques do fiabilitC at tie cotit.

Ii no faut p.s s ’ sttentire cepondant cospto—tenu doe contraintea InonoCee plus haut it une augmen-
tation considCrsble des viteeses de sos-tie do tube tie iancem.nt. Il airs donc nCceasaire pour lee
grandus portCes d~uti~ j5e~ one propulsion additionnoile avoc Crentuelismont one correction do is
traj ectoire .

t
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DEVELOPMENT OF A X3MALL ~OL]D 1’ku~ ELLANT
RUC K E T MOTO R FOR FLEXIBI.E RANGE RE JlHEME ~XT~i

by

W a lt e r  Helmut  D i e s lr g vr
Dyn ami t  Nobe l  AG , EG —FG

W a l t h e rat r a s a e  ~3O
D-5000 Köln 80

Ge nsa my

SUNMA r~i

The converit ienal light artillery rocket ham the following drawbacks:

— The rat i~ of minimum to maximum range is about .6 and ~thould be smaller.

— Near minimum range trajectories cause large longitudinal dispersions.

- The thrust program is far from optimum for maximum range .

Thr~se disadvantages may be avoided to some extent by a solid propellant rocket mo-tor witE two Iropulaive charges and two independent thrust periods of equal thrust l~ —
vels . The charges are ignited in sequence by an electronic timing circuit at a preth —
termined time of delay for optimum results e. g. one cf the fol]owing alternatives:

— max imum range,

— minimum range ,

— :~.vourslle ballistic data at impact ,

- ~~gh velocity trajectory for minimum dispersion.

‘lEe feasibility of much a rocket motor has been demonstrated by software , hardware
and ~ucce~~ful flight tests. Application of this concept to other missiles may be ad-vantageous , too.

NOTATIONS

A altitude
A1. a’rodynamic refererce area

~Oi~zle thr at area
d diameter of missile
D aerodynamic drag

‘tot total impulse
launching mass

mb born out mass
propellant mass

M Mach number
Ft range
t flight timo
t~ 0~ total flight time
tL burning time of rocket engine

time delay between ignition of the first and the second charge of a dual
impulse motor

T thrust
average thruot , thrust level

V tangential velocity on flight path
V mean velocity

elevation of launcher
w for

Thr- studies have been sponsored in part by the Ministry of Defence of the Federa l
~ieputill of Germa ny



appr eviatlons:

DIE dual impu icr~ motor
LAR I I i~~Iit arti Ilery rocket (oriv~ ntional), irut gen~-ratior
I iY— LA R II li,~ht artillery r-o~~ket , 2n d ~~ n t - t i on ,  w i t z ~ DIM pl’ p U l a i O n

oubu crxpt s :

I first thrust phase
2 second thrust phase

minimum value
max maximum v a l u e

1. ~~Tioi)DU T 1DN

Progress in solid propellant rocket technology dur i n g  the las t  f i v e  y e ar s  has beerS
e u r u i d r ab le .  M e t h o d s  fo r  control  of th rus t  v e c t o r  and  t h rus t  progran have  been dev e l o p e d
‘ , 2,  3 1 it; a d d i t i on  to  new compos i te  pro~ el1ant s  and l i g h t — wei g h t  cases .  Th is  ic t rw

f i r  sp ace a pp l i c a t i o x cc and fo r  m e d i u m  or large r o c k e t s  f o r  m i l i t a r y  use .

r ice  the expenses  f o r  the v eh i c l F  should  t e  in r e a s o n a b l e  r l a t i o n  to the  e x p e r i —
sea for the  p ay l~~ad or the  wa r h e a d  mos t  of th i s  progress is nut  a pp l i c at i e  to  ona l l  so-
l i d  p rop e~~I u t . t  r o ck e t s  f o r  f i e l d  use  such as the  l igh t  a r t i l l e r y  r u c~~e t  (LAh ).

2.  hA hL~.;TI: iu~ .i ,HTit’~ cE THE ~ONV E: ;TI 0N AL LIGHT ARTILLERY .~U CKE T

Ac well  kr.own the r ar . -~ of the c o n v e r tion a l light a r t i l l e r y  r o c k e t  is only  cont ro l -
led ty the * l e vst i o r  of the l a u n ch e r .  Thus , fo r  each range only one e l e v a t i o n  w i t h  or .~
t r aJ e~~t u v y  ic av a i l a b l e  w i t h  t y p i c a l  d iap e r s i o n al  d e v i a t i o n s  f r o m  the  t heo r e tic a l  p o i r ~tOf ~~~ u ’ t .  Tra jec torie ; ;  wi th  e l eva t i ons  ~ > ~ 0 (R ~~~~) are exc luded  because  of the u r —
a c c e p tab l e  I i l ;t t imes  t~~0~ and d i spers iSna .

In order to minimise the dispersion due to cross wind in the initial phase of flight
a ll~~Lt a r t i l l e r y  r c k  t engine is des igned  to d e l i v e r  a c o m p a r a t i v e l y  h i g h  t h rus t  du r i r ~
a short aitior . t ime c a u s in g  for  insta rk ce  a med ium a c c e l e r a t i o n  of 450 m/ s~ (~ 45 g ’ s)
durir~ two seconds of burning tine tb •

The se d e j ~ r e Iwra ~~t er ist i ca  e f f e c t  the b al l ist i c  p roper t i e s  of the light a r t i l le r y
r o ck e t .  Fi~~ur ’  shows a set  of t ra  j e c t o r ic s  for  th e  l igh t  a r t i l ler y  rocke t  w i t h  d i f f —
r n  elevations wU

Tic rrcijo c o f s e r v i t i o n u  f rom th i s  f igu re  are :

t )  lie r a t i o  of  minimum to maximum rang .  is abou t  Ft
~~jn/Rmax = .6

i i )  Beca use of wind , gust s  and o ther  a t m o s p her i c  d i s t u r b a n c e s  in a d d i t i o r .  to st et i st i—
cal  d v iat io ns  of the mi a s ile  dat e  a ll  p robab le  t r a j e c t o r i e s  for  a g i ven  e l e v ut i o r ;
a re  c o ver e d  by a c on :  of d i a p e rc ion .  Thus , la rge longi tudinal d i s p e r s i o n s  fo r  small
ranges  R ur e  to  b cY p  t e d

The n e x t  f i gure  ( fI g .  2 )  shows the a e r o d y r o m l o  d rag  D and the v e l o c i t y  V on the
f l i g h t  pa th  vs f l i g h t  t I m ~ t f o r  tie maximum rarge  t r a j e c tor y .

The f i g u r e  d e m u r u t r a t e c ;  t h a t  the discharge of the  whole t o t a l  impulse

t tot

‘tot fT (t)dt

during the j
~ 1ti L few seconds after ignition .t fec t o large velocity reduction due to

aerodynamic drug D. Thus , the maximum re nge H is conniderably Inferior to the pcten—
tial rri ximum rar~y H~ (It ) which  cou ld  be ~~~lic d ty a more “economi :” velocity dic—
tribution o v e r  the fT~~ ht ~~ th or the flight time 

~~~~
Mo r e o v er , the  compa r - t i ve l y  high maximum v e l o c i t y  V ( t b ) or Mach t A u n t  i M ( t ~ ) r , —

~ut r cc a a u r r .~a p u r i i z ~g Is r g .  f i n  urea  because  01. st ab I l i t y  l im i t A 3 . Th is  ner ric hTgh d —
p”r~ I~~r~c~ to ;roas wind i t  the i n i t i a l  th r u st  phase causing a eo; p; ratively larg trsns—
v r aa l  d isp er s i o n .

At sma l l  r a r i ~” r J  h igh opeed impac t  is i nev i t ; i [ l e .  Thic l i n i t t i  e .  g. the p p l i ut i o n
of se u r i t a r y  w a r t  do .
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MI LITAHY IW~ UI hEN.EN’I’

The military r . - i u i r e m e r . t  f o r  the second gene ra t i on  of the light a r t i l l e r y  rocke t
(LA R I i )  can Ii ’ ‘ u c i c ’ t y  umiiir ized :;; f o l l o w s :

i) Use of existing launchers and packages. This means that the thrust to weight ratio
and the dimensions of the ex is t ing LAR 1 must not be exceeded .

ii) The rocket exhaust gases should be smokeless , without  t ox i c  agents  and wi thou t  an
ole;’trolyt e such as hydrogen chloride. In any case this is neces sa ry  because  of th~operators and the proper function of the incorporated electronic circuits of the
missile warhead.

Thus , at least in the first thrust phase double baa propellisrits instead of higher
performance composites should be used.

iii) The light artillery roc ket bAR II must have a maximum range of at least H.,,, = 20
km with a minimum range of = 4 km. A range of R,,, = 25 km should bem~~med ,
the miniruni range being 14

~ in 5 km, tha t  is to say ~~~a t io  
~~~~~~~~~ 

.2.

4 .  F E A ; I B I L I T Y  AND COST EFFECTIVENESS

The conven t iona l Germa n Light Ar t i l l e ry  Rocket  LAR I has a maximum range of iç.

~ 14 .2  ,ci; . The new m i s s i l e  must  exceed  this range by 40 — 90 within the geometri~
5
~ nd

v o l u m e  c o na t r s in tu  b iv e n  by the LAR I .

Tale challenge can be more or less met by several concept s such as ( f i g .  ~) :

1 .1 A con”  n t i on al  concept  w i t h  a sing le chamber s o l i d  p r o p el l ant  ro,;~~et c -r g i r .  as
applied to the LAR I , but using a high p e r f o r ma n c e  cas t  compos i t e  p r o p e l lu r t  toge ther
w i t h  a cu i t able  cast  double  base p rope l l an t  for  the in i t i a l  th rus t  phase .  Thus , the ex—
a; us t  gase s  in the envi ronment  of the  l auncher  are  smokeless  and n on — t o x i c .

How ver , th is  concept  has a lot of d isadvan t ages , e .  g.

— unknown i n f l ue nc e  of the e l e c t r o l y t e  dur ing  composi te  burn ing ,

— the  lack of ir fo r m a t i u r ;  upon the l i f e  t ime of two d i f f e r e n t  types of p rope l lan t s  cast
ore: into th  other ,

— p r u t  len s  ii me ’ t i n g  the minimum range requ i rement  by one of the f o l l o wi r g  n”asures:

i )  use of an a e r o d y n a m i c  br ake , which  needs a d d i t o n a l  s t ruc tu re  and may cause un-
acceptable dispersion due to atmospheric disturbances because such a brake works
l i k e  a l igh apeed  p a r a c h u t e ,

i i )  uc ’ of a H ’ v ice  to  c u t — o f f  thrust  b e f o r e  r egu la r  burn out t ime . This may be achie-
ved Ly e~~t ingui shmer ;t  of the p r o p e l l a n t  or by th rus t  compensa t i on . P t h  m e t h o d s
x - e j A i r e  highly d ev e l o p e d  a d d i t i o n a l st r u c t u r e s  and a specia l  e lec t ron ic  timing
ir ;uit BiLce the lcei,~itudinal disp rulon is very sensitive to the total . impulse

de l i v e r - e d .  Tl,io means comparatively high production and deve lop i : ent costs
a decoy it maxi r iur i  range .

iii) use of a gar’d y n a m i i ’  b r ake , w h i ch  does  not need the timing circuit mentioned above.
a dev~~;e d imin i. ;hec  the  sp e c i f i c  impulse , t ha t  is to say the t h rust  level ,

11’ terning off at, u:r, u r , t  of t h e  e x h a u s t  g a s - s  f rom the  a x i a l  d i r e c t i o n .  T I A I S  Si’, —
thud also re 1ui reu additonal s t r u c t u r e . A n o t h e r  consequence is a compa r at i v e l y  low
a x i a l v e l o c i ty a t  th e  end of the  l au n  ‘her  f a v o u r i n g  the  c r o s s — w i n d  in f l u e n c e s  on
d Isp. r’u i on.

All th u’ diaadvarita€es prevent ed us from developing a c o n v e n t i o n a l  con cep t  w i th
t j o t . ’ !  1 v ices  to meet mIlitary requirements.

4 .2 !-~~~ur .  4 shows ~ co nc e p t  w i t h  two so l id  pr - p l i an t  r o c k e t  en g i n e s , a boost er for

~a ’.r i~~~ing a j t  v e l o c i t y  bu i ld  up and a s u s t a i n e r  t i c  economic v e l o c i t y  d i s t r i b u t i o n  on
t n  f l i g h t  v i t h .

Eu~~u r  ‘ . r , ~’ .’ i’ ~uj  i mer t a t  small  e le vst i  r: is met because the sustainer cannot
1 i v r  i ts  I ;  i i  t o t ! i m p u l u :  ~ t o t S The ml; sile lu  in the t a r g e t  b e f o r c  t i e  sustainer ’s
r i  of Lur r irg t im.

Fur ’ :; ix isun rang” this conc ept i ; the  bu s t  i f ’ the t h rus t  program only is conside red
tho t i - g i l  ~~i t h e  a l l  i t , u r ; l  rn - t o r t  r a is in g  t o t a l  mass  of the missi l. ’  a t  i g ni t i o n

a~~i l i m i n , u r h i r ; g  th’ ur ;,bl,, volum e fo r  t h e  propellant . Sys tem an a l y s i s  f o r  l igh t  a r t i l l e r y
~ockr  t .  ham r ”v , - a  led t h a t  these  d r a w b a c k s  in coat  and s t r u c t u r e  cannot be comperi satr d
by a l ’ t t ’ r t i n u c t  program.

4 .  5 Ke’ ~:i r i ~’ thi;; ii mind we I ~o k H  f o r  a concept characterized by ti a ;;;plicity , nt ’—
cesa r, r -j  or  sr’ I I  ro ck t ’  t n  , to~’’ t i ,  r w~ t i  a compr om I a.’ in the t h r ’ ; c  t p rog ram.  Tir e r e su l  t
o.” ou r’ ~zv e utigi t ions is our Hi M cor :’’pt [4 ~ . D I M  ii the a p p r e v l r t i o r i  fo r  usi  I m p u l se
~‘ tor , t i , ’ ~s a rocket engine with two a n t  u t  phases of equa l thrust 1ev”

-a
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~‘ . DiN—bAR Il CeNCEPT

5.1 MODk OF A C T I O N

Figure ‘ rev eals that the DIM concept differs from a conventiona l solid propellant
rocke t engire by its two combustion chambers each iicorporating a solid prcpellar.t charge .
The igniter for the rear cha rge is located in the nozzle throa t and in jettisoned after
ignition by the rising pressure in the rear combustion chamber.

During the first thrust phase the second charge is prev .nted from burning by a se-
para ting closure which opens only when the second thrust phase is initiated by a timing
dev ice at a predetermined time At of delay . Durir g the second thrust phase the rear com-
b u s t i o n  chamber acts as a blast—tube .

W i t h  this concept a thrust program as i r O i c at e d  in figure 5 can be rea l i zed  w i t h
arbitrary igr ,itiir ’ time delay At > thi for the second charge .

Within tie internal ballistic constraints given by the fixed nozzle throa t area At
and the propellant prop”rties the thrust levels 

~~ 
end ~~~ the burning times t~~1 and thi,

ari d the total impulse ratio Itot l /Itot2 of the grdins  mu~ differ and be optimi~ dd .

5 . 2  . MP0St’.NT H

In compar ison to conventional solid propellant rocket engines using end or radia l
t u r n in g  grains the DiN engine needs the following additiona l or specially des igned com-
pone n t s :

i) timing device for the ignition of the second charge (electronic , mechan ical or pyro-
technic),

ii) rear combustion chamber acting as blast—tube during the second thrust phase ,

iii) closure separating both chambers during the first thrust phase which cor .ve’ts ti 8

suuiiciently large orifice at the beginning of the  second thrust phase.

5.3 BALLISTI C FRGPERTIES

bet us return to figure 2 and exchange the conventional solid propellant rocket en—
gin’: ny a DIM engine whe re the mass ratio of both charges is m 1 /m 2 = 1 , tha t  is to say
both Char~ ’s are .‘.~ual in mass. 

p p

Ii. figur” ~ aerodyna mic drag D and velocity V on the flight path vs time t are plot—
t i  for a maximum range troijectory and compared with the conventiona l light artillery
rocke .. The maximum values of aerodynamic drag Dmax and Mach nu~ ber are inferior to
tr ese of the conventior0~l light artillery rocket.

Thic means that

i )  t~ ’ fin s of the DIM missile may be comparatively small with little cross—wind infiu—
er;ce l t .  the initial flight phase ,

ii) the more “e conom ic ” velocity distr ibution on the flight path  will result in an ele—
vo ted naxim un rang e 

~ nax 
in compar ison to the conver~t ional light artillery rocket .

This can b€ readily seen from figure 7 where the elevation va range H. is plotted
for revera l valu ”n of ignition delay time ~t. Tin dotted line is for At = tb1~ 

tha t is
to say for t I ’  conv’ r,tional light artillery rocket , since both thrust phases ár~ merged
into or.e.

‘h ’ Ioilcwir ~’ most important features of our DIM concept can U d’ r-ived from figu-
re 7:

i) Compared with t he  ounventi r a l  l igh t  a r t i l l e r y  r o c ke t  tin maxi num x-ar gt Ic is cx—
tend d aid tie minimum r~ rige R 

~n 
d i m inished , thus eas ily meeting the’ uie~~~~le ra nge

i- ~uiremer t. In tb’ specia l ca~~ preaented the ratio of min imum t o  maxim,rn ra nge
is ar ;t H /h = 4.55 km/25.16 km = .18 Instead of 12.~ 8 kin, .‘3.53 km = .55 f o r
t I e  conven~ ±~ r.:~~ ~esign .

ii) The maxirro-in rang e is extended by stout 9 %.

iii) The minimum range Is reduced by about €5

~v) For r ’ t i .g e control two paracet ura are available , elevation arid ignition time d,la1’
At of tie’ second c l a n - . For sn~ rn.rge H between R,,, and H an infinite number
of com b~ nati ons of elevation ~ ~nd tin 1’ lay fit ~~~~~~~~~~~~ Thus , tie optimum
t r ij e c t o r y  st y  be ;i,os ’n , char~~;t’,’r-ic ’d by or.’ of the following or of er conditions
(fig. o) :
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— s~~nn :r ’ r, 1 i~-r . t tint ’ ,

— nfl iriin . n: I I  pers ion ,

— sp DIal ballistic d a t : ,  a t  u:pact ,

— fligint ov .’n- at olistn c le

5.4 LI-’~~J N I - ;  ‘ot~ DE~~l G N  DATA

To get x a t  data for’ pr li m i n a r y  des ign  of D iM .ndin o sy s t e m a t ic  b a l l i s t i c  in—
vt ’ , ,t ~~,- a t : o n n ’  h a v e  i - t i  cu r r i ed  out i nc lud ing  var i a t i o n s  i n ,  rnisail.’ diameter , laur el ing
w . n , -n t , a’rodyr :im ic cl ’n rinesa and mass  r a t i o  rc~~1 /m~ uf t he  propellant charges.

All r e su l t  o , w L f l  in may be i n ter e s t i n g  for-  de s ign , cannot  be discussed in this paper.
Tr . ~ m v’- atmgat ~ eno show,  d , that the a d v a n tag e s  of t l. t: DIM concept  compared w i t h  a ccn —
v t  t oro l I-: i i ,  1 r or-rin g s o l i d  p rope l l an t  engine , inc rease  w i t h  the p o ten t i al  i n fluer . ce

a ’  r~ nt;na::,ic , l r - g D, that is to say w i t h  d i m i n i s h i n g  r a t i o  of burn out mass to aero—
:‘eren. ’ ’ a n d  mb /Ar ~r, d d in  inish i:  g serod yr iam ic  c leanness ( f i g .  9 ) .

Tb. I m ci tr of :mir in: on and maximum range of a DIM missile shown in figure ‘j  have
bet-i. ~~~ . t -  d f : ‘ rn 1. Variation of this ratio shifts t h e a ’  lisito , ,bat is to
say n~~, :n.~ :c:y be ~~ti~ ized for moximum range R

~ 
or otne-r- requirements.

Ti e’ i r . f i , , - r i ce  in  d i s p e r s i o n  of deviation s from t ie decigi. data has bee n i r ,ves t iga t ’d ,
t0. . t ass I’ or,  sn . wn, , tha t  . n o n n n l a r e d  w i t h  a c o n v e n t i o n a l bAR II  a DiM—L~Th i i is less
seri s ‘ iv ~ to  c ’ v m t ions in s p e c i f i c  impulse  and rerodi, i a c i  cleanr’ss but more depender .t
n He- v 0. tiorE In la ’~- n n n n l ing mass a , but ad jun~ting this mass inn rot very difficult. Devi—

in delay time ~t are no p~ obie m , too. In the m e e t  u r . f a v c u r a b i e  c u s e  a r a t i o  SR/A t
ni/ms ha s  i t ,  c-  t e m m u r  ed for a D I M — L A B  I i .

M o r e c v ’ - r , t h e -  a t m o s p h e r i c  i n f l u e n c e s  on dispersion of a DIr~i—LA R II are compa rative-
ly nnfl ,:,ii , si ne-c

~) the m e a n  velocity V on time flight path is higher ,

~i) the flight pati . and the flight ti,’:.: t~ 0~ ax- i aborter (for medium ranges)

uric

u m i )  t n - ’  f .j  area is smaller

ir ‘ o n i j a r m s o n  to  t i ’  con y n t i o n a l  LAb I I .

~~~. 
‘~~ Cih ~

A S rn,snn Gov - ‘nrc ‘i t  n p  ~nnc’r°d t .’ Ln n logy arid development pr igram car r ied  out a t  Dy—
rias it L o l l ’  unn p arg/ in (5 and l~~74 revealed t hat  a DIN solid p r o p e l l a n t  rocket  engine
is feasible weth cor venti re l technology and limited dc’xelopment cost and risk. Three
. ‘xp- ’ r i s er .  ti 1 L . - — bAR misa I .ini were fI, cia: su c c ess f u l  I y on 21 May 1975.

Hun’ ~n w — r :w in  s e f t w a r e  ai ,i lardw ar - ” in thin , special field of solid propellant
r-ocket te ’hr,olugy would enable ~ni to  d e v e l o p  a DIM Light A,rt illerl Rocket which rr.t’ets
all ml iitr.n -y r’~~utr “c ’ n t s pert ’ c tly . This could be done within a ccmparatively short
ti c, arid w~ tt. niod “ i t  t” funds • The new comport~ r;ts merit ioned above , which  are e lec t ron ic
t is’. r , rear combu sticrn ‘ i n c i t e r  with therma l insulation and t ir e  c losure  divid .i ng b o th
elarn h.’rs, a r’ hardwar .- arid i t  ed rio addition al dvvelopmer :t el’forts. Ir. figure ~O the com—
p ..:e r ,tn . o f a DI~’~— bAn n U are cr own .

7. . . ~~
‘C :  I

‘ri .- p’-rr’u rmanoe’ or the DIM— LAR I I  l ight artillery rocket agrees with the mil i t a r y
req uin” :nn e..tE ~n d  car. U.’ .~ariily fitted to new or other requirements.

Ti Loll ieti c data of the DIN—LA B II missile for a g iven  range B can be ,nhos’-r, for
beat  e f f i :ii ’ r cy since two parameters of range control are available.

Ti.’ over—all dispersion of a DIN—LA B Ii due to internal or externa l d~ v ia t ions  is
small ‘:uml;, re-d w ith a conventional LAB I i .

The new components required fer a DIM—MR 11 as compared with the conventional de—
a ivr, do riot need additional development efforts or unusual production device s . The other
components auch as propellar t and hardware are standard . All present launchers car, be
used without any modification. The product ion costs are moderate in comparison with the
elevat ’d performance.

a
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1-1g. I Traje ctor ies of a conven t iona l  l i ght  ar t i l lery  rocket ,

drag 0 velocity V

1,8 [k N] tm/si 900

16 Mmax~
2,L 800

U \ 700

12 V(t ,1 and 0 (t) for maximum 600

~

10 20 30 hO 50 60 70 80 ~~flight time Is)

Fig,2 Aerodynam ic drag D and velocity V on the flig ht path for maximum range Rmax vs flight time
conventional light artillery rocket.
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Sr MMARY

A gliding projectile has several crucial a d va nt a j e s  jr

comparison to a ballistic one. With equal starting velocity,

the flight path flattens. This gives the gliding projectile

a higher hit probability in the vertical plane. With equal

f l i g h t  pa th  c u r v a t u r e , i t s  s t a r t i n g  ve loc i t y  would  be
essentially lower , which would allow a lower weapon weight.

In order to eliminate the cross—wind error and to keep the

flight time short , a sustainer could be employed. ~l i d i n g
e f f e c t  and sus ta iner , however , also provide new errors .
The purpose of this report is to give a survey of aerodynami

and mass dynamical means to reduce these errors. The increase

of s t a b i l i t y  reduces ce r t a in  errors .  It does not a f f e c t ,
however , error sources such ~s cross wind and i n i t i a l  r o l l .

‘1. iNT fIOD UCT IO N

Th~ anti—tank hand weapon is basically a tube from which the projectile is

l aunched .  In order to e l i m i n a t e  the recoil , a body with mass equal to t h e  p r o j e c t i l e
is e jected to the rear (fig. 1). It disintegrates rìp idl y in air. Essentiall y there
are three requirements for this weapon :

— It should be as light in weight as possible

— It 3hould be easy to operate by the gunner
— It should exhibit a high hit probability.

W i t h  increas ing  operat ional  range it becomes more and more difficult to meet these

requirements .  1~rovided t h a t  over  the e n t i r e  ope ra t iona l  range  the t ank  hei gh t  is not
to be exceeded , and a d i s t ance  measurement  w i t h  subsequent  launch  a n g l e  a d j u s t m e n t  is
to be avoided , the  f l i g h t  pa th  must  f l a t t e n  w i t h  i n c r e a s i n g  o p e r a t i o n a l  range .  For a
b a l l i s t i c  p r o j e c t i l e  th i s  would i n v o l v e  a h ighe r  s t a r t i n g  ve loc i t y and , in consequence ,
a greater  weigh t for  the  launch tube to meet the increas ing s t r e n g t h  requi rements .

In order to extend the flight path of the projectile without increasing the

starting velocity and the weapon weight , the gravitation , for instance , can be

compensated for entirely or in part by a lift force. Deceleration during flight may be

counterbalanced by a sustainer. For purposes of comparison , fig. 2 shows the flight
pat hs in t he ver t ica l plan e of a ba lli stic project ile , of a gliding projectile without

and of a gliding projectile with sustainer. A scale distortion was chosen for better

display of the flight paths , i.e. vertical distances are presented in larger scale
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~‘1an i o r i . ~oo~~, i l  distances. i i d i ng  e f f e c t  and s u s t a i n e r  are new error ~;r j r~~..-~; which
ca ,t J ,ot~ on ‘Jo- ~uoc..-ss of these devices. However , promising pos~;ib ll it ie ~; exist

for reducing tro - ;.’ and other disturbances. All these means  a r e  of a design nature and
Sr some ‘~~.y a l t e r  t h e  a e r o d y n a m i c s  or mass d y n a m i c s  of th .-  ~r oj . ~~t i l~ - . In  coro~equence ,
,, i i l t e r c n t  new ~r o j e c ti l e  v , - r ;ions  were des igned .  The i r  I l i ; ht  p a t h s  w. ’re  ca~ c u 1 at ed
usinq .~ three—dimensional fli~ ht pa th  program.  Th is  was  based on the  most  Ur~ o r t a r t
d i s t ur i , . o , o s , c h o o s i n 3  magnitudes w h i c h  appear r e a l i s t i c .

~LlDlNT IHO JEC’rILE AND ‘VARIANTS

The basic version of the projectile is shown in fl;. 3. The pro j.-ctile data are

presented  in t a b l e  I. A pa i r  of f i n s  at the  nose produces the l i f t .  T h i s  p rov ides  a
posi~~~ve pitchini moment , which is compensated for by an equall y large , contraril y

acting ~r . -  of the aft bod y. T h i s  is accompanied by the  b u i l d — u p  of a p o s i t i v e  a ng l e
of a t t l : K  w h i c h  produces the  l i f t  to counterbalance gravitation (fig. 4).

In order to reduce the starting velocity and to compensate for cross wind the

pro jectile was equi~~ ed with a sustainer (version B in fig. 5). The keel fin of version

C~ causes the  p r o j e c t i l e  to tu rn  w i t h  l i f t  in t h e  case of cross wind and i n i t i a l  yaw ,
such t h a t  t h e  l a t e r a l  l i f t  component counteracts the l a t e ra l  d i s p l a c e m e n t .  It turned
Out that the initial yaw was overcompensa ted  in case of v e r s i o n  CI.  T h e r e f o r e  vers ion
C2 was ~ro.’ided with a keel fin , which can be dropped. A re lease  of t h i s  f i n  at an
a~~ ropriate instant permits compensation of cross wind as well as of initial yaw.

.‘ e r si o n D carries an upper fin. This is intended to diminish initial roll. However ,

an odverse effect as far as cross wind and yaw are concerned cannot be avoided.

-‘ ersior E features a mass rotor which can only turn about its axis of rotational

s y m m e t r y ,  which points in y—direction. The gyro effect is intended to transfer the

r o l l i n g  mot ion of the projectile into a less critical pitching or yawing motion. In
v e r s i o n  F ( f i g .  6) the part of the projectile carry ing the mass rotor was designed
as a r o t a r y  nose. This  reduces the angular momentum and the mass of the  rotor .  In
ver~ ior (3 the  ro tor  is provided w i t h  a g i m b a l .  In t h i s  way i t  has  3 degrees of f reedom
with regard to the projectile. Version H has a rotary nose with a roll—stabilizing fin

to d i m i n i s h  r o l l .  In addi t ion  there  is a sustainer for cross—wind compensat ion .
ersion I is similar to version H except for a rotor with gimbal (as in version u )

instead of the roll—stabili-dng fin at the rotary nose.

3. FLIGHT PATH SIMULATION INCLUD1NG DISTURBANCE PARAMETERS

Using a three—dimensional flight path program based on the complete differential

equations of motion with aerodynamic coefficients obtained in the wind tunnel , flight

paths were computed with an IBM computer 370/165. Each version was subjected to each

of the mentioned disturbances. The disturbance parameters with their standard devi-

ations are given in table II. For initial roll two values were chosen. This is done

to compensate for the ;reat uncertainties attached to the roll parameter , which has a

strong influence on the deviations. The chosen parameters for initial roll also take

roll errors during flight into consideration. The pa ths  c. t the versions without a

sustainer were computed with a starting velocity of V~ = 200 m/s. In the case of the

versions with a sustainer the starting velocity V~ . 172 rn/s was chosen to obta in
approximatel y the same flight time (1.73 a). In case of a decrease of starting velocity

to 150 rn/s the condition of equal flight time can no longer be satisfied , as the 
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deviations become too large. A 1.-crease of su;tainer momentum caused an increase of

flight time to 1.9t s. A change f mass and moment of lro--rtia data due to the addition

of a sustainer was not taken into account in t he  flight path computations. This is

permitted , i -  t h e  I li ht path is rather insensitive to changes of mass and moments

of i n e r t ia .  F u r t h e r m o r e , a ve ry  i w  momentum (approx. 40 Ns) is required for

pro~’ulsion .

4~ (sb:; ~~‘s

In order to evaluate the performance of the various versions of the projectile ,

d e v i a t i o n s  at  a horizontal distance of 300 is are examined. Fig.7 shows ~he pattern

on t a rqe t  f o r  the  basic  p r o j e c t i l e  (v e r s i o n  A) , i.e. the dispersion of hits due to
various disturbances on a squar ’ target w i t h  an area corresponding to a c i rcu la r  disk
of 2 m in diameter. The deviations apply for the l~~ values of the disturbances , tha t
is , in 68 % of the cases the disturbance results in a deviation as shown in the

fiiure , or in a smaller value. The various disturbances and their effect on the

different versions of the projectile are summarized in figs. 9 to 11. Table I I I  g ives
art evaluation of the various variants in comparison with the  o r i g i n a l  ve r s i on  w i t h
regard  to the i r  effect on the disturbance parameters. At a f i r s t  g lance  it is seen
that the cross wind and initial roll cause the groitest deviations , provided the

numerical value of the initial roll is a realistic one. For this reason , main

attention is paid to the influence of these two disturbance parameters when judging

t h e  remaining versions.

As can be seen from the computer results , the following design features help to

compensate the two most important disturbances best:

a) cross—wind effects may be diminished by

— a sus tainer
— a droppable keel fin , and

— a mass rotor with I degree of freedom;

b) ini.~ ial rol . effeots ray be diminished by

— a mass rotor in a rotary nose with

3 degrees of freedom , arid

— a roll—stabilizing fin on a rotary nose.

Each design feature by itself did not show effective compensation of both cross wind

and initial roll. Therefore combinations of a and b were investigated. The addition

of a ~;ustainer to a mass rotor in a rotary nose with 3 degrees of freedom proved to be

the most effective combination (fig. 8). Fig. 12 indicates that version I is particu-

larly advantageous compared to the others when the initial roll disturbance amounts

to 10 O
/~~ or more. When the latter is equal to or less than 3 1/3 a/s, t he versions

E , 13 and C2 are also suitable . These three versions provide compensation of cross wind

by mass rotor , sustainer or dropping the keel fin , respectivel y. Of these versions ,

B has the advantag’— of a lower starting velocit y (172 m/s as against 200 m/s). Fig . 13

illustrates the frtfluence of the starting velocity on the overall mass of the weapon.

For instance , the w~-apon mass decreases by about 1 kg when the starting velocity can

be reduced from 240 to 160 rn/s.

Versions CI , D, F and H are not suitable at all. With version Cl a fixed keel
f  in desijned for cross—wind compensation will overcompensate the initial yaw to an
unacceptable degree. The upper fin of version B slightly reduces roll. With D, however ,

~ t f -  effect of the remaining disturbanc~~, particular ly of ini t ia l yaw and of the
l~~teral aerodyoamic malalignment , is increased. In the case of vers ion F which carries



a rotor in a rotary nose , extreme roll of the nose is induced by ore, -; wind via

yawing. The lift obtains a large lateral component causing a lar’Je lateral deviation.

Fhe gyro exerts no stabilizing effect as it has merel y 2 degrees of freedom. At launch

the roll—stabilizing fin attached to the rotary nose of vern on I-I is turned sid~-w ays

due to the cross wind and especiall y to initial yaw. In this way a lateral lift

component is produced. Version B using a sustainer shows increacir ’; deviati on with

decreasing starting velocity. This is mainl y caused by the bo :~;.-r fli;ht t :irne, as the

effect of certain disturbances (roll , thrust error) grows with fli ght duration. The

longer flight time has an additional disadvantage wher combating movin g tar 1ets. These

can cover a considerable distance from the moment the projecti l .- is launched.

ltability has the following effect on the disturbances: greater stability

d,rnini shes the influence of disturbing moments caused by aerodynamic and thrust

ma lalignment . litch and yaw disturbance are favourabl y affected as well. The devi-

ations ~ n case of initial pitch are much larger than w i t h  initial yaw , as the pitch

stability is lower than the yaw stability. The low pitch stability originates from

the destabilizing trimming fins. To the most important disturbances such as cross

wind and roll , however , the stability effects are almost negligible.

5. CONCLUSION

10 order to compensate gravitational forces which influence the flight path

curvature unfavorably, a projectile was designed with a pair of fins at the nose.
In  t h i s  way , in addi t ion  to g r a v i t a t i o n a l  force  compensa t ion  a trimmisg of the

projectile is achieved. New disturbances arise , mainl y i n i t i a l  r o l l .  Means were
investigated to keep the influence of the disturbances to a minimum. Special attention

was paid to the rrnst serious sources of error , which are cross wind and initial roll.

No individual means by itself could be found to reduce both these disturbances. A

s u s t a i n e r  was considered to be particularl y suitable with regard to cross wind. It
i.so p-’rm its a lower starting velocity and thus a reduc t ion  in w e i g h t  of the  weapon.
Further devices for cross—wind compensation are a droppable fin and a mass rotor.

A gyro—stabilized nose is advisable for diminishing initial roll. A combination of

sustainer and qyro—stabilized nose is suitable in the event of large initial roll

10 ~/s or more). In :a,,e of slight initial roll equal to or less than i 1/ 3  
0
/~~~ one

of the three alternative s for cross—wind compensation suffices. Further jrvostjgatjcn~
by the MBB company will concentrate mainl y on the feasibility of a gyro—stabilized

nose with respect to large accelerations (up to 20,000 g) during launch.
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Tabl e 1

Pr o j e c t i l e  D a t a

~ a;; s m 1 kg

Monents of iri-rt ia about the transverse

axis 1 y ’ ‘z 0.0136 kgm 2

M . ri.- ~ .t of inertia about the longitudinal

axis -‘
~~ 

0.002463 kgm2

Overall length 1 0.415 m

Li r ~.‘;;t diameter d 0.0674 m

Largest cross—sectional area S 0.003568

Position of centre of gravity Xc g
(from nose 0.205 m

Diameter of pin d~ 0.018 in

‘ h c r d .of trimming fins C f t  0.0125 m

Span of trimming fins Sft  0.043 m

Angle of incidence ot trimming fins 
~ft 

3
0

Table II

Standard Deviations of the Disturbances (10 —Values )

Cross wind 
~w 

3.9 rn/s

Initial roll Pj 10 01~ or 3 ‘1/3 0/s

Initial yaw r 1 20 O
/~~

Lateral aerodynamic malalignment Cn 0.001

Lateral thrust malalignment ~~ 

am 
1 0/00

Lateral aiming error 6y 3 1/3 cm/300 m

Rol l  a t t itu de 10

Initial pitch qj 20 o/s

Vertical aerodynamic malalignment Cm 0.001

Vertical thrust malalignment c~ 

am 
~ 
0
/00

Vertical aiming error 3 1/3 cm/300 m
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F1g: 1 Anti - tank hand weapon
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Fig.: 2 Influence of the gtiding effec t on the flight path
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Fig : 3 Basic configuration version A

FI~ _

wjon A - B

Fig: 4 Trimmed attitude of the gliding projectile
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Fig.: 5 Examined projectile versions 1
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Fig.: 6 Examined projectile versions II
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Fig,: 10 Total lateral deviations
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Ag.: 11 kidividual vertical deviations
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Fig.: 12 Hit probabilities F~ for a circular target of 2m ii diameter
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Fig. : 13 Increase of weapon mass 
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mW versus starting velocity V1
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H I G H  E N E R G Y  C O M P O S I T E  D O U B L E  B A S E  S O L I D  P R O P E L L A N T S
by

W .  K 1~~h n
Institut fUr Cheml e der Treib- und Explosivstoffe, ‘750’? Pfinztal-Berghausen , Germany

AGARD-PEP 47th Meeting on SMALL SOLID PROPEL.1 AN T ROCKET FOR FIELD USE

1. I n t r o d u c t i o n

The so-called compostte double base or CDB solid propellants have been developed and tested

at our Institute for the past fifteen years or so. Their main constituents may be ammonium
perchiorate, nitrocellulose fluid balls, nitroglycerin, aluminum , and a cros8linked polyurethane
binder.

These propellants, which are prepared in a slurry process, are characterized by very high

energy , highly variable burning rates from presently 12 to 70 mm/s at 130 bar pressure, and
good visco-elastic properties.

A number of problems, which can occur in an aggravated form in composite prope llants , are
caused by the highly corrosive hydrogen chloride in the combustion gases formed from
ammonium perchlorate. Consequently , it would be desirable to replace ammonium perchlorate

in these propellant systems by other oxidants , in particula r organic oxidants. Suitable substan-

ces for these purposes are the stable and very powerfu l compound s known in explosives tech-

nolo gy in the group of cyclic nitramines , such as hexogen or RDX ari d octogen or HMX which

are processed into CDB propellants with HCI-free offgases together with the other propellant
constituents, such as nitrocellulose fluid balls, nitroglycerin , a lunithu~n , art d polyurethane binder.

Similar concepts have been described in the literature as solid propellants or. without a luminum ,

as gwt powders. There are some differences probably in the fabrication techniques or the pro-
perties of the propellants.

2. Sp e c t r u m  of P r o p e r t i e s  of C D B  P r o p e l l a n t s

In the course of this concept CDB solid propellants were produced with a number of interesting
characteristics which will be described below.

- The specific energies of modern composite propeLlants with polybutadiene binders are
reached or even exceeded by these CDB propellants, the densities of the propellants

being roughly comparable .

- The CDB prope uants have excellent visco-elastic properties and can therefore be
produced as case -bonded propellant cha r ges.

- The propellant masses to be prepared In a slurry process can be produced in the
same mixers and casting equipments as composite propelLanta , If vertical mixers
are used.

- The offgases of the prope l lants contain no corrosive components tha t might result in

rapid corrosion of the launchers or inadmissible exposure of the operating personnel.

3. P r e p ar a t4 o n  of P r o p e l l a n t s

CDB propellants are prepared In vertical mixers with the necessary devices for heating.
cooling and vacuu m (Fig. 1). Following the floweheet shown in FIg. 2 , the necessary quantity
of nitroglycerin phLegmatized with the polyurethane prepolymer is loaded In the vertical mixer ,
and the dried nltrocellulose fluid balls, the catalysts , stabilizers and wetting agents are stirred
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into the solution .
At temperatures of approximatel y 50°C, stirring initiates a swelling process of the nitrocellu-

lose fluid balls with the nitroglycerin which is interrupted when the viscosity has reached
approximately 500 decipascal -seconds (poise).
Then the aluminum powder and hexogen or octogen is added , and mixing is continued while

cooling to 25°C under a vacuum of 13, 3 millibar.
After addition of the dilsocyanate curing agent the mixtu re ready for casting with viscosities

between 1000 arid 4000 decipascal-seconds is cast at 25°C. The relatively small solid fraction
and the use of non-fibrous nitrocellulose are the reasons for the low viscosity and the unpro-

blematic preparation techn ique.

Also casting is carried out under a vacuum (Fig. 3).

The reaction of the curing agent with the prepolymer gives rise to crosslinked propellants with
visco-elastic properties. CDB propellants cure within 72 to 120 hours at temperatures between

30 and 50°C.

4. P r o p e r t i e s

4. 1. Theoretical Calcu lat ion of Performance

Table 1 is a summary of a number of propellant combinations obtained from performance cal-

culations .

With the aluminum content kept constant , the hexogen or octogen was increased in 10% steps ,

while the nitrocellulose/nitroglycerin fraction was reduced and the polyurethane binder fraction

was kept unchanged.

Fig. 4 is a plot of the performance data calculated , with the hexogen fraction as the abscissa

and the specific impulse as the ordinate. Up to 12% aluminu m the specific impulses increase

linearly with the hexogen content .

At 14 to 16% aluminum there may be a drop in the specific impulse with increasing hexogen

content .

The following results can tie deduced from the calculations:

- With the aluminu m content kept constant , a decrease of the adiabatic flame temperature

was calculated with increasing hexogen or ocb gen fractions.

- The specific impulse of an equilibrium flow increases with the aluminu m content .

Optimum values are found between 12 and 16% at hexogen or octogen concentration s

50 to 70%.

- The specific impulse of most combinations was calculated to be between 2550 and 2650 Ns kg.

These performance levels are in the range of composite propellants with high solid

fractions.

4.2. Burning Properties

The burning properties of similar types of propellants are described already in the literature.

This indicates that the presence of hexogen or octogen in double base propellants destroys the

plateau behavior and can cause the pressure exponen t n in Vielle ’s equation , r = a . P”, to

rise strongly.
With hexogen bearing double base propellants , pressure exponents 0, 7 have been obtained

in the pressure range of up to some 250 bar.
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We will discuss the burning properties of propellants with hexogen fraction s of 30 and 40 %.

The mean grain size of the hexogen used was ii ,,um after grinding in a coiloid mill .

The values of the burning rates as a functi on of pressure can be seen from Tables 2 and 3.

Fig. 5-6 show the burning diagrams of the prope llants listed in the tables in a log-log

coordinate system.

In the absence of catalysts a pressure exponent of 0.76 can be calcu lated from the straight

burning line also for these propellants .

As a consequence , variou s metal compounds of lead , tin , chromium , iron , copper , vanadium,

zirconium , molybdenum and selenium were added to the propellants in concentrations of 1-3%.

The effectiveness of the compounds used differed greatly. In most cases, only the rates in-

creased , whereas the pressure exponents did not change greatly .

Some results obtained in this series with lead , copper and tin compounds will be indicated

(Table 2) .

In addition to the metal ion also the organic residue is of major significance as far as

effectiveness is concerned.

White the two lead betaresorcyctates only brought about an increase in the burning rate , the

lead sa licylates were able to reduce the exponent to values of 0.6 in the pressure range

between 70 and 180 bar.

Another interesting feature to note was the burning behavior of propellants with 40% hexogen

and a slightly modified binder composition (Table 3).

Compound s such as tin octoate increase the burning rate , but the pressure exponents are at

a va lue of 0.85 . Also lead octoate and copper diresorcyclate would be suitable only to a

limited extent.

However , lead monosal.icylate and monobasic copper betaresorcylate will raise the exponents

to levels of 0, 45 in the pressure range between 100 and 180 bar , which is so Impo rtant

for rocket motors; in those cases , high increases of 0.8 were measured below 100 bar

and above 180 bar.

Extended studies wil l  be necessary to allow the burning behavior to be modif ied on an even

larger scale.

4. 3. Mechanical Properties

The mechanical properties were determined in tensile tests with a Zwtck-type tensile tester

employing crosshead rates of 50 mm/mm . The JANNAF specimen form with a measuring

length of 50 mm was used. The va lues quoted are mean values taken from five assays.

Before the test specimens were conditioned for 168 hours at 20°C and relative humidities

of the air of 5%. In the tests referred to , the maximum tensile strengths corresponded

to the ultimate tensile strenghts , and so did the respective stra ins.

The mechanical properties of the CDB prope llants described In this paper are determined by

various factors. Earlier experiments had indicated that the reaction of the prepolymer with

the dlisocyanate and the swelling of the nitrocellulose fluid balls with nitroglycerin made an

additive contribution to the overall properties of the propeliants. In this respect , also the

effect upon the polyurethane formation reaction of the cata lysts used for burning must be

taken into account .
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Where curing of the polyurethane binder was inhibited by a catalyst and mainly swelling
reactions occurred , propellants were generated which had bad elastic properties.

It is evident from Table 4 that for the same propellant compositions the catalyst has a major
influence upon curing and , hence , upon the ultimate tensile strength and strain. Monobasic
copper salicylate and iron octoate, for instance , result in propellants with unsatisfactory
mechanical properties. Improvements in these values are brought about as a result of the use
of i ron acety l acetonate and lead octoate , in which cases strain values in excess of 50 % were
obtained.

Excellent visco-elastic properties are achieved with monobasic copper betaresorcytate at
6.2 bar and 73.0 %. A reduction of the catalyst fraction further increases the strain values.
Accordingly , also the polyurethane binder fraction can still be reduced . However , it has
become apparent tha t mixtures of various cata lysts , which had different influences upon the
mechanical properties, resulted in propellants with high strain values.

The influence of temperature upon the mechanical properties is evident from Table 5. The
propellant was cast as a block and cured . The test specimens were punched from slabs.

This propellant is characterized by remarkably good visco-elastic properties in the low tempera-
ture region . For its mechanical behavior , this propellant cou ld be used as a case-bonded type
also at extreme temperature.

4.4.  Thermal Stability

The thermal stability of CDB propellants is determined chiefly by the nitrocellulose - nitrogly-
cerin components. Because of the dilution with hexogen, aluminum and the polyurethane binder ,
however , excellent values may be expected for the short term tests. The following values have
been found for various compositions:

Defla gration temperature 180 - 188°C
Holland test = 0.9 - 1.2 % loss of weight
Bergmann-Junk test = 1.0 - 3. 3 ml -~g~- NaOH/g feed mat.

It should be added that these stability values may deteriorate significantly as a result of the
presence of some burning cata lysts. Long time storage at 90°C is shown in Fig . 7. A loss of
weight of 3 % is reached after 44 days. Alter 62 days , when the loss of weight is 5.8 %, the
reaction occurs autocata lytically . This behavior is typical of the decomposition characteristics
of nitrocellulose and is found also in double base propellants

Practical Energy Assessment in Combustion Chambers

The performance was determined in practice in combustion chambers with approximately
11.6 kg of propellant mass.

In these experiments, which served only for testing the propellants and their insulations , no
emphasis was put on optimizing the weight. An internal star burner was used as shown in
Fig. 15.

For the combustion experiments steel burning chambers of a lightweight construction capable
of flying were used (Fig. 9).

The insulation of the chambers was manu fa ctured by the rotational molding process with a
thickness between 0.8 and 1.2 mm, Filled HTPB poLymers were used as the insula tion .
Figure 10 lists some da ta of the combustion chamber, the propellant charge , the nozzle , and
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the ignition system. The results obtained with a propellant containing 30 % hexogen are listed
in Table 6. The thrust and pressure diagrams of a typical propellant are shown in Fig. 11
and 12.

The propellants listed , which still exhibi t differences in composition and in the catalysts, were
fired in the pressure range between 140 and 190 bar.

In the examples quoted specific impulses of 2316 to 2367 Ns/kg , characteristic velocities ~f
1489 to 1560 m/s , and thrust fa ctors of 1.497 to 1.556 were obtained. These performance data
can be improved further if the hexogen fraction is increased from at present 30 to 40 or 50 %.

5. C o n c l u d i n g  R e m a r k s

The propellants described in this paper lend themselves particularly well to the use in ballistic
rockets requiring long operating times of the launcher, especially because of their high perfor-
mance and the absence of corrosive gases. The visco-elastic properties allow the fabrication
of case-bonded propellant charges adhering to the chamber walls and , hence , the achievement
of high volumetric efficiencies. The simple processing capabilities also allow the production of
complicated geometric shapes of the burning surfaces. We regard the types of propellant
described here as interesting additions to the proven line of double base and composite
propellants.
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TABLE I
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1ABLE 2

Burning Rate in mm/s of CDB-Propellants
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I’ROPERC.OLS NOUVEAOX po~g EN(.1~lS TACT IQUE S
LES SIl.Il.ANES

C. I)ORIATH — Ing énieur hi mist e au Centre de Recherches du Bouchet
B .I. n~ 2 Le Bouchet 9171 0 VERT LE PETIT

Lee si l i l a n es, propergols composites a lian t silicone , charg es avec du perchi o rate d ’ armnonium
i ’alumi niuin , ont ét~ . .+ractérisées des point s de vue propriêrés mécaniques et bal i sti ques. Ct’s proper—

gols r,s. dist inguent par une v i t e ese de combustion élevée (jusqu ’a 35 m a / i ) pour une impulsion spéc i f ique
en motrurs de 40 kg maximum voisine de 233 s. i.e liant silicone confère ~ ces propergois une remarquable
s t abi l it e des propri atés mécaniques dane un la r ge domaine de températ ire —Inais ces propriétés ne sOOt pas

suffis antes pour pt’rmettre d ut il iae r La techni que du ‘mouIC—collê~’— La tenue en ambiance prolongée a
haute températur,- (au mom s I30~C),liée aux propriêt és des liants silicone s ,est excellente.

I. INTRODUCTION

Les silil anes soOt des propergo ls composites a liant silicone ut .lisant le perchiora te
d~ aninonium comae charge oxydante et I~ alumi nium comae charge réductrice . Ces propergols sont obtenus par un
procédé classi que de fabrication de propergo ls composites

— inélanp~ age des ingredients dane un malaxeur . Le liant eat introduit sous La forme d’un prepolymère liquide
rCtic 1 ,ble a temperature modé rCe . Les charges soot sous tom e pulvérulente.

- 
~ulée dana on mou le aux dimen s ions du bloc a rCaj is e r

— cuiss n dane une étuve .

- dCmoulage et usinage du bloc .

Lee blocs obtenu s peuvent éc re ,soit “m ou lés—co llé s ” ci l’i nhibiteur de combustion eat collé
I ‘cnvt II I pt (Ic propul seur ) ,ou ‘li b res” si cet inhibi teur ea t uniquement collé au bloc propulsif. Dana le

t-as dee sil i l a n e s  on verr a que lee propriétée mécaniques de cee compositions n ’ont pas perinis de réaliser des
hi~ c s “moule s— ,oll ês”.

On examinera dane Is suite lee propriétés inécaniquoe (et de collage sur inhibiteur) ,
Inktiques et Cner ge tiquee de ces compositions .

On s ’est ,~ff orcC de détenniner lea propriétes mCcaniques de traction— allongement de ces
4- r.pe rg ~- ls Sinai que l ee lim i te s de tenue en relaxation et fluage .

2). Forine de Ia courbe de tra ction

Cette ourbe ext obtenue a 2~~( aur machine INSTR0N a Ia vitesse de ID Inn/s pour une
Cp r ouv ette 1/2 Janaf . ( f ig. I)

On constate une rupture de pente des les f a ib l e s  a l l ongemen t s at tribuab le aux mauva ises
propri Ctés de i ’ adhé sion i i a nt —c har ge de ces prop ergo le . En eff et , des un allongemen t t

3. 
on voit apparattr e

stir l ’é prouvett e de nombreuses fissures qui aura ient pour orig ine lea vides créés autour de chaque grain
tie perc hi or a te au cour s de La traction. Ccci a Pu ~tre confirimi par lee observations suiva n tes

- dCchaussement tr é s faci l e dee grains de perch lora te en surface du propergol (au simple toucher)

— des me sure s de variation de volume eu cours tie La traction fa i tee au di latomètre a gaz . mon trent un
a t c r , i es e me n t  rap ide du volume de l’Cprouvette ju.q’i ’àg

5 
su ivi d ’ une chute instantan Ce a v — 0

(pC nCt rat ion du gaz dan. Ic. fis sures).

Apri s~~ on a Is propagation de ces fissures au cours tie Ia traction . et le matériau a
subi des donsnages irrive~.ibles.

flu po int ti e vue prati que Ici valeurs S5 et E n ’étant pas faci ies 4 determiner on rep ére
irs prop rietis du propergol par

Ste : val eur ds Ia con tra int e maxi inale en génCral~~ 2 S,1
allongeme nt ‘01 .stique ”

em : all onge ment é traction maximsie (avec environ eis~ ’IOL ).
Ct-s val eure Cvo luent scion Ia formule du propergo l (croissance du module loreque le taux tie charges cro !t
ou q ur Is tauS tie re ticulation croft ) Ct I.. conditions de t raction (temperature et v i t e s a c  de t r ac t i on ) .

- is
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22. Influence de Is temperature

Lee propri et4a mecani quea de cc type tie propergo l eont particuliCrement stables dans one large
plage de temp4rature. Files sont représentCee pour une sililane 13/61/26 pam lee courbes tie la f i g u r e  2
(trac tion Instron tO ma/mn, Cprouve ttes 1/2 Janaf).
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‘Lea courbea d ’êvo lution de Ia contrainte maximum et de l ’ nllongement correepondant mont rent

— que Ia contrainte maximum croft quand is temp era ture s ’abai sae . Cependan t cette cr o is san ce reste taib le
85 1 en t re + 60 et — 60 ~C, Soit 3 a 4 lois  mom s qu ’un autre propergol composite.

- que l’ all ongement a Ia contrainte maximum Cvolue peu dana ce meme dolnaine de temperature , puisque tootes
lea vsleura se situent ent re 27 ,5 et 35 1. Le maximum Ce eituant a — 45 ~C.

23. tnfluen,- e tie Ia v i tess e dt~ traction

Lee rés u l t a t s  (Cur one composition 16/76/ 8) confirment lee valeura précédent~~4 savoir
que les propriCtes mêcaniques dependent peu tie Ia vitesse tie traction. Traction INSTRON I + 20c
é prouvette 1 /2 Janet.

vi tesse tie traction Sm E em
en ma/Tan bars I 1

0,05 5,4 1 ,8 7 22 7

0,5 5 ,6 1 ,8 22

5 6,8 2,1 29

50 8 ,2 2 ,6 29500 8,6 1 ,9 29 
-

24. Tenue au flua&e Ct en relaxa tion

La limite ti e tenue en f luage est  obtenue en eoumettant des éprouvette s , I une temp era ture
f i x C e, a dee charges conetantes. Ces eprouvettes aont des “1/2 Ja naf ” . La Unite cit Ia va leur de Ia charge
pour laquelle ati bout tie 2 Inois aucune Cprouvette ne casee .

Dc méae Ia l imit e tie tenue en relaxation cit obtenue en soumettant des éprouvettes
1 on allongement constant. Au bou t tie 2 inois la valeur 1 partir tie laquelle aucune éprouve tte n ’est
ca*sCe eet dCf inie comae la “l imi ts de relaxation ”.

Pour une composition 22/62/16 eec valeura soot a 20 ~C— lim ite de rupture en fluage 4 bars
— limite tie tenue en relaxation 47 ,5 2
propriCt4s mecaniques tie trac t ion allongement tie Ce propergol
Sm — 7.7 bars em — 61 2

3. VILILLISSEMENT

Lea essaie effec tuCs montrent l ’ exc ell ente tenue I is temperature de cea propergols.

31 .  Tenue a haute temperature (vieillisseutent court)

On a rCal isC un v ieillisaement court a 130 C d’ une composition sililane 16/76/8

Sia [ E  em

ITemps zero S bars 3 1 84

~Tempe IS j 7 bars S 2 61 2 67 2

On note une dim inution des allon gements ,acco mpagnCe d ’ une augmen tation tie is contrainte
maximum, Isais dan. dee proportions trés acceptable..

32, Vieil l iss.aan t long

Un vi .i ll issement (cur t roi s an.) a &t C rCalisC aur 1* composi tion 16/63/21. Lea rCsultate
soot 1.. eu ivant s sux diff Crentes t emperatures. Traction Lhomargy 28 ma/mn.

A 20 C  1. contr aint . maximum rests stable Cur Ia pEriod. envisagke
A 6VC d i e  augaente conatamnent
MOO C cli. augment. rapidement pendant un mole puis dCc rot t lantement pour revenir I sa valeur de depart

aprCs lB aol.

En Ce qui concerne I’allongam.nt

A 20 et 60C il rests const ant sur 1.. 36 aol. Ctud iEs
A 100 C ii dEcrofe I.nt.mene 50 1 en IS mole

C. comportement pourralt a ’.xpliqu.r par un phEnoméne de .urr&tlcularlon rapid, a too c, it p lus lent . a 60’C.
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4 . INH IUG E

Lee premiere tire de gili lane en blocs libre s Mimosa (6locs tie 3 kg), diamI tre 90 ma,
longueur 300 sin, se soOt accoinpagnCs de p lueieurs anomalies tie pree sion . Il s ’ag issait tie l’ex i.tence d’ une
eur pres sion appara lasant Vera Ic tiers ou 1. quart do temps tie combustion normal.

L ’or i gin e de cc c inc iden ts a pu Ctre actribu Ce 1 l’ exis tence d ’un jeu trop important
entre bloc et propulseur pouvant conduire I des dEchirementa en fond de dent ion de la mi ce en pre .sion ,
gr lce a dee essais de misc en pression tie rondeilea,et I des tire oil cc Jeu a Eté EliminE par un garnissage
de réeine ou un surbobinage do bloc par un ruban adhE sif.

Dana ces conditions noes n ’avons observe aucun tir dCfectueux durant toute l’Etude .
Ce comportement parart lie 1 Ia faible valeur deE ties compositions sililanes et paraft exclure Is pos.i—
bi li tC tie fabriquer des blocs tnoulCs—collEs. En e f f e t lee contraintea auxqueilee eat soumiee le propergol
dana ccc blocs engendreraient ties fissures et done des incidents au coure do tin.

5. 2~~~~~~~~ I~9UE

51 . Vitesae tie combustion

51 1 . Influence du taux de charge

L’enaeuible des rEsul tats a etC reportC sur la fi gure 5 sous is forma d ’un diagramee
temnaire 00 lee courbee tracCes soot lea courbes d’isovitesee a 70 bars. On note
l’importance du taux tie lian t sur is V itesse . Celie—ci croft lorsqu, le taux tie
lian t diminue.

so 60

/
ai umin

,
7

2

”

/ ~~ 

2,4
2
~
6 

3 ,8

liant

Figure 5 : VITESSE DE COMbUSTION DES SILILANES A 70 BAR S (blocs tie 3 kg) en cm/s
Influ .nce de La composition

512. !n!l~
e
~c! ~

C_l~ Lr!s!i~ fl_

La courbe di vlt..se—pres .ion a EtE tracEe au Strand Burmer pour la co iaposl ti on 14/64/22
L ’ .xposan t de prass lon de Ia Ioi V — ap° .51 ti e 0 ,25 m Ire 20 et 100 bars.

Cet te méme courbe a Et C obtenue pour is co mpos Ition 16/76/8 1 psr t ir de rEsult ats de
ti n d. bloc mimosa ti e d iaml tre 90 ma~ Iongueur 300 ma. L ’ expos snt tie pression ent re
SO et ISO bar , ci t tie 0,37 (fIg. 6).

La courbe a Pu Itr e trac E. ettt r . 7 ,5 at 144 bars cans problEm. d’allumag..
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Fig ure 6 : VITESSE DE COMBUSTION D’ UNE SILILANE 16/76/8 EN BLOCS DE 3 KG

Influence tie la prassion et tie Ia tempera ture

5)3.  Catajyeeur de £o!b~s!i~n_

Aucun des prod uit . essayC n ’a eu ti ’infl uence sur la vitease de combustion .

514 . !n!l~e!!c! ~e_ l! tempera tune —

La courbe d ’Evo lution de la vi tesse en fonc t ion de is pressi on a Egalement été Etab lie
a + 60°C et — 36 °C poi~r Ia composition 16/76/8. La comparaison tie eec courbes avec celle
obtenue I 20°C pe rme t de cal cu le r  Ic coefficient tie t empEra ture (fig. 6) .

II est de 0,00168 °C I serrage 92 correspondant I une prea sion tie tir de 70 ban 1 20°C.
II est 4. 0,0018 C 1 1 serrage 70 (47 bars 1 20°C)
11 set tie 0.0016 °C I serrage 118 (lOS bars I 40°C)

52. Impulsion spCcifique

Lee impulsi ons sp Ccifique s standard pnatiquee ont EtC meeurCea cur blocs Mimoca 0 90 ma,
longueur 300 ma. L’ ensemble dee nksul tats a perinie de tracer sun Ic tiiagrarne tennaire liant , perchlorate
d’ asmsonium, aluminium, Ic. courbes d’isoimpulbion ( f i g. 7) .

Tout cosine leg cou rbee d ’ isov i ts s ee, lee courbes d ’isoimpu lsi on soot gro .siCreinent pama liCl es
aux d rol t .. tie mIme taux tie liant. L’ iapu l.ion maximum acre done dCf inie par lee c n itèr es tie fabnicabilitE
A in s i , en limite de fabricabi l i t E , l’impulsion maximum eat obtenue pour La colnpoeition 16/76/8 avec 229 ,1
second.. d’impu lsion spE cifique 70/I.

La corrEla tion habitue lle entre Mimosa tie diamltre 90 ian, longueur 300 ma et Mimosa d.
diaaC tr. 203 ma (blocs de 40 kg) , longu eur 1000 ma , pera. t d ’ avancer avec cc dennier une impul ,ion spe cifiq uepratique tie I’ ordre 4. 233 second. , pour Ia compo.ition 16176/8 dane lea condition s standard (on Cvaiue a
I? s.condes is gain d’lmpuI.lon obtenu pour un tir a ISO bars Ct 22 cecondes pour 200 bar.).

-I
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F i , i j r , 7 IMPIJLS1ON SPECIFIQUE DES SILILANES (70/I) en blocs de 3 kg

Influence de Ia composition

6. ~~~~~~

Un nouveau type tie pnopergol utilisable en bloc libre a pu Ctre mis au point avec les
pn opn iC tE s suivante s

— une résistance au sEjour a haute tempera ture (130 °C)

— des propniCtEs mEcaniques .tables dan. one Large p lage de temperature (— 60°C , + 60°C)

— un boo viei llis .ement

— des vi tease,  de combus t ion ElevCee

— una impu leion sp C cifique moyenne va riable en fonction du taux tie iiant .
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PROPERGOLS A FORTE IMPULSION SPECIFIQUE ATTENUANT PEU LES ONDES RAOIOELECTRIQUES

C. PRICENT Ingéni eur tie re c h e r c h e
C h e f  de p r o gr a mm e d e s  e tudes  de p r o p e n g o l s  t r a n s p a r e n t .  sex ondes r a dio El ect n ique s

SNPE C e n t r e  de Reche rche c  du Bouchet 917 1 0 VERT LE PETIT

Cet expos é a pour bu t de p r E e e n t e r , p l u s  part icu l i irement , des rEs uitate
e x p E n im entaux o b t e n u s  lore d ’ e s e a i a , cou s v ide en c a i s s o n  (ou souffle n ie) ou 1 l’ a i r
l i b r e , pour d C t e n m i n e n  le e p r o p n iC t C s  b a l i e t i ques de propergols telle e que l ’impulsion
ep C cifi que 00 Ia  vite ,ee de combustion et caract Cn iser ccc m Imes compositions du point
de vue a t t e n u a t i o n  radar  ha u t e s  f r d quence s 10 GIlz par d es  m e s u r e s  d ’ a t t E n ua t io n
tran aver eales 00 diagonales. Les charge inents de rn i e s i l e~ tac t ique s ef fectu Es avec
c cc  p r o p e r g o l s  n C c e s s i t e n t  d e connaftre l~~s prop n iE tea mEcanique s de eec propergols.
Q ue lque a n C s u l t a t s  soOt  p r E e e n t C s  et  p e r m e t t e n t  de juger  tie l’ inf l uenc e  de s a d d i t i f s
an . . i— a t t é n uan te  i n t i is p e n s a b le s  cur des p r o p n i E té s  mé c a n i q u e s  Sm . em et en (Annexe A)
de ces propergols. Outre las compositions 1 82 2 d ’ o x y dent , que lq uee  r~~s u lt a t s  Bout
pr E se n tE s sun one c o m p o s i t i o n  1 8 9 2 d ’ oxyda n t don t 1 5 2  d ’ octogene , l ’ ob jectif
recherché Etan t la discr Etion dane Ic v i s i b l e  tie cc type de compositions.

in t r o d u c t i o n

La mi ce au point tie propergols pour Ic ehargement du m i s s i l e  MASURCA
a conduit , i l  y a d i x  an., La d i r e c t i o n  des Poudr es A a ’in téresser a la trans-
pare nce du jet d ’ un propuiseur aux ondes radar hautes frE quencec. Loreque I ’ i l l u m i —
na teur de 1. cible eat on radar continu , l ea missiles equipe s d ’ un autodirecteur
s e m i — a c t i f  ont beso in , pour mesuner  Ia f r Equence  Dopp ler I bord tie I’ engin , d’ une
rEf Erence .  Dana cc ca s  on r Ec e p t e u r  aux il i a i re  c a p t e  par l ’ i n t e r m ét i i a i r e  d ’ une an—
t enne  p l ac Ee  1 l’ arrjIre d ec missiles le rayonnement direct provenant do radar
i l l um inateur. Lea ondes Electrom agnCtiquee issues tie radar en t r a v e r s s n t  Ic j e t
,ubi.sent one a t t En u a t i o n  d Ef in ie  par ~~~ — — 8,686 .

~~~)5(I)

~g1: frC quence du signal radar (rd/a)

c vi tesse de Ia lu rn iCre ( r n /C )

i n d i c e  d ’ ex tin ctio r. du milieu tie propagation

~~~ coefficie nt d ’ at tCnuatio n (dB/ml

Dan. Ia forme Ia pius gEnC ra le l’ indice a pour e x p r e s s i o n

[ ___ 1 /2
2 2 2 2

- (I 
~~
2+~~~

2 )  (I -;~
-
~
-) 

~~(~~~~~ 2 ~~~ 
) ( 2 )

avec a ma ce n tie l ’ E i e c t i o n  u~~
p (3)

L p e r a i t t i v i t C  do v ide
0 o

L’ s t t E n u a t i o n  e a t , en par t i c u l i e r , dCpendan te selon (2..) et (3) de la den sitC electronique

4 
e! de la f r é quence tie c o l l i e i o n  Elec tron n e u t r e aV  . Dane un jet tic p r o p u l s eu r i l

y a ci. ge nE ral one décnoi ,sa n ce tie Ia p n e c a i o n  sun l ’ axe  ~ p a r ti r  du p lan de s o r t i e tie
t u y C r e  et  Ia den si tE E l e c t r o n i q u e  cur I ’ axe dE pend for t emen t tie cc grad ient  tie prescio n .

Dan. c e r c a i n e  cas , sci on La c o m p o s i t i o n  du mé lange gazeux issu de la combus t i on  du pro—
per gol il e x i a t e  one zone a n n u l a i r e  dan a i a q u e l l e  de s ga r n é d u c t e u r a  do mélange r e b r O l e n t
av e c l ’ ozyg mn e tie l ’ air et crE ent Un phCnomIne appel C post—combustion. L ’CiCv a tion tie
teap Cna tu r a  r Es u l t a n t e  p rovoqu c  on acerois cement de La densit E Electroni q ue done  t i e  la
v a l eu r  d ‘ a t t E n u a t i o n .

Dc noiis b r e u x  a u t e u r s  001 propose ties modè l e s th E o n i q u e s  pour exp l i q u e r  a t i n t e r p r e t e r
la post—combustion qui e,t la cause p r i n c i p a l e  de l ’ a t t C n u a t i o n .
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A Ia SNPE de s E tudes soot e f l e c t u E c s  depois plo ,ieuns aflnEee pour

— m e s u r e r  I ’ a t t C n u a t j o n  tie I ’ ontie Cle ctrom agn Etique dane Ic jet

— caract Cn iser et comparer icc compositions tie p r o p e r g o l s  c o m p o s i t e s  p e u a t t é n u a n t , .
Chronolog iquemen t , lee premiEres composition. tie propergols EtudiCes pour rEeoo&ece type de problEme
utilicaiont un lian t polyurCthanne avec un taux d ’oxydan t , génEralement do perchiorate d’aimnonieque ,
compric en tre 75 et 82 2. Lea rCsultats exp Enime ntaux montraient que t’ att Cnuation minimum Et ait
obtenue pour one composition 1 75 2 d’oxydant (isolite 30). L’inductnialisation d’ une composition
voieine a constitu E l’Ctape pour la definition do chargement de I’Ctage croieière du missile
Macurea. L ’amClionation des performances baliatiques s’eet pounsoivie par l’utili sation de liant
polybotadiCne , mom s oxygEnE . L’obtention d’un Equivalent en oxygEne pour Is compo ,ition tie pr op ergo l ,
nEceseite on taux d’oxy tiant supEnieur 1 75 2. Cette con,Equence a conduit 1 Ia formulation de
propen gol 1 82 2 tie CIO

4
NH
4 

(butalite) pois l ’ augmen tation simultanEe do taux d ’oxydant et Eventoelle ment
do taux ti’octogene dane la composition n ’a eu ensuite pour but qua l’amElioration des propriétCc
balietiques.

2. PROPERGOLS BUTALA 4 

La composition de depart Ctait 1 18 2 tie liant polybutadiène . Compte—tenu des travaox
effectuEs aux USA par LD Smoot ti) at son Eq uipe nous avons Ctud iC I’influence des faible c taux
d’aluminium 0,5 ; 2 et 4 2 inc orporEs dana un propengoi (butaiane) I taux d ’oxydan t constant 82 2
sun lee propriEtCs bali,tiques et mécaniques St sun icc valeurs do coefficient d’ attCnuation tie ces
compositions .

2 1. CEnEralitEs

L’incorporation d’ alominiom, I fs i ble  taux , dane one composition 1 82 2 tie ClO Ni l
4préaente tnois avantages

— augmenter l’impoleion cpécifique
— augmenter Ia denaitE do pnopergoi
— augmenter la charge tie la composition done diminuer lea valeurs du coefficient d’ attEnuation
et ties inconvEnients dont Ic princi pal eel Ia diminution du taux tie transmission dans le visible
et Ic proche infra—noug e d’un s ignal  Iomin eux a travers le jet.

22. Canacténistiques théonigues des compositions 1 82 2 tie Cl0
4~~,~_

22 1 . Im~u!s ion spéc i fi q u e~ te~p~na tune ~e_
c
~mku!tjo~

22 1 1 . Calculs

A partir des données eur le propergol Id le que son enthaipie de formation
et sa composition atomique , at connai eaant Ia prescion tie fonctionnement du
moteur , lee calcuis cur La détente des sax dane la tuyEre peuvent s ’e f fec —
10cr suivant deux hypothEses soil en supposant La composition do mélange gazeux
constant at égale I celle dane la chambre (détente figEe) soit en recalculant
cette composition dane chaque Section de tuyEre (dé tente en équilibre).

2212. RCcol tats

La figure I prEsente les résuitats de calcul de l’impulsion specifique (Isp)
en fonc tion do taux d ’alu rni n iu in dans lee deux hypotheses formulée s ci—dessus.
Les valeura obteniiee montrent que l’Isp en détente figee est infEnieure 1
l’ tsp en équilibre ; l’écart entre ces deu c coorbes allant croissant quand
le taux d’ aluminium augtnente . La figure 2 présente lee rCseltats tie calculs
de l’Icp et tie Ia tempEra ture de combustion en fonction do taux de perchio—
rate d ’ aninoniaque dans l’hypothèse tie Ia détente figCe .
Lee valeura obtenoes montrent l’accroissement de l’ Iep avec Ic taux d ’oxydan t
tant que 10 Isux de liant re.te cupEnieur 1 10 2. On observe , La mIme
Evolution pour Ia tempEratue Tc.
Nutons dane cette figure que is composition 1 82 2 de perchlorate poasEde one
Isp ( 7 0 / I )  tie 234,8 e et une Tc tie 2 600 °K.

a’
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222. Pouvoir rEduvteur

2221 . Dflinition

Si l’on atimet le proceseus euivant

post—combust ion _~~ ionieation accrue 
~ 

attenuat ion augmentEe

ii ap parait important de connaltre lee causes tie la post—combustion pour expliquer
le~ conse quences cur lee vale u re de l ’ at tCnuation.
II eel int ,-recaant pour eels ti e dCfinir le pouvoir nCduc teu n do mé lange gazeox
produit par Ia combustion do propergol. Ce peot Itre

- 
Z~0 

•

z

Z eel le nombre total tie moles dane Ic p lan de aort ie tie la tdyEne calculCe pour
one détente en Cquilibre .

2222 . ~~~uj~tats

La figure 3 prCcente lea valeure calcolCec de P pour dcc compositions de 82 2
tie perch lora te ct 1 faib le pourcent d’aluininium.
Entre 0 et 4 2 d’aluminium P décro!t tie 37 1 27 2.
Ces nCao ltats peuvent Itre napprochCs de ceox que noes verrone p lus loin at per—
Inettront de montrer is reiation existant entre pouvoir rEducteur et attEnuation.

23. Pmoprié tEa balieti gu ee

231. Ima ulsion spCcifique standard mesurEe (I,ms)

23 11 . Mo2en de iaegure

L ’ lema est on parametre balieti que caractCniatique do propergol obtenu aprèe meeure
d’onc intEgrale tie pouasCe ct d’un poids tie poudre brlllée.
Au bane fixe , Ia moteun standard type utilise un bloc de pnopergol éto ilE tie
di amEtre 203 sen at tie iongueor 1000 use.
Pour dee rai.ons tie eomaoditEs, ii ea t aussi emp loyE en autre motcor standard
utilicant un bloc tie propcrgol EtoiiE de diamE tre 90 sin et de longueum 300 ma.
Par type de composition 11 existe des correlations entre lee différentes Isms
ob tenuea 1 l’aide tie cea tieux molders.
Quel que soil Ic moteur , Ia preecion de fonc t ionnement t i o i t  l tr e  de 70 bars Cl
la pression dane Ic plan dc sortie tie Ia tuyere Cgale 1 1 bar. Las essaic s ’effec—
tuent toujours dane ties condition, voieinea tie celles indiquEcs ci—de esos et ties
co rrections doivent ltre effectuées sum la valeor ti e l’impuleion calculEe . Le rapport
des aires utilisC pour cc type tie composition eat constant et égai a 8,02

At

As aire de sortie de tuylre
At sire du col
Cette valeur correspond dane le graphique thEoriqoe (Ci, ~ 

) ao maximum du C
Florsqoe la pnession de fonc tionnement do moteor eet de 70 bars (Annexe B).

23 12.  RCeul ta t ,
La figure 4 donne l’évolution tie I’Ism. en fonction du taux d’aluminium poor on
taux tie perch lorate fixE .
II exiete Un palic r peu eigni fica tif tant qua La taux d ’aluminium recta infErieur
1 0,5 2. Au—del l 1’ Ieme croft rEgulilrea.nt avec cc taux d’aiuminiom . Lee courbes
en pointii lés rappallent lee valeun. théori ques tie la f i g.1 at penmettent dc lee
comparer aux valeuns .xpEnimentalee obtenuea I l’aide d’ un moteun de diamEtre2o3 .
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232.Vitesee de combuetion

La figure 5 donna des valeure tie vitessee tie combustion 1 35 bans tie cc. compositions.
L’ acc roi scem ent de vitesce pour ties compositions dana leequellee ne vania que le taux
d ’ aluainiu m eat de 27 2 quand cc taux passe tie 0 1 4 2.
On a por tE sun Ic grap hique des valeor , ti e v i tesse obtenue. avec dee composition.
ut il isant ties •dd it if . anti—att Enuation (A et B). II. accrois s ent Ia vi tesee des com-
posit ions d ’ su tant pLo. qua Ic taox d’alominiiim crof t.

24. Pro’~riE tCe aEcaniqua .

Lea proprie tés mEcaniquee 1 20’ tie cea pnope r gols soOt donnCes ao tableau tie Is figure 6.
L’in trodoction ti ’adtii tif s anti—att Enuation prEe ente l ’inconvCnient da dEtCriorer Ice propriétée mécaniquce
du produit fini. Mal gré eels noos n ’avona Eprouvé auc une difu ico ltE poor cffcctuer avec cc type de composi-
tions de s chargement . moulC.—c ollEa .

25. Attenuation radar

251 .Ra2pei

ScIon Jensen et Webb C6) La post—co inbuct ion appanait *‘iI y a formation tie radicaux H et OH
en excEs. Certa ine métaux prCaentent la particula nitE d ’accClér er lea proc eeeue tie recombi—
naiaon dea radicaux act ifs tel qu ’H et OH emplchan t auss i l’appani ti’n tie Ia post—combustion.
L ’in térIt sat done d ’incorponer dane lee compositions da propergo ls dee additifs mé ta ll i ques
qui jouent La réle tie ca talyseu r de recombinaison des radicaux H at OH.

252 .Mo~ena

Lea montages exp Enimentaux t3)pour meeurer l’atténuation radar dane les jet e aont
— un bane mobi le ot il ie ant on moteor de diamEtne 90 cm tianc on caisson tie 100 m3. Un tin

effec tué dana Ia caiss on penme t d’ob tenir ics ~ourbee d ’atténuation en fonction do tempe ,
en différenta points tiu jet .

— on bane mobile uti lieant on moteur tie diamEtre 203 1 I’air libre. Un tir effectu E sun cc bane
permet d’ob tenir  lee valeu re t i ’atténuation oniquement son l’axe tie jet.

Lee compositions présentëes dana cc texte ont dee nivcaux ti’atténuation trEe faib lcs et lea
tire effectuEs dan. le caisson donnent dee grandeure mecorablee 1 la limite tie dE tectabi lité
des cap teurs. Cette installation permet d’ob tenir des diamitrea do jet plus importsnts et
dec nive aux d ’atténuation p lus ElavEs.

— one inctallation utili ,ant on moteun horixontal tournant eutoor d ’un axe ver tical permet
d ’ob tenir tics valeure d ’attEnuation diagonalea dane le je t .

— one installation utilisant lea veinea de souffle nies de l’OKERA I Motiane noes permet
d’ obtenir des valeune d ’attCnuation traneversale e dane on jet tie propulseur poor en
miecile en mouvement.

253. Résol tats

La fig ure 7 pnée ente le rCsultat de 2 tins dane le caisson tie simulation ti’altitude (CSA) .
La composi tion EtediCe a.t une butalane 82/2. La pression tie depart dana Ic caisson est
dan, lee deox cas égale 1 520 u.n tie Hg. En fin tie tin c u e  a 720 nan Mg. Las ceerbes en
pointillé. cc rappor tent ao h r  tic Ia composition sans additif. Lee courbee en trait
cont inu cors~enen t le tin tie la composition avec additif. Lea courbea I et 2 cc rapportent
aux valeune d’attCnuation en fonction do temps. Los courbea 3 et 4 ac rapportent sex
valeor. tie prceaion tic fonc tionnement do moteon en fonction tie temps. Lee courbe s 5 Ct 6
répnCeen tent le mouvement pentiula ire du moteun en fonction du temps.
N oes concluons au vu dee forme e dcc courbee I dl 2 do mode operatoine du dEpou iIIement ~~]a I’intEni t de I ’addi tif anti—att Enuant dana La buta lane 82/2 . La fi gure 8 prEsente des
nC .uitata id.ntiqoe e et pa nme t dana le cas de la butaiane 82/4 de conclur e 1 une pl us
grande efficaci tE de l’ a d d it i f  A pan rappor t 1 l’ a dd i tif B. Lee figure. 9 Ct 10 prEaentent
chac une reepect ivement 3 courbes
— attEnuation en fonction do tempc
— pre,.ion tie fonc t ionnemen t dci prop uleeurs en fonction do temps
— pou..Ce du propolseur en fonction du tamp a

Une butalane 82/4 poas Ede on niveau d’ettEnuatlon moyen de 0,8 dB ( f ig.  9), Ia mIme
compoai t~on avec addi tif tirEe dan . dee conditions identiquca a on nivea , d ’a ttCnua tion
de 0,15 dB (f i g. 10) .
I. tableau de Ia fi gur e II prCsente des rEaultat. obtenua par ties tire avec meaures tie
l ’atténu ation diagonale . C’e.t i’exp Cniencc ad rapprochan t Ic plus prea tie l’ essa i cu r
.ia.ile rEal ma le c ’ec t Egalement Ia plus chine 1 maItre en oeuvne . On coneta te A taux
d ’ add lt i f cona t ant et pour des praasion. tie fonctionnement voisinec , que l ’ attEnuation
s.c aaxisi entre 0 St 2 2 d’ alumlnium St dCcrott en.uite quand cc t aux eogm ence.
On Jug e Egal.ment de l’lntErlt ties additifs en comparsnt lea v al eurs ti ’ att Enuat io n de la
butalane av.c A 00 5.
La dEcroissance tie l’attknuation quand La tsux d ’aluminium augments eat en relation
avec is dEcro i ,eance du pouvoir rEduCteur du mélange gaseux ieau de Ia co.bustion . On
ob.erve cet te d Ccro j ssa nce sun deu aesorec eff cc tuEea en traneve r sale s. PnEalableaent
11 eel nEc .ssaire tie corriger lee valeur. obtenue s au cour , do tin. Pour obt enir
a on divise lea vileuns A d ’ attE n uatl o n par Is dia mitre Os en mu do p lan tie sortie
tuy Ere St 00 cor rlga lee v e leurs obteflua . dan. Ic rapport des d Ebits , en prenant one
de s compo,Ltlona comae rEfErence .
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Le tableau de Is fig. 12 donne Ice valeurs a obtenues c onnie indiquéee ci— deseus . pour
ice I composi tions bijtalanes 1 0,5—2 et 4 2 d ’al umi nium 0 prenant anne debit tie ri ft.—
retire celui tie Ia butalane 1 0,5 2 d ’eluminium.
On conatate que Ic minimum d’at ténoation se eitue au—dell de 4 2 d’alumin iiim dana

la composition 1 82 2 d’oxydant .

26. Corr E lation exp Erience thEoni que

Parallilement aux experiences elfectuEcs eur cc type tie composition Ia mis c au point do
pn igratene s do cahul penmet actuellement tic prEdir e Ic i,iveau d’attEnuation (fig. 13). b o a  lea programut-e
tie ca icu l de c oncentration Clectr oni qui puis d’attEnuation dans lee jets admettent des hypotheses cimp l i—
I i~~atr i - ,s.

Le mélange ties gsa tie combustion avec l ’ air ambiant depend dee valeura données aux coef-
fi cients de transfert telc que nombre de Schmidt (C~JIk)  et nombre tie Prandut C/i /CD) qui dEpendent de Ia
vi sc .sit~f 

du mélange gazeux rEsultant done du inodlle retenu a priori compte—tenu tie La temperature et
tie Ia composition do milieu. L ’écart entr, lea maxima observes sun In fig. 13 eat en part ie do au mauvaia
choix tie valeur de ces coefficients.

On a pu constater par calcul que le taux d’al cal i n s  (Na , K) modufiait conaidCnablement
los niveaux d ’atténuation maximum dana Un jet. Pour une butalane 1 4 2 d’aluminium et 18 2 de liant
l ’at tenuation maximum passe tie 0,02 dB I I tiB quand lee impuretEs en K passe de 0 1 400 ppm dana la
composition do propergol.

La connaiacance tie ccc valeure entnaine lea actions suivantes
— en cc qui concerne lea compositions , diminuer le taux d’ituporctéa aicallnes dane lea conetituante du propengol

et lua particoliênement dana i’oxydant ,
— en cc qui concerne l’agencement du moteur , otiliser des composants (liner , pro tec t ion themmique , tube de flausne )
poasEdant tie faibles taux en alcalins .

Cette deuxième action eat d’autsnt plus néceecaine que la destruction par combustion ou
ablation de ces produits pendant lea essai e et pendant lea tire reels est impontante et risque tie rentire m o p e—
nant ec lee dispositions prices so niveae de La formulation du propergol.

3. PROPERGOLSACARACTERIST 1gIJES MEELIOREES

31. Génénali tée

D’apnis Smoot (B] at d’apnic lee quelqoee experiences que nous avons cffectuEee dana cc doinainc
nous savons que l’attCnuation diminue avec le taux tie charge et qu ’l taux de charge conetanr I’atténuation
augmente avec Ic taux ti ’aluininium .

En verte tie ccc deux constatations ii eel possible tie fominuler dee compositions p lus énerg é-
tiq oee quo lea butalites 1 82 2 tie C10~NH

4 et atténuant mains. Notre rechemche a porte aur des compositionsI plus tie 88 2 en taux tie charge dane Tesquel les on a en plus suba tituC ie perchiorate par de I’octogène (152).
Pour ties raisone do fabricabilitC , toutes ces compositions utiliaent Un liant I base tie PENT. Ccc compositions
préeentent en ootre l’avantage de donner IrIs peu de sol ides dens lea gaz tie combustion. Ellen sont tie type
“pri ma r l y  smokeless”.

l.a figure 2 intiique que lea butalite, I II 2 tie liant poesèdent one Isp 70/ 1 thEoniqoe figee
tie 243 c dl UUC tempErature T~K tie 3O8O~ . Une butalite A mIme taux d’oxydant dont 15 2 d’ octoginc posside one
Isp (70 / I )  theonique figEe tie 246,Se at one tempera ture tie combuetion itientique A La prEcidente. L’Evaluation
poor cea de ox compositions de l’ indice tie performance Isp x (tionnc neapectiveinent 42 1 ,8 pour [a butalite et
426,? pour Ia butalite A l’octogEne.

32. lame a t vite sea tie combustion

32 1, Vitcs ,e tie combustion

L’etiliea tion do liant P6Mb A Is place do liant PBCT a eu pour a,oiEqusncc d’abajcser
la vi tcase tie combuetio~ 1 70 bars d’envir on 20 2. C’est cin.i que lee valaure obtenuec
en Strand Burner pour one butslite 88 passe tie 11 ,7 mu/s A 9,3 nsa/c et pour one bota lite
89 tie 12 ,3 rn/s A 9,3 mIs.
Des mca ures de vitesse tie combustion effectuéea sur deux compositions , l ’onc avec en
lian t PBCT , I ’ autre avee on liant P6Mb , con tenant tootes deox un accClErateur tie combuationi
tel que Ic chromite tie coivne montrent qua I’effe t aigna lE ci—desau . n ’ee t pita vrai.
Pour la composition co~ .enan t IS 2 d’octogEne lee essais sun bloc. fourniese nt La vcleur
9,7 me/a 1 70 bar. (fig. 14). D’une maniIre gEnEnale I’ oc toglne A gnanu lomEtn ie identique
00 voisine de celle de ClO NH

4 
a tendance en absence tie l’aluminium A abaisser Ia vita .ae

tie combustion do propengol~
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322. Im~o!.ion ~pêcifiq~e standard ?e!eLe!

En petit . bloc. (~ 90 L — 300 nsa) La composi t ion 1 89 2 d’ oxydan t don t IS  2 d ’ octogIne
possitie one Lems de 238 ,1 . cc qui  Eqoivaut en groe bloc (0 203 L — 1000 mu) A one
lame tie 243 ,1 a.
Rap pclons qu ’ene bu tal ite 1 89 2 tie CLO ANHL poeeIde one [ems en grog bloc tie 240 a. On peot
nemarqoen qua lee Ecart s thEoriquea et Ixp Crimantaux sont identiquac 3 a (Is thEonie
tionne 243 ,2 e t 264 ,4 poor le e compositions ci—descu, ).

33. PropniE tE. mEcanigues

Apni e avoir effecteE une cuisson en 14 j A 50C lee propnietC, mEcaniquce permettent tic
constater qu ’avec le li ant PENT Sm cr011 et em dEcroft qoand on augmente Ic taux de charge tie 88 1 90 2.
Ces variation, de Sm et tie em soot itientiqoes quanti le taux d’octogine augmente (fig. 13).

34. A ttEnuation radar

Lea premiere ea~ ais effectoic en utilisant des petite blocs donnent des nEsultate tela qoe las
val eura tranaversalea d’attEnoation restent infErieurea I is limite tie dEtectabi l it E des capteora dans la
chaine de meaunee , qui eel de 0,1 tiE .

4. DISCRET ION DANS LE VISIBLE

La presence d’ aluminium diminee le taux tie transmission. C ’es t sinei  qoe 0,5 2 d’al umini um
fail descentire &de 100 1 30 ,2 2. De mIme que l’auginentation do taux de charge parait diminoer La tranamission ,
cf 82/0.5 et 85/0.5 tie Ia fig. 14.

5. CONCLUSION

Il eel possible tie fabniqoen ties propcrgola impulsife at relativement transpanente sex ontica
ElectromagnEtiqoca. Accee seirement , on trouve dana is game pnoposEe des propcrgols discrete dana Ia
doma ine du visible et du proche infra—rouge. Par rapport aux propengols lea ploe perfonmants induatriaiiaablea ,
leon tien eitE eat un peu faible. Lee mEcultats auxquele coos aboutieaone at Ic chaminement tie La rachenche pour
lea prochainee snnEes nous conduit I esp Cren avec dee compositions 1 10 2 en liant d’atteindre le cap des
nieilleuree Isp actuci lea at ties densitEa voieines tie 1 ,78 g/cm3 .

-a
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SU$4ARY

Using p latintr thin f i lm ga uges , the temporal and axial distribution of heat fl ux from two different types
of igniter compositions and two different igniter geometries has been measured. The parameters employed
were different igniter masses, tube lengths and nozzle throat diameters. The size distribution of the
particulate matter arising due to combustion of pyrotechnic materials has also been investigated and
deducations have been made regarding its contribution towards total heat. Whereas radiation plays a
relatively ins i gnificant part in the total heat transfer process, the ‘point’ heat flux due to particulate
heat transfer has been found to be one of the most Important modes of heat transport during an igniter
action and which may, in fact , be responsible for the first appearance of Ignition flame in a solid
propellant rocket motor.

NOMENCLAT URE

• area of the condui t
b coefficient of burning
~ specific heat

— port diameter
crater diameter

- particle diameter
Hc - heat of dissociation of cellulose acetate
h • heat transfer coefficient
N — thermal conductivity
I. • motor length

• particle mass
N • total nteLer of particles
n • pressure index
Q • total heat absorbed by the motor body
q - heat transfer J/m2a — heat fl ux , W/~

2

r - rate of burning , ma/s
Tc temperature of cellulose acetate
T • initial particle temperaturep0
I • particle temperature after time, t

t • time
X axial distance from igniter

- density of cel lulose acetate
p~ - density of the particle

INTROD UCTIO N

The ignition of a solid propellant rocket motor Is achieved by the transfer of thermal energy f rom an
Ign iter to the propellant surface. The pyrotechnic type of Igniter , generally a combination of finely
divided metallic powders intimately mi xed with an inorganic oxide , Is sometimes made into pellets or
granules to alter Its burning rate characteristics to sui t various Ignition requirements. Todete, data
regardi ng heat-transfer from Igniters is extremely meagre with the result that rocket designers depend
on past experience, and in order to achieve reliable ‘first-time ’ ignition, tend to provide an over-
sufficiency of the thermal Impulse . This sometimes results in the fracture of the propellant grain due
to the suidem pressure rise and consequently to unpredictable performance or even failure of the rocket
motor casing.

-4
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Recently several investi gators (refs. 1 , 2, 3, 4 and 5) attempted to measure the heat-flux from ign iters
to the siminy propellant surface using various types of igniter compositions and varying sizes of rocket
motors. However, most of these investiga tors contented themselves with the measurement of convective
heat flux assuming it to be the dominant mode of heat-transfer. Only two investigators (Refs. 3, 5)
attempted to measure the radiative component, and none has considered the contribution of solid particles
to the heat transport from Igniter to the propellant.

The following work was undertaken to measure the heat flux in a rocket motor and its variation in space
and time, using two currentl y employed pyrotechnic compositions , and tc~ study In particular the con-
tribution of particulate matter emitted by the igniter combustion to the total heat transfer. In
addition , the effects of such parameters as igniter mass , motor length and motor port to nozzle throat
area ratios on heat transfer to the propellant have also been examined.

EXPERIMENTAL DETAILS

To measure the spatial as well as the temporal distribution of heat flux f rom igniters , two separate rigs
were designed to simulate conditions in a rocket—motor. One rig was built to measure the distrib ution
of tota l heat flux as contributed by convection , conduction and radiation and also to measure the
radiative component separately. The second was designed to measure the size distribution and heat
contribution of the particulate matter emitted during igniter action.

Total Heat Flux Rig

This  consisted of a 0.30 m long mild steel tube which was extendable to 0.45 or 0.60 meters in separate
stages (Fig. I). A cellulose acetate liner , 3 m thick, was used to simulate the therma l properties of
the propellant.

Thin  platinum film heat flux gauges (Fig. 2), fabricated in the laboratory , were used to measure wall
temperatures . These were prepared by coating of Hanovi a Liquid Bright Platinum Paint , O5-X , gn round
discs of pyrex glass of similar curvature as that of the motor conduit, and baking them at 720 C in a
furnace (ref. 6).

The heat f lux was calculated using Eq. 1. based on one-dimensional theory of heat-conduction in a semi—
i n f i n i t e  slab (refs. 7, 8).

= ~~ LL~J. +(~ 1(t) - 1(T) dT (1)
/~ 

)
~, (t ~~~i)~ /2

The errors due to the singulari ty at t i were reduced by using a numerical technique described by Cook
and Felderina n (ref. 9).

These gauges were mounted flush along the conduit at positions P1 and P9 at distances from the igniter
of 50, 100, 150, 200, 250, 350 and 530 ian respectively. During a firing the platinum film gauge output
was recorded on either a 12-channel U.V. recorder or an ampex FR-1300 magnetic analogue tape recorder
via a multi-channel constant current generator. The recorded data was digitized using an 8 16.2 analogue
computer and processed on an ICL 1903 di gital computer.

To record the chanter pressure a pressure transducer having a response time of better than lm Sec was
placed facing position P3, 150 me from the igniter .

In order to study the effect of nozzle-throat area on the amount of heat absorbed by the motor body,
three convergent nozzles with port to throat area ratios of 56. 20 and 10 were employed.

Measurement of Heat Flux due to Radiation

For the measurement of thermal radiation , the platinum resistance thermometers were modified so that they
could act as radiometers. The gauge surfaces were coated w i t h  a film of carbon soot less than 2Um in
thickness. To protect the carbon fIlm , It was covered with a 2 sen thick glass disc. These radiometers
were calibrated using a Spembly carbon tube furnace. During a test, these gauges were receded by 20 m
from the conduit surface and a nitrogen sweep was introduced to protect their surfaces from particulate
deposits.

Part icu!ate Heat Transfer Rig

This rig was designed to obtain the size distribution of particles emanating from an igniter , both In
time and space , inside a rocket motor. The princip le was to have a narrow slot rotating with respect to
an outer liner which acted as a shutter so that igniter particles could be sampled along the conduit
(Fi g. 3). It consisted of an inner rocket-motor tube 0.3 meters long and of similar dimensions to that
of the total heat flux rig. A slot 4 sen wide and 220 rise long was machined on Its top side . On the
outside of this tube a lead-bronze concentric cylinder was arranged to rotate on bearing surfaces formed
at either end of the tube . Other than at  the bea ring surfaces, there was a gap of 1.6 me between the
outer rotating cy linder and the inner stationery rocket-tube.

A cellulose acetate sheet 220 sen a 245 neil a 0.5 sen thick was lined inside the outer cylinder so that It
rotated with the outer cylinder and effectivel y reduced the gap between the stationery Inner and the
r~~ at ing outer cylinder to 1 .1 nan . The speed of revol ution of the concentric cellulose acetate liner
was maintained at 1 360 revs/mm . At this speed the 4 neil wide slot gave a scanning time of 44 ms with a
resolution of 0.5 ms. After the firing, the CA sheet was carefull y removed . Firstl y the deposited
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fI~ 300 nun 
450 me ¶ 600

FIG. 1 Total Heat Transfer Rig

_ . 

~~~~~~~~~~ •:• .. (

FIG. 2. Conatrtjotjom of a thin platinum film gauge.

~.l)t.f1om oylind*ra 2)glaa. disc, ~.3)araldit.
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FIG. 3 Particulate Heat Transfer Rig.
(1) Outer rotating cylinder. (2) Inner
motor tube.

particulate matter and the loose particles were carefully brushed off the sheet on to microscope sl ides
for particle sizing. Secondly, the sheet was washed and dried . The craters due to particle impacts
on the sheet at each corresponding gauge position were counted using a Quantilnet 720 Particle Size
Analyser. The size distribution of loose particles was matched wi th carter sizes to find a correspondence
between the two.

RESULTS AND DISCUSSION

Properties of Igniter Compositions

The pyrotechnic materials used in this study were SR44 which consisted of 30% boron, 70% potassium nitrate ,
and SR371C which was 42% magnesium, 50% potassium nitrate and 8% resin. The former was either in powder
form , the majority of particles being less then 4 urn diameter or as granules having an average diameter
of 700 urn. The magnesium composition was in the form of a coarse powder wi th 75% of the particles less
than 10 urn.

Heats of combustion of these compositions were determined using a nitrogen-filled bomb calorimeter , the
average values are listed in Table 1. It will be noticed that the calorific value of granulated SR44
was found to be consistently less than that of the finely powdered composition. This was due to the
incomplete combustion of the granules .

Using a strand burner, the burning rates of all three compositions were measured. They all followed the
burning rate law

r~~ b p n (2)

where burni ng rate. r, is in nun/sec and pressure, p, is in atmospheres. The value s of burning coefficient,
b, and pressure exponent, n, are also listed In Table 1.

Burning rate Burning rate Heat of
Composition coefficient exponent Combustion

_ _ _ _ _ _ _ _ _  
b n 

_ _ _ _ _ _

SR44 granulated 219.0 0.68 7540 x lO5J/Kg

SR44 fine power 20.5 0.27 8250 a lO3J/Kg

SR37 1C Coarse Powder 11.0 0.48 7460 x lO ’J/Kg

TABLE I CHARACTERISTICS OF PYROTECHNIC COMPOSITIONS
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Total Heat Transfer

Figures 4, 5 & 6 show the total heat fl ux received from the three forms of pyrotechnic. Several
general observations can be made regarding thses plots. The heat flux peaks at different positions
along the conduit do not occur at the same time but they are all registered during the first 12 ms
after which period the situation stabilises and almost smooth falling gradients of the heat flux ,

converge to insi gnificent value of heat flux . The gradient of heat flux , ~~~. is almost always a

maximum at position P1 nearest to the igniter. The ratio of the heat fl ux gradient 1 ~~ for the

fi rst three positions, P1 to P3 is invariably greater than the corresponding ratio of pressure gradient
! ~~~~ . But after the initial fast rise of the heat fl ux gradients , their decay corresponds with the
p dt
decay in pressure .

The Magnitude & Location of Maximum Heat Flux

The location and magnitude of for different tube lengths, igniter compositions and masses are listed
in Table 2. Although the gradient of ~ is always a maximum at P1 , the maximum heat flux does not
necessarily occur at P1. In a 0.3 m long tube, its location Is invariably at or near P1 , but f or
longer tubes, this si te  generally shifts doenstream to P3 , P5 or even P7. The reason for this would
seem to be that with longer tubes , owing to the greater free vol ume, complete combustion of the powder
takes place further downstream In the tube .

The variation in igniter mass appeared to have no consistent effect on the magnitude of maximum heat
flux peaks. In fact, in satire tests the heat flux peaks obtained by a .002 kg mass of igniter were
found to be higher in magnitude than those obtained from .005 trig of the same composition .

The magnitudes of t
~mex appear to Increase with nozzle diameter . This may be due to the occurrence

of greater convective heat transfer because of a larger nozzle throat area.

__________ __________ 

0.3i~n tube 0.45111 tube O.6~~i tube
Composition Port To Weight of Location Location Location

Type Throat Area the Composition 4max of 
~m ax ~~~ 

of ‘
~max ~max of

(Kg ) (MW/rn 2) (MW/rn 2) (MW/rn 2)

SR44 56 .002 8.4 P1 8.4 P1 8.4 P2
Granular .005 9.5 P3 6.0 P3 10.5 P5

20 .002 8.9 P1 8.5 P1 6.9 P1
.005 13.8 P1 10.4 P3 8.0 P2

10 .002 15.8 P1 11.5 P1 6.2 P1
.005 18.0 P1 5.9 P1 8.5 P7

SR44 20 .002 8.3 P3 10.0 P3 7.1 P3
Powder .005 11.2 P3 10.5 P3 7.9 P4

SR371C 20 .002 8.2 P1 6.6 P4 6.8 P1
Coarse .005 10.0 P2 8.0 P5 6.0 P1
Powder

TABL E 2 MA OMIT UDE AND LOCAT ION OF MA X IPIJM TOTAL HEAT FL UX

Hea t fluxes we re integrated with respect to time after 5, 10, 20. 40 and 80 ms to obtaIn heat transfer
rates at different positions along the conduit. Fig. 7 Is a typical plot of heat transfer rate against
non-dimensiona l length , X. The Initial sharp downward gradients became smoother as the mass of igniter

was increased, until almost linear curves tending to become horizontal , were obtained from Igni ter masses
greater than 0.005 kg.

The heat transfer rates were further integrated over the entire area of the motor conduit to obtain total
heat delivered to the motor-body. Total heat against mass of the igniter Is plotted in Fig. 8. for a
motor length of 0.30 m. There appears to be a linear relationship between igniter mass and the total
heat received by the motor body, provided the Igniter mass is less than a certain limiting quantity .
The optItir mi limit in this case was found to be 0.004 Kg. The reason that this linear relationship
breaks d0b~ at higher messes appears to be that beyond a certain value . uncombusted material is ejected
from the nozzle. The evidence for this was that traces of uncombusted powder were noticed outside the
nozzle when tests using .006 kg or more of igniter c~~ ositions were conducted.

-4
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Heat Flux vs Time
Charge: SR44 granulated
Weight: 0.002 Kg
Motor Length : 0.3i
Nozzle Throat Die : l2.7nun
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FIG. 4

Heat Flux vs TisieI Charge: SR44 powder
WeIght: 0.005 Kg

I 1~ Motor Length: 0.6m
/ ~‘ Nozzle Throat Dia: 12.7nen
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Heat Flux vs Time
Charge: SR37lc
Weight: 0.005 Kg

“ ‘rime ms “

FIG. 6
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Tak ing  average value s for the heat absorbed in each tube length after 80 ms , Table 3 y ives the amount
of heat lost through the nozzle (port-to-throat area ratio of 20) based on the bomb-calorimeter
measurements of the heats of combustion for each type of composition.

Composition %age Heat Lost

SR44 granular 72%

SR44 fine powder 80%

SR371C coarse powder 71%

TABLE 3 HEAT LOST THROUGH THE NOZZLE

The effect of port-to-throat area ratio On the tota l heat absorbed by the motor body is illustrated in
Fig. 9, using SR44 granular compositions. It appears that a port-to-throat area ratio of 20 i~ an
opt im um from th e poi nt  of view of heat t r ansf e rred to the motor condu it , although the dependence i s
not a str ong one .

The total amount of heat absorbed by the motor tube increased with tube length , although not markedly when
SR44 compositions were used. However , with SR371C composition, this increase was as high as 33% when
the motor tube was lengthened from 0.30 in to 0.6 m . It is believed that this phenomenon is due to the
slower rate of burn ing of the Mg/KNO i powder, the greater residence time of the longer tube allowing i t
to combust more f u l l y.

Radiative Heat Transfer

Fig. 10 provides a typical comparison between total heat flux and radiative heat flux at position P1
in a 0.3 m long tube. The total heat flux peak occurs 4.5 ms bef ore the pressure peak whereas the
radiative neak occurs at the same time as the pressure peak. After 18 ms , when the pressure is half
its peak value, the radiative heat fl ux is also halved but the total heat flux falls to 1/6th of its
peak value . The radiant flux is clearl y dependent upon pressure and hence the density of gases within
the motor.

The maximum gradients of heat flux occur at P1 in cm O.3m tube but as the tube length is increased the
sites of rnaximtan gradient as well as of the largest heat flux peaks shift downstream. Table 4
sumnarises the axial distribution of the sites of heat fl ux and their magnitudes .

Composition Charge ______ O.30m rube _______ 
0.4Stn tube 

_______ ______ 
O.6Orn tube 

______

Type Weight 4
~~x 

Location Time to 
~max 

Location Time to Location Time to
of 

~inax 
‘~max of 

~max %ia x of %rax ‘
~max

(Kg) (MW/rn2 ) (M Sec) (MW/rn2 ) (M Sec) (MW/rn2 ) (M Sec)

SR44 Granular .002 1.44 P1 6 0.60 P5 11 0.65 P2 12
.005 3.62 P1 8 2.00 P5 19 2.05 P4 7

SR44 Powder .002 1.20 P1 7 1.07 P5 12 0.49 P2 10
.005 3.10 P1 9 0.81 P7 13 1.55 P1 9

SR3 7I C Coa rse .002 1.61 P1 5 0.44 P5 13 0.49 P4 13
Powder .005 7.50 P2 7 1.56 P7 11 0.62 P3 9

TABLE 4: MAGNITUDE AND LOCATION OF MAX I MUM RADIAT IVE HEAT FLUX

Port-to-Throat Area Ratio: 20

The average radiative heat absorbed by the motor body is 3% of the total integrated heat at t 5 ins but
after t - 40 ins. it increases to 18% of the total heat. However, It  must be assumed that by this time
ignition will have already taken place.

Particulate Heat Transfer

A typical particle impingement pattern obtained on a cellulose acetate sheet after a test is shown in
Fig. 11 . In a 0.3 in tube the fi rst particle impact and the area of maximum impact of it occurred
between positions P1 and P3 , i.e. In the first half of the motor length. However, for the longer tubes
the f i r s t and the maximum Impact area lay between P2 and P7. Thus for longer tubes the particle impact
spectrum moved downstream, ju s t as did the region of greatest total heat flux noted previously.4



18-8

Charge: SR44 granulated

! : 
~~

‘
\ 

Noz z le Th~oat Dia: 12. 7mo

I 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

DIMENSIONLESS AXIAL DISTANCE FROM THE IGNITER, X/Dp
FIG. 7 AxIal variation of Heat Transfer per unit area along conduit

w ‘~2’~ ’~ 
— 

I., — — —

~~~~ o.. _ _ _  _ _ _

_____ 
A

1.0 / / — — — , 
—~~~~~ 

— —

~~~ 
a— [__

I— ‘0 w . .
.. ‘ — — I— PORT-TO-THROAT AREA RATIO

,.~ —_ — — FIG. 9 Total Heat received as a

0.1 — — 
function of port/throat area.

I 7 4 ~

Igniter Nass Kg
FIG. 8 Total Heat received by

the motor as a function of Igniter Mass

Charge: SR44 granulated

f\ .. 
Welght: O. 002 Kg 

12. 7m

FIG. 10 RadIant Heat Flux



18-9

It was also observed that virtually all the particle impact occurred during the first 10 ms of a test,
corresponding approximately to the pressure rise time.

Temporal and Axial Distributions of Craters

The particle impact period of approximately 10 ms was divided into equal segments of 2.5 ins each and
craters in each segment of the cellulose acetate, sheet were counted separately. No general trend in the
variation of particle size distribution with time could be observed.

Based on average values at each position, the axial distribution of carters is given in Table 5 for a
typical test. The general effect of the axial distance on the crater distribution appears to be to
increase the number of smaller craters. No craters of size greater than 125 microns were observed.

Crater/ 0.005 Kg SR371C Composition O.6(~n tube
Crater Distribution at Average Distribution of Loose

Microns P1 P3 P5 P7 P9 Particles Scraped from the CA Sheet

0 - 5 61 .8% 63.3% 67.8% 76 .4% 70.9% 32.5%
5 - 10 14.0% 14.2% 15.6% 11.9% 15.2% 17.4%
10 — 15 9.4% 7.8% 8.1% 3.4% 7.0% 11.8%
15 - 20 5.4% 4.7% 3.5% 8.0% 3.3% 8.2%
20 - 25 4.2% 3.7% 1.9% 0.2% 1.5% 5.4%
25 - 30 1.9% 2.1% 1.6% 0.1% 1.1% 5.4%
30 - 35 1.7% 1.4% 0.9% — 0.6% 3.8%
35 - 40 0.6% 0.8% 0.3% - 0.1% 2.6%
40 - 50 0.6% 0.9% 0.3% - 0.1% 4.2%
50 - 60 0.2% 0.7% - - 0.1% 1.9%
60 - 70 0.1% 0.3% - - 0.1% 1.6%
70 - 80 0.1% 0.1% - - 1.0%
80 - 90 0.5%
9 0 -  100 1.3%
100 - 125 0.5%
125 - 150 0.6%
150 - 175 0.4%
175 — 200 0.3%
200 - 225 0.2%
225 - 250 0.2%
250 - 275 0.1%

TABLE 5: AXIAL DISTRIBUTION OF CRATER SIZES COMPARED WITH AVERA GE
DISTRIB UTION OF LOOSE PARTICLE S

Correlation between Combustion Particles & Crater Size

Fig. 12 is a typical plot of %age less than st-ited size against size of the combusted particles, and the
correspondong craters obtained in that test. Based on the reasonable assumption that the particle size
distribution has a close correspondence with the crater size distribution , correlations have been obtained
between particle size and crater size for different igniter masses for a tube length of 0.6 m. A
typical correlation is plotted in Fig. 13 , which suggests that particles obtained from a combustion of
.005 kg of igniter produce larger craters than those produced by particles obtained from .002 Kg mass of
igniter. Crater-particle correlations based on .005 Kg of igniter mass are listed in Table 6.

Particulate Heat Transfer

If a particle of diameter dp Impinges on the cellulose acetate sheet to produce a crater of diameter dc
and assuming that the part d c  is half embedded in the sheet, the heat transferred per unit area would
be given by:

q — 
dp~~ CPp (T p - Tp~) (3)

3

Since the particle is only partially embedded, the heat input to the sheet can be approximated by

Q — ‘~~~ Pp Cp~ d~ d~ (T~0 
- Tp~ ) (4)

Assuming that the crater is a perfect half sphere, and It would be nearly so if  vaporisation of cellulose
acetate takes place at the hot Interface , the heat used to pyrolise the sheet Is given by:

Q I ~~ !~ p
~~

d
~ 

Cp (T c To )+HC (5)
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If the particle Is allowed to transfer its entire heat to the sheet and assuming that it is entirely
utili zed in the formation of the crater, then it would be reasonable to assume that:

Tp~~~
TC (6)

Par ticle Correspon di ng Crater Sizes
Sizes
(Microns) SR44 Granular SR44 Powder 5R371C Coarse Powder

5 2.0 3 2.5
10 4 5.5 5.0
15 5.5 8.5 7.5
20 7.5 11 10
25 9.5 14 12.5
30 11 17 15
40 15 22 20
50 19 28 25
60 23 33 30
70 26 39 35

Igniter mass .005 Kg Tube length .6m

TABLE 6: CORRELATION BETWEEN PARTICLE SIZE AND CRATER SIZE

Usiiig Eqs. (4), (5) and (6) the initial temperature of the particle is given by:

d 1
~~ (Tp — T0) + Hc + Tpt 

(7)
0 p p -

Once the particle temperature is known, the particulate heat flux per unit area is given by

~~= h(T~ - In
) (8)

0 t

The average value of the heat transfer coefficient was found to be 2.1 kW/rn2 0C (ref 10). The heat of
dissociation of cellulose acetate was experimentally found to be 6 x 10~ KJ/Kg. Using specific heat
val ues of B2O3 and Mg 0 from Thermodynamic Tables (ref 11)., Eq. 7 was employed to calculate particle
temperatures . These together with estimated particulate heat fluxes and heat inputs are given in Table 7.

Frequency of Particle Impingement

Based on the mass of igniter and distribution of particles found deposited on the inside of the motor, an
estimate as to the total number of particles striking the conduit-surface can be made. Let the mass of
igniter particulate matter deposited in the tube be mp and let N be the total number of particles
constituting this mass. Assuming ni% particles have diameters d1 and so on, it can be shown that

N — ~~ 
m~

WPp 
~~1

n1dI

Let the motor conduit surface area be A~ and since almost all the particles impact wi thin 10 ms with
a uniform density, the rate of particle impact per millisecond comes to

~~ 
______rp - 

~FPr 
~~1

nid 
(10)

The amount of igni ter material retained Inside the motor, mp. was found experimentally, It is plotted
as a function of igniter mass In Fig. 14.

Assuming that all the combusted particles are oxides of boron or of magnesium In the respective cases of
SR44 and SR371C c~~~ustion. the total number of combusted parti cles is estimated to be 8 x 10’ and 4 x 10’
per Kg respectively. This means that a combustion of .005 kg of SR44 composition gives rise to an
average impact rate of 31 particles/me2 m sec. Similarly SR371C gives rise on combustion to an average
impact rate of 16 particles/me2 m sec. Since each particle continues to transfer heat for several
milliseconds, it is estimated that at any gi ven moment , more particles are transferri ng heat than the
particles impact rate would Indicate.
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Estimated Particulate Heat Transfer from Particles of Sizes 
__________

Composition Particle Heat Flux 5 microns 10 microns 20 microns 50 microns 100 microns
_____________ 

Temperature 
___________

(°K) (MW/rn2) (KJ/m 2) (KJ /m2) (KJ/m2) (KJ/m 2 ) (KJ/m2)
SR44
Granular 1800 2.5 5.4 10.8 21.6 54.0 108.0

SR44
Powder 2200 3.5 7.4 14.9 29.7 74.3 148.6

SR371C
Coarse Powder 1300 1.6 5.9 11.8 23.6 58.9 117.8

TABLE 7: PARTICULATE HEAT TRANSFER BASED ON ESTIMATED TEMPERATURES

CONCLUSIONS -

From the foregoing, it is evident that convection and conduction due to particle impingement are the two
most dominant modes of heat transport from an igniter to the propellant during ignition of a rocket-
motor. The contribution of the radiative component of heat flux, although significant in motors with
length to diameter ratios of 6 or less, becomes~ far less significant with longer motors. The particulate
heat flux is comparable to the average convective heat .ux during the first and the most crucial 10 ins
of a rocket ignition. In fact, in addition to the particles escapting through the nozzle, 3 to 5 million
particles from the combustion of .001 Kg of pyrotechnic material strike and stick to the propellant
surface. Although about half of these particles are less than 5 micron in size, at least 12% are greater
than 20 micron. These alone are sufficient to cause ignition (ref 10). Smaller particles i.e., in
the 5 micron range will not, of themselves, give rise to ignition but with rates of impact of between 8
and 15 particles per nan2 per millisecond , they do contribute at least one third of the ignition energy.
It is. therefore, most likely that In conjunction with the convective heat supplying a steady background,
the first ignition sites in a rocket motor will occur at these point-sources of energy.

Since in rocket motor tubes with non-dimensional length parameter, 
> 6, the site of maximum heat flux

shifts downstream near the middle of the motor body, it is reasonable to assume that the first ignition
flame in longer motors usually appears in the middle regions of the motor conduit.

It has already been shown that the total heat is a linear function of igniter mass until an optimum is
reached, beyond which the Improvement in heat-flux is not proportional to the increase in mass, because
increasing amount of uncombusted material escapes through the nozzle. Thus providing a rocket motor
with a larger than optimum igniter mass results only in a small increase in heat input.

The rate of burning rather than the calorific value of a pyrotechnic material is a more important factor
in determining its combustion efficiency. B/KNO3 composition when finely powdered and packed has a much
lower rate of burning than when it is in a granular form. Although calorimetric measurements give a
higher value for the heat of combustion of finely powdered B/KNO3 than when it was in a granulated shape
but in motor firings , the slower burning powder gave as much as 40% less heat than the much faster
burning granules.
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M~ INTERIOR BALLISTICS MODEL FOR A SPINNING ROCKET MOTOR

Carl W. Nelaon
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Interior Ballistics Laboratory
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Aberdeen Proving Ground, Maryland 21005 USA

Summary

A computer model wan developed for the spinning rocke t motor used in an artillery projectile.
Lim~ped parameter equations for conservation of mass and energy are solved numerically. Departures from
standard procedures are made in treating 1) the gas properties by mixing the input from two different
propellan t grains , 2) the gas dynamic effects due to swirling of the gases through a single central
nozzle as predic ted by Maser (1961), 3) increase in radial burning ra tes due to radial acceleration and
swirling gases. A formula for radial burning rates was derived from reducing pressure—time data for
40mm and 80mm rocket motors at spin rates up to 340 rps. The code is applied to motors for a 155mm
projec tile and a 203mm projectile at spin rates of 170 rps and 250 rps. For the 155mm agreement is good
between code predictions and firing tests at 170 rps; at 250 rps the agreement is not as good because of
suspected slow ignition. For the 203mm projectile , agreement was good for the one spin rate compared.

List of Symbols

a sound speed at stagnation conditions (cm/aec)

A geometric nozzle area (cm
2
)

N gas molecular weight

P chamber pressure (MPa)

r linear burning rate of propellant (cm/eec)

grain inner radius (cm)

R universal gas constant (kgm
2/sec 2gmol’K)

S burning surface (cm 2
)

t time (eec)

T chamber temperature (‘K)
3V chamber gas volume (cm

ye chamber specific heat ratio

3
p propellant density (kg/cm

LI spin rate (rps)

Introduction

Modeling of spinning rockst motors requires departures from standard rocket interior ballistics.
Swirling of the flow through a central nozzle causes vortex effects which have been calculated by Mager
(1) and by Norton (2) among others (3). Cold flow experiments by Farquhar (4) confirmed the predictions.
The combina tion of radial acceleration and swirling gas flow increases the burning rate of the propellant
principally in the radial direction. Some data are available on the effects of spin on double base pro—
pellants which sre of interest in this study .

Combining these two main effects into a computer model has been previously a tt empted wi th limi ted
success. When Ullo th and Guthrie (5) attempted a computer program to model a high spin motor (10000 rpm) ,
they were unable to predict a runaway pressure rise after half the grain was burned. They accounted for

1 A. P4ager, “Approximate Solution of Isentrop ic Swirling Flo w Throug h a Nozale,” ARS 31, (8) pp 1140-
7748, 2987.

2 D. J. Norton, “An Ana lytica l Investigation of the F luid Mechan ioa of Rotatinp Plowe in Rocket ~~tors,”
Ph.D. Th~sia, Purdue University , Lafayette , 1.V, 1968.
D. J. Norton, U, N. Farquhar , .1. D. Nofff rj an , “Analytica l Studies of the Interior Ballistics of Spinning
Rocket Motors - A Litera ture Survey, ” Jet Propulsion Center, Report 194—67-i, Pur due University, 196?.

D. N. Farquhar, 1’. J .  Norton, J .  V. H off man, “An Experimental Investigation of Swirling Flow in Noza lee, ”
Je t  Propulsion Center Report TM-87-9, Purdu e University, 1968.

f l .  R. Utloth , W. V. Gu thr ie, “A Study of Vortex Effeots in Spinning Rocket Motore,” 1/FAMICOM Report
RX- TR-88-8 , Apr f l 1964 (AD 374824) .

4 -
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the gas dynamic effects through Mager ’ s analysis. They did predict surface regression profile which
agreed with static firing tests. Click (6) studied the gas dynamic effects in a simulated central per-
forated motor by a one—dimensional quasi—steady analysis. Local burning rates were computed as a function
of acceleration and local gas velocity. Krier , et al (7) wrote a prediction code for a tn —segmented
grain design with no gas dynamic effects of spinning but with a radial burning rate augmentation pro-
por tional to grain inner diameter. Maximum augmentation was 30 percent.

The present study was motivated by a need to study range dispersion of a rocket assisted projectile
for a 155mm howitzer. It was hoped that a computer model would permit numerical experiments to identif y
the source of the variability in delivered impulse shown in flight test data (8). It was later found
that the dominant cause of the variability lay in the exterior ballistics of the base region (9).

Analysis

For the chamber gases , the simultaneous cons.rvation equations for mass and energy are integrated
numerically for a lumped parameter system by a modified Euler scheme . Quasi—steady isentropic flow for
an ideal gas is assumed. Because at least one motor of interest has two propellant grains of different
size and composition , effective value s for the thermodynamic properties of the gas mixture are obtained
by assuming isentropic mixing of the two gas sources.

Mass flow rate through the nozzle must be corrected for the effect of swirling flow. Mager ’s
analysis for a free vortex flow should be app licable to a cylindrical por t motor. The presence of the
slots and a steel spacer between th. grains are ignored for simplicity. Mager ’s con trolling parameter
for the mass flow reduction is

Tabular valttes of mass flow efficiency versus a’~ and y* are found in Glick and Kilgore (10). The
efficiency is treated as an effective throat area factor. The effect is two—fold in that it 1) reduces
the mass flow rate and therefore the thrust, and 2) increases the effective area expansion ratio and
therefore the thrust while the flow is still underexpanded . The net effect is to change the ratio of
thrust to chamber pressure. For the purposes of this code, the burning rad ius was assumed to be tha t of
the aft grain instead of an average vslue over the entire motor length.

Burning rates of the different propellant surfaces is the second substantial departure. All surfaces
except the inner radii and the narrow slots are aseomed to regress at the usually published rates for the
given propellan t. In the slots , erosive burning is assumed propor tional to mass velocity.

Spinning the motor induces burning rate changeS beyond that expected from reducing the effective
throa t area to thus raise the equilibrium pressure. Some combina tions of local gas velocity and accel-
eration increase the radial burning rate. Data on these double base propellants at 10 krpm are not
d irectly available. Bulman and Netzer (11) found a decrease with acceleration alone. Guthrie and Chen
(12) repor ted an incr~ase of 75 percent a t 10000 g ’e in a spinning motor.

6 R. L. Click, “An Analytica l Study of the Effects of Radial Acceleration upon the Combustion Mechaniem
of Solid Propellant,” NASA Report CR-66218, December 1966 (N67-13189).
H. Xrier, S. Shimpi, E. Meister, “An Interior Balli8tice Prediction of the M549 Rocket Aseited Pro-
jectile,” Technical Report RAE 75-10, University of Illinoie, October 1974.

8 P. D. Botticelli, “Effect of Actua l and Induced Propel lant Inhibiting on M549 Flight Perforriance,”
Picatinny Arsena l, TM2159, September 2974.
R. D. Botticelli, “Range Precision of Rocket A ssisted Projectiles as Affected by BaBe Pr essure Variations
During Burning ,” JANNAF Propulsion Meeting, Anah4im, CA, October 1975.

70 R. L. Click, N. S. Kilgore, “Effect of Specific Neat Ratio on Mase Plow for Swirling Nozzle Plow,” J.
Spacecraft and Rockets, p. 1099, August 1967.
N. J. Bu lman, 0. W. Netzer, “Burning Rates Acceleration Sensitivity of Double Bass P r opellants ,” AIAAJ
8 (6) p 2155—1156, June 19?0.

12 W. V. Guthri e, C. M . (Then, “Effects of Acceleration on Burning Rates of Solid Pr’opellants,” US.4MICOM
Report RK—TR-63—22, October 1963 (AD345491).
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Pressure— time records are available from a AVCO developed 40mm motor with multip le nozzles spin up
to 330 rps. Similar data are also available from a Picatinny Arsenal 80mm motor spun to 75 rps.
Figure 1 shows the press ure—time history of the 40mm motor at several spin rates , and Figure 2 shows the
80mm motor.

25 
30

20000 —4700 5~~

Q~~~~O
’2~~~~3 d 4 ~~~~TIME (s)

Figure 1. Effect of Spin on Pressure—4Omm Motor. Figure 2. Effect of Spin on Pressure—8Omm Motor.

The continuity equation for a constant temperature rocket chamber may be rearranged to give

r - —4 (C A P + (P + V

The burning rate is thus expressed as a function of known parameters and of parameters which must be com-
puted from the burning rate history [S, V , dV/d t , all functions of distance burned]. For internally per-
fora ted cylindrical grains, these parameters can be specified by simple expressions. For a central nozzle,
Mager ’s results can be app lied to compute a vir tual throat area as a function of spin ra te and instan tane-
ous grain inner radius.

For both motors there was a decided trend to higher burning rates at higher spin rates. No simple
relationship with acceleration seemed derivable because the trend within data sets at different spin rates
was not consistent. A more consistent trend was noted when the relative burning rate was plotted against
the tangential veloci ty (WR) of the grain inner radius. In Figure 3 , which shows the trends , the ellipi—
soidal areas enclose the data points for the ci ted spin ra te for the 40mm motor. Because there were
only two tests with the 80mm motor , the entire history is shown by the two labeled curves.

RELATIVE

O%~~~~~~~~~~~~~~~
: I I l

wR (~nh)

Figure 3. Correlation of Relative Kurning Rate with Tangential Velocity.

One elemen t of bias was introduced in the analysis when an initial grain radius was picked. in all
data reductions , the computations were started at a minimum in the pressure—time history after pre-
ignition spike. An assumption had to be made on the amount of propellant consumed in the ignition prciress.
The 4Oeun motors had a screw thread initial surface to aid ignition and .the 80mm had a smooth initial sur-
face. Somewhat arbitrarily, the no—spin tests were subjected to trial and error reduction until the
assigned initial radius yielded an approximate relative burning rate of 1.0 at the pressur~~’mintmum . To
the extent that the ignition transient depend s on spin rate , the assumption introduces a systematic error.

Two lines ware drawn on Figure 3 to represent the trend of the results. When the linear fit was used
for a computer model of a RAP with (WR ) valuis beyond the tested range , the radial burning ra te ~is
app arently oversta ted by about 25%. There were too many other uncertainties in the motor simulation to
allow any firm conclusions about the real valid ity of the linear expression . For convenience in that
model , a limi ting value of relative burning rate of 1.5 gave reasonable argument with test firings . The
form of the correlation u sed there is shown as a broken line in Figure 3.
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Total impulse correction has been made by using a constant efficiency fac tor to adjust the predicted
value to the test value. In effect , pressure and impulse predictions were considered together before
adjustment factors were selected. Numerical values are shown in the section on comparison of predicted
and test performance.

Comparison with Tests

Firing test data ‘,ave been obtained from Picatinny Arsenal (8) for both flight teats and captive
tests. Thrust data were of principal interest because impulse variability was the motivation for the
code development.

Impulse is obtained from f l ight tests by measuring instantaneous velocity with doppler radar and
inferring the thrust from assumed values of aerodynamic drag coefficient. Although wind tunnel tests
(9,13) have shown that the projectile drag also depends on the thrust level, the data reduction scheme
has not been changed to incorporate that dependence, The effect would be seen at low thrust levels (below
about 1 kN) where a sharp transition in base pressure ratio occurs. An error of 0.1 kN could result in
this low thrust regime.

For the original design, the average total impulse for a series of 24 flight tests was 5.85 kN—sec.
The code with no corrections for efficiency predicted 6.42 kM—sec. This series of tests was adopted as
the standard. 1

Comparisons between computed and test performance are shown in Figures 4 through 7 for two configurations.
The original production standard configuration with 00K aft grain and spun at 170 rps was the basis for
computing impulse efficiency. Figure 4 compares test data with two computed profiles: one with a simp le
grain and ideal thermodynamics and one with a real grain and losses.

The simple grain analysis ignores the geometry of the aft grain end and assumes a fully inhibited
outer radius and sharp corners of all interacting surfaces.

Figure 5 compares the computed profile with test data for the original design. Note the differences
in the early profile among two typical flight tests and a typical spin stand test.

kN Ibf M 549 RAP
700 10,000 rpm kN1 Ib~ M549 RAP

ORIGINAL DESIGN 700 10,000 rpm
ORIGINAL DESIGN

2.5 
~..—IDEA L .SIMPLE GRAIN 25 600

~ 2.0- 
\~~~~~~— CORRECTED 

o ~~~~~~~~ STAND

~~1 5  TES~~~~

\ ~~~~~~~~~~~~~~~

W 

‘

~~~~~

“
4. 

200 ~~~~~~~~~~~~~~~~~~~

TIME ( s et ) 0 1.0 2.0 3.0 4.0
TIME (sac )

Figure 4. Thrust I or Origina l Design at 10000 rpm Figure 5. Original Design Test Comparisons.

The final design with one propellant operates at a higher thrust for a shorter time . Figures 6 and
7 present comparisons for this design at 170 rps and 250 rps respectively.

It I~( 
M549 RAP M549 RAPN 10.000 rpm luN IbI 15,000 rpm
MODIFIED DESIGN 5.0 MODIFIED DESIGN

1000 1000STAND 4.0
,.—FLIGHT 7

~:: 
--~~~~~~~~~~~ MPUTED ~° ~~~~~~~~~

ç
MPUTED

10 200 
, 

1.0 200

0 10 2.0 3.0 0 0 1.0 3.0
TIME (sic) TIME (set)

Figure 6. Comparisons of Final Design at 10000 rpm. Figure 7. Comparisons for Final Design at 15000 rpm .

13 , P . Br azzel , “Estimated Power-On Base Drag for  a Rock t Assisted Projecti le , ” USAMI COM Report
P0— TM-70—7 , .Iuiy 2970 (AD874680).
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Several attempts were made to match the profiles by reasonable changes in early burning rate behavior
with no success. The barrier is tha t the forward grain geome try cannot burn progressively unless the
radial regression is much grea ter than the non—radial rate (ratio exceeds 20). A progressive pressure
trace must then arise from some other source than grain geometry. A definitive model would require a
description of the entire flow field during the flame spreading phase. The phenomenon does not hur t
motor operation but does bar a lumped parameter simulation.

Application

Some parametric studies were conducted for the 155mm motor for variations in burning rates and grain
inhibition. Some conclusions drawn from these studies were that: 1) expected variation in the nominal
burning would not cause the observed variation in delivered impulse; 2) expected impulse variations could
result from variation in radial burning rates which decrease the predicted rate by more than 10%, 3) all
predicted impulse variations result from unburned propellant, 4) inhibiting the ends of both grains should
lessen the impulse variation, 5) variation in an motor with one propellant would be lower. These studies
pointed to a probable cause for the observed impulse variation outside the motor interior ballistics al-
though using a one propellant motor with inhibited ends should minimize the contribution from the motor.
The motor was modified to such a configuration and the delivered impulse variability was sharply reduced
although most of the credit must go to the exterior ballistics of a higher thrust level (9).

The code was also tested for a RAP has a nominal outer diameter of 171mm. The interior ballistic~
performance should be similar except for the different contraction ratio near grain burnout. Correction
factors derived for the 155mm RAP were used. Figure 8 presents the comparisons for the computed solution
and two different flight tests. Figure 9 presents the comparison for assumed inhibition of the grain
ends. No explanation is offered for the different behavior in the flight tests.

kN Ibf XM 65O RAP 
kN XM65 O RAP

2.5 
2.5

~ 
~~

o.5~ 1000.5 100

0 o 1.0 2.0 3.0 4.0 
‘ 

0 
0 1.0 2.0 3.0 4.0

TIME (set) TIME (sec)

Figure 8. Comparisons for 171mm, RAP , Standard Design Figure 9. Comparisons for 171mm, RAP , Inhibited
Grain Ends Assumed
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1. Introduction

Shelfl i fe is the time for which all functions of a propellant charge remain intact , within
given tolerances , although some aging processes have already occurred. In general , two
different periods of shelflife can be defined for solid propel lants: the chemical she iflife
or safe shelflife , and the physico-mechanical shelf li fe. The chemical she lflife is determined
by the chemical reactions occurring in the propellant. The physico -mechanica .1 sheif life is
a function of phys ica l  and mechanical events , respectively, which can be felt as cracking,
dissociation of materials, straining, diffusion of plasticizers , influences of moisture etc.

This contribution will be l imited to the chemi cal she lflife of double base solid propellants.
It will be shown by a few selected examples in what way the aging processes can be detected
analytically which occur during the storage of double base solid prope llants at elevat ed
temperatures.

2. Factors influencing she lflife

The stability of double base solid prope llant s is a function of various factors . The main
preconditions to good stability first of all lie in the use of stable basic products in
t he  fabrication process. This applies in particular to nitrocellulose and nitroglycerin.
In addition , there must also be good compatibility between the propellant matrix and other
co mp onen ts , such as burn i ng mo difi ers , plasticizers and other substances , in order to
achieve satisfactory stability conditions. Studies carried out at our Institute, dealing
wi th  the inf luence of ~ar lous burning modi f iers  upon the s tab i l i t y  of double base so l id
p ro pel l a n t s , have indicated thatespecially the copper salts of sa l icy l ic acid have ~ clearly
deteriorating effect upon stability 1)

In composite and composite double base solid propellants compatibility includes also such
substances as aluminum , ammonium perchlorate , h exogen , octogen etc. In addition to satis-
factory compatibility It is important to have a propellant which is optimally stabilized.
This means that a stabilizer compatible with the propellant Is applied In an optimum ratio.
Oth er factors  of in terest  re late to the Impact of s t a b i l i z e r  reac t ion  products upon the
stability of the propel lants .

As far as the prop e l lan t  charge is concerned, it es par t i cu la r ly  important to know the
diffusion processes of plasticizing agents and nitroglycerin , which  occur between the pro-
pellant and the insu l at lon ’’.

4 - - --
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Attention should be devoted also to the infl.uences , especially upon the mechanica l  pro-
pert i es , of such factors as moisture , storage, transport etc.

3. Determining the Aging of Double Base Solid Prope llants

There are various methods of determ i ning the aging of double base solid propel lants .Here
are a few important examples :
(a) Measurement of the rate of heat generation during storage at elevated

temperature as , for ins tance , in the method accord ing  to van Gee l 2
~~.

(b) Assessment of the thermal decomposition curve through the loss of weight.

(c) Determination of the stabilizer reaction products during ~.torage at
elevated temperature .

In all these cases a factor  of dec i s i ve  importance is the poss ib i l i t y  of establishing a
correlation between results achieved at higher and those achieved at l ower temperat t res
in order to determine cha rac te r i s t i c  she lf l i fe  data for prac t ica l  purposes.

The studies outlined below are carried out by the methods referred to under (b) and (c)
above.

3.1 Types of s tudied prope l lant

The studies were carried out on specially prepared double base prop ellants which contained
different stabilizers , while the composition of the prope l lan ts  remained unchanged ,see Fig.1.

The propellant consists of the following main components:

50 % nitroce llulose
35 % nitroglycerin
10 % diethy lphtha late 

~ex = 850 cal / g
2 % stabilizer
3 % burning modi f ie r .

This basic composition was used to produce seven types of propellant by means of different
stabilizers , which contained the following alternative stabilizer fractions:

- 2 % diphenylamine
- 2 % n i t rod ipheny lamine
- 2 % acardite I (asymmetrical di phenylurea )

— 2 % acardite II (asymmetrical m ethyldiphenylurea)
- 2 % eth yl centra lite
- 6 % ethyl centra lite
- 1 % ethyl centralite + 1 % acardite II.

3.2 Test Performance

In order to find out whether the results obtained at elevated temperatures (90°C)  co rre la te
with those obtained at the lower temperatur es (65°C), the studies were carried out at
several temperatures within this temperature range. The propellant specimens were stored
in metal bl ock thermostats each holding 4 grams of substance in test tubes with glass
stoppers loosel y put in place. Five specimens each were stored parallel to produce a re-
presentative mean value. The studies were carried out with two purposes in mind:
(a) The specimens were stored at the temperature applied in a specific case until auto-

catalytic decomposition occurred , which could be detected from a sudden loss of
weight and the formation of nitrous gases , respectively.

(b) In another part of the study propellant specimens, whi ch had been stored for diffe rent
periods of t ime at var ious  temperatures , were extracted with d ichioromethane and th e

extracts were analyzed by thin layer chromatography to determine the stabilizer
react ion products.
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3.3 Test Results

3.3.1 Temperature Corre lation for Autocatalys is

In order to obtain a correlation for the autoca ta lytic decomposition between higher and

lower storage temperatures , the weight losses were studied for the prope llants in question.

In these investigations , the loss of weig ht was followed In 5°C steps between 65°C and

90°C until self-accelerated decomposition occurred , which was detectab le by the formation

of nitric oxides and a spontaneous major loss of weight.

Fig. 2 und 3 show two typical results. The diagrams are plots of the losses of weight as
a function of the storage period. It Is seen from the result obtained at 80°C that the

propellant containing diphenylamine reaches autocatalysis at an earl y point in time . As

the storage period goes on , th is is followed by the prope llants co ntaining ethylcentra lite .

2-nitrodipheny lamine , acardite I , centralite I + acardite II , and acardite II. From this
it es seen that acard ite II has the best stabilizer properties.

The propellant containing 6 % central jte differs from the others in havfng a very high
rate of decomposition and reaches the autocata lysis region only at a loss of wei ght above
10 % .

To indicate the temperature dependence of the thermal decomposition Fig. 4 and 5 show the
results obtained for prope lla nts with di pheny lam ine and 2-n itrodipheny lami ne .

The dependence on storage period of the loss of weig ht is shown here with the temperature
as a parameter.

Similar curves were obta lne~ also for the other types of propellant; hence , there is no
need to explain them in greater detail.

For better assessment of the result s with respect to the losses of weight the time at
whi ch autocata l ytic decomposition set in were plotted as a function of temperature. At
the same time , the activation energy for the prope llants stabilized in different ways
was calculated by means of the Arrhenius equation , i.e.,

E 4.572 (log k2- log k 1) :
where k 1, k2 decomposition rates at temperatures T1 and

T - temperature in K.

and are the reciprocal storage times to onset of autocatalysis.

Fig. 6 shows the result obtained for the propellant containing dipheny lamine , with a plot
of the times to the onset of autocatalys is as a function of temperature . As is evident
from the diagram , there is a straight line relation between autocatalysis and temperature ,
If the storage time is plotted logarithmicall y. Accordingly, this constitutes a tempe-
rature correlation for the time of eutocatalysis .

The activation energy as determined by means of the Ar rhenius equation is 33.2 kcal /mol .

Fig. 7 shows the results obtained with the propellant stabilized with 2-nitrodipheny lamine.
In order to show the effect on the results of different surfaces, both compact and ground
specimen materials were studied.

Again , this Is a straight line curve, both for the ground and for the compact propellant
material. At the same time this shows that , espec ially at higher temperatures , the time
at which eutocatalysis starts is slightly earlier for th. ground specimen material than
for the compact ones.

In double base solid prope llants ethylcentra llte is also used as a plasticizer besides
its sta olll zln g properties . In order to show the effect upon stability of a concentration
of this substance (6 %) higher than usually employed as a stabilizer (2 % ) .  the storage
resu lts wi l l be compared as shown in Fig. 8. AgaIn , there is a straight line relationship
between the temperature and the storage period. The losses of weight measured at the time
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of autocat al yt ic decomposition are much greater in the propellant with 6 % ethyl-
centra l ite than with the same stabilizer containing 2 S of that substance.

To indicate the time lim i ts within which the safe life of the propel lants stabilized in
different ways can be found , the respective results are compared with each other in FIg.9 .
It is remarkable that acardite II shows the best stability values , that Is , has a stabi-
l izing action sl ightly better than that of the mix of stabilizers acard ite 11 + centra lite I.
By far the most unstable propellant is that stabilized with diphenylamine (DPA). It is a
well known fact that DPA is not especially qualified to be used as a stabilizer for double
base propellant. This stabilizer was included in this research program onl y for the sake
of completeness. For better clarity, the results obtained from the propellants with 2-
nitrodipheny lamine and eth yl centralite were not indicated in the diagram.

3.3.2 Stabilizer Reaction Products as a Measure of Aging

The aging process of double base solid propellants and gun propellants is known to become
apparant in the change of the stabilizer. The stabil izer continues to be degraded more
and more as storage goes on , which gives rise to a number of reaction produ cts 3~ .

Since the stabilizer is subjected to constant changes as a result of nitration and hydro-
l ysis events , is should be possible to draw conclusions as to the aging condition from
the reaction products of the stabilizer found In a propellant.

In order to elaborate some systematic criteria in this field , extensive studies have been
conducted at our Institute. They were concerned primaril y with analyses of the reaction
products formed during the aging process of double base solid propellants with different
stabilizers . The separation of these products was done mainl y by thin layer chromatograph y.
Unknown stabilizer reaction products were identified by means of field ion mass spectrometry .

Finally, the propellants referred to above, which contained different stabilizers within
the same propellant composition , were aged artificially at different temperatures. In
order to be able to follow the change in the stabilizer reaction products as a function
of time during storage, propellant samples were taken from the materials stored In
accordance with a precise schedule and extracted with dichiromethane. The extract was
finally separated by means of the method of two-dimensional thin-layer chromatography.
The following solutions were used as developer liquids for two-dimensional chromatographic
separation:

(1) Benzene : tetrach loromethane: 1 ,2— dichioroethane — 5 : 3 : 2,5

(2) eth ylacetate: petroleum ether • 20 : 80

For better identificat ion , the following spraying agents were used:

(1) p-d iethy lam inobenza ldehyde
1 g in 75 ml of methanol + 25 ml of concentrated sulfuric acid

(2) 0,8 g of potas sium bichrom ate In 100 ml of 60 S sulfuric acid.

Fig. 10 Is a diagr am showing the most Important reaction products of dipheny lam ine as
separated by means of thin layer chromatography . Obvious ly, these are almost all nitration
products Inc lud ing the fully nitrated end product, he x anitr od lphenylam ine and p icr ic acid.

Considerable work was needy for Ident i fication of the reaction products of .thylcentra lite ,
mainly becaus . the preparation of the different stabilizer derivatives of ethylcentralite
was much more co.pllcated than in th e case of diph eny lam lne. Another aggravat ina factor
was the fact that derivatives of centr alite do not undergo the characteristic color
reac ti on s as do DPI products when sprayed on the thin-layer plate.

Fig. 11 shows the main reaction products of ethylcentr ali te.

ad
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For identification of the components the thin-layer plate was briefly heated to 1300

following chromatographic analysis and subsequently sprayed with a solution of potassium
bichromate in sulfuric acid.

From the chromatogram It is seen that the reaction products are more in the nature of
nitrated saponification products than direct nitration products of ethy lcentra lite. The
main products generated are the derivatives of ethylan il ine .

From the next fi gures it Is evident that the reaction products of the stabilizer is much
more identical with the aging condition of the respective propellant than is expressed

~n any other type of stability examination. The diagrams show the stabilizers with their
stabilizer reaction products schematically in the way they can be generated in col ors on
the thin-layer plate.

Fig. 12 shows the change in the stabilizer reaction products of the double base propellant
stabilized with DPA at 90°C. After onl y one day all the DPA has reacted . In addition to
other reaction products resulting from continued nitration , such as the dinitro — ,trinitro-
and tetranitro -derivatives , finall y, as aging of the propellant continues, penta- and
hexanitro-DPA and picric acid are formed. The latter two products were detected above all
beforethe onset of autocatal ytic decomposition during aging double base prope llants.

An analogous reaction series , but spread over a longer period of time , is obtained at 85°C ,
see Fig. 13. This correspondingl y holds also for even lower temperatures , see Fig. 14.
This is a diagram showing the aging products obtained at 80°C.

A similar decomposition mechanism as with DPA is shown also by 2-nitro-DPA , as is seen in
Fi g. 15. In the course of storage at 90°C the following products can be detected: after
one day dinitrodiphena l amines; after two days trinitrodiphenylamines; after two weeks
tetrar it ro-DPA ; after 23 days pent anitro-DPA ; after 27 days hexanitro-DPA and p icric acid.

The results obtained with acardite I as a stabilizer are of special interest , because this
stabilizer continues to react as the propellant continues to age , mainly forming the
reaction products of diphenyl amine , see Fig. 16. In the propellant stabilized with acardite
II ag ing at 900C , in addition to the DPA reaction products 2- and 4-nitroacardite II are
formed , see Fi g. 17.

A behavior by far different from that of diphenyl amine , 2-nitrod ipheny lanhi ne and the
acard ite s is exhibited by eth ylcentralite in the course of aging of double base propellants.
In addition to nitro - and dinitrocentra lite , mainly the nitro- and n itroso-derivatives
of ethy l an ili ne are formed in this case , see Fig. 18.

While eth y lcentralite with a 2 5 fraction In the propellant has been completel y consumed
after onl y 14 days of storage at 90°C , autocata lytic decomposition does not occur before
storage for 28 days . This behavior of double base prop ellants containing centra lite ,
namely the fact that the stabilizer has been consumed at appro x imately half the storage
period, with respect to autoc atalysis , has been observed a’so at lower temperature s ,e.g.,
at 85°C , see Fig. 19. This means that the time at which ethy l centra lite has Just been
consumed is equal to half the safe life.



C . Summa ry

Whi l e stored ut various temperatures between 65°C and 90°C, several double base pro-
pellants with the same composition , differing only In the stabilizer , were aged arti-
ficially to the onset of autocetalytic decomposition. A correlation between the tempe-
rature and the storage period has been established for the results obtained at the
respective temperatures.

Moreover , studies were conducted on the chromatogr aphic analysis of stabilizer reaction
products of the type occurring in particu lar in prope llants wi th dipheny lamine , 2—n itro -
dipheny lam ine , acardite I, acardite II and ethylcentra lite as a result of storage at
elevated temperatures due to reactions with the decomposition products of nitric acid
esters .

It has been shown that continuing ag ing of the propellant gives rise to stabilizer
reaction products which are quite characteristic of the respective aging condition.
These reaction products may be used as a criterion for different stages of aging within
the safelife of solid propellants.
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6. AbbrevIations

1. Reaction Products of Diphen y lamine

1) DPA diphenyl am ine
2) 2-N-DPI 2-nitro- O PA
3) N-Ns-DPA N-nitroso-DPA
4) N ,4-DNs- OPA N ,4-dlnltroso -DPA
5) N-Ns-4-N-DPA N-n itro so-4-n itro-DPA
6) 3-N-DPA 3-nitro-DPA
7) 2,6-DN-DPA 2,6-dinitro-DPA
8) 2,4-DN-DPA 2,4-dinltro -DPA
9) N-Ns-2 ,4-DN-DPA N-nitroso—2 ,4-d initro-DPA
10) 2,2’-DN-DPA 2,2’-din itro-DPA
11) 2,4,6-TN-DPI 2,4,6-tr ini tro-DPA
12) 2,4’-DN-DPA 2,4’-din it ro-DPA
13) N-Ns-2-N-DP A N-ni troso-2-n i tro-OPA
14) N—Ns-4 .4 ‘-DN-DPA N-ni troso-4 ,4’-d initro-DPA
15) 4-Ns-2-N-DPA 4-ni troso-2-ni tro-DPA
16) 4-N-DPI 4-nitro-DPA
17) 2,2’-4,6-TeN-DPA 2,2’ ,4 .6-tetranitro -DPA
18) N-Ns-2,4’-DN-DPA N-n itroso-2 ,4’-dinitro-DPA
19) N-Ns-2 ,2’-DN-DPA N-n itroso—2 ,2’ -din Itro-DPA
20) 2,2’ ,4-TN-DPA 2,2’ ,4-trinitro-DPA
21) N-Ns-2,2’,4-TN-DPA N-nltroso-2, 2’,4-trin ltro-DPA
22) N-Ns-2,4,4’-TN-DPA N-n itroso-2, 4,4’-tr initro-DPA
23) 2,4,4 ‘-TN-DPA 2,4 ,4’-trinitro-DPA
24) 2 ,4,4’,6-TeN-DPA 2,4,4’,6-tetranitro-DPA
25) 2,2’,4,4’-TeN-DPA 2 ,2’,4,4’-tetran ltro- DPA
26) 2,2’,4,4’,6-PN-DPA 2,2’,4,4’,6-pentan itro -D PA
27) 4-Ns-D PA 4-nitroso -OPA
28) 4,4’-DN-DPA 4,4’-dinitro- DPA
29) 2,2’,4,4’,6,6’-HN-DPA 2,2’,4,4’,6,6’-hexan itro -DPA
30) 2,4,6-TN-Ph 2,4,6— trinitrophenol (picric acid )

2. Reaction Products of Ethy lcentr al it e

1) NB nitrobenzene
2) 2-MEl 2-n itr oethylani l ine
3) 1 ,3,5-TNB 1 ,3,5-trlnitrobenzene
4) 2,4,6-TNEA 2,4,6-tr in itroeth ylan il ine
5) 1,3-DNB 1,3-dinitr oben zene
6) (A ethy lanili ne
7) N-Ns (A N-n itrosoe th y la ni l ine
8) N-Ns-4 -NEA N— n itr os o—4- nitroeth y la ni li ne
9) N,2,4,6-TeNEA N ,2,4,6-tet ranitroeth y l an il in e
10) 2,4-DNEA 2,4-d in itro ethylanil inc
11 ) 2-MA 2-n i tr oan ilin e
12) 4-MEl 4-nitroethy lani li ne
13) N-Ns -2~ NEA N-n itr os o -2-n ltroethy lani l inc
14) 4-MA 4-n itroa nlline
15) 2,2’,4,4’-TeM (C 2,2’,4,4’-tetran itroet hylcentra lite
16) 2,4-DNA 2,4-d in itroani li ne
17) 4-NEC 4-nitroethylcentra l ite
18 2 -NEC 2-nitroethylc e ntra l ite
19 4-MP h 4-ni trop henol
20 2,4-DNE C 2 ,4-d in itroethylc entralite
21 4 ,4 ’-DME C 4 ,4 ’ -d Init r o e th y l centr all te

* 22 (C ethylcentra li t .
23 2 ,4-DNP h 2 ,4-d i nitrophenol
24 2,6-DN Ph 2 ,6-din i trop he no l
25 2 ,4 ,6-TN Ph 2 ,4,6-t ri nitropheno l (pi cr i c acid )

-4 - —
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Composition of ~~ub1e base propellants

50 % nitrocellulose

35 % nitroglycerine

10 % dlethylphthalate

2 % stabilizer

3 % barning modifier

Stabilizers:

- 2 % diphenylamine

- 2 % nitrodiphenylamine

- 2 % acardite I (asymmetrical diphenylurea

- 2 % acardite II (asymmetrical methyldiphenylurea

- 2 % ethylcentralite

- 6 % ethylcentralite

- 1 % ethylcentralite + 1 % acardite II

Figure I

14 W.,gth loss
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Fig.2 Propellants with different stabilizers
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Weight loss ‘I.
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Fig.3 Propeilants with different stabilizers
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Fig.4 Propellant with 2% diphenylamine
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Weight loss ‘I.
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Fig.5 Propellant with 2% Nitrodiphenylamin
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Fig.6 Autocatalysis of double base propellant with 2% DPA
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Fig.7 Autocatalysis of double base propellant with 2’~ of 2-NDPA
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Fig.S Autocalalysis of double base propellan ts
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Fig 9 Autocatalysis of Propellants with different stabilizers
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I) DPA Ii) 1.4,S-TN-DPA ii) N-N.-2,1’ , 4-Th-DPA
2) 1-$-DPA *2) 1, 4 -ON-tWA 12) N-Ni-I, 4 , 4’ -TN-DPA
2) N-Ni-tWA 12) N-N.-$-N-DPA 23) 2.4 , 4’ -YN -OPA
4) N, 4-DN.-DPA *4) N-Na-4,4’ -ON-OPA 24) 2 , 4 , 4’ ,$-T.N-DPA
I) N-IN-4-N-DPA II) 4-N.-2-N-DPA 22) 2,1’ , 4 , 4’ -T.N-DPA
4) 1-N-DPA II) 4-N-tWA II) 1,1 , 4,4’ , I-PN.tWA
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Ftg. 10 Two dimensional thin-layer chromatogram of the aging products of diphenylamin 
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1) NB 9) N,2,4,6-TeNEA 17) 4-NEC
2) 2-NIA 10) 2,4—DNEA 18) 2-NEC
3) I,3, 5-TNB 1*) 3-NA 19) 4-NPI,
4) 2, 4, S-TNEA 12) 4-NEA 20) 2,4tDNEC
5) I,3-DNB *3) N-N.-2-NEA 21) 4 , 4’ -DNEC
I) SA 14) 4-NA 22) EC
7) N-N.EA 18) 2,2’ , 4,4’ -ToNIC 23) 2,4-DNPI.
8) N-N,-4-NEA IS) 2,4-DNA 24) 2 , S-DNPt.

25) 2, 4 , 6-’rNN

Fig. II Two dimensional thin-layer chromatogra m of the aging products of ethylce ntral ite
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Fig. I 2 Double base propellant. Aging products of diphenylamine at 90 °C
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Fig. 13 Double base propellant. Aging products of diphenylaminc at 85 °C
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Fig. 14 Double base propellant, Aging products of diphenylamine at 80 °C
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Fig. 16 Double base propellant. Aging products of akardite I (diphenylurea) at 90 0(~
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Fig. 17 Double base propellant. Aging products of akardite Ii (met liy ld*phcnylurea) at 90 O(.

Ithy1cs~ra1*. ••5 ..  II •
N-N -EA

2-N-EA 1

4-N-gA • o o , 0 0 . ..
N-N -2-N -KA

N-N -4-N-IA 0 0 S  O~~~~O ® I  • o

I , 4-DN-EA I •
EC I

14-
4,4’ - DN-EC I •

NB 0 0 0
DNB 0 00
2,4-DNPt

~¶ 2, 6-DNPI *

_ _ _ _ _ _ _ _  

1N02
0 1 3 4 7 9 11 14 16 23 25 28 30 1 32 35

Figi8 Double base propellant. Aging products of ethyl centralite at 90°C
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Fig. 19 Double base propellant. Aging products of eth yl centta lite at 85 °C

Activation energies

Double base propellant with

- 2 % DPA 33 , 2 kcal/mol

- 2 % 2-nitro -DPA 39, 2 “

- 2 % acardite I 38, 2

- 2 % acardite 11 39, 7

- 2 % ethylcentrallte 33, 4

- 6 % ethylcentralite 34, 5 “

- 1 % ethylcentralite +
41,1

1 % acardite II
Figure 20
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SIMPLE DETERMINATION OF THE MECHANICAL BEHAVIOUR OF
DOUBLE BASE ROCKET PROPELLANTS UNDER HIGH LOADING RATES

by
P.J .  Greldanus
Rocket Sect ion

Techno log i ca l  Labo ra to ry  TNO
P.O. Box 45

Rljswijk— 2100
The Netherlands

SUMMARY

Solid rocket propel lants are subject to high loading rates , e.g. by the pressure
rise during i gnition of rocket motors . Therefore , the mechanical properties at high
loading rates are important for a reliable performance of rocket motors . Mostly the
mechanical behaviour is determined by tensile testing, hut this techni que is complicated
and costly.

In the Technological Laboratory TNO two methods have been applied and evaluated
for double base rocket prope llants : uniaxial impact compression by an instrumented
drop weight apparatus , and determination of elastic constants by ultrascnic measurements.

In both methods  specimen preparation and test execution are simple. Ultrasonic
measurements for  the d e t e r m i n a t i o n  of elastic constants can possibly by app l i ed  d i rec t -
ly  to  s m a l l  rocket propellant grains.

The u l t r a s o n i c  equipment is used in two ways : d e t e r m i n a t i o n  of e l a s t i c  c o n s t a n t s ,
and localization of defects in the propellant grain.

In this paper the investigation of the mechanical properties of some double-base
rocket propellants by forementioned methods will he considered.

LIST OF SYMBOLS

F Young ’s modulus MN/rn2 is mass kg
F force N p pressure MPa
G shear modulus MN/rn2 q - c ~ t /d

complex shear moduIus~~ MN/rn2 r - a s m c5 m /’w
C’ real part of complex shear t t ime s

modulus 1’ storage modulus MN/rn2 t1 time to trave l a distance
G” imaginary part of complex shear in sample s

modulus~~ loss modulus MN/rn2 t2 time to trave l s ame distance
K compression modulus MN/rn2 In liquid
M uniaxial compression modulus ~t t 2-t 1 s

longitudinal wave modulus MN/rn2 v velocity c/s
0 surface on which force acts is2 w strain rate 1/s

glass transition teirperature 0C x distance is
T~ secondary t ran sition temperature O~~ attenuation ‘epers/m
I! particle displacement m ~ phase difference between
U0 particle dlsplace’aent at t—0 1

~ rn stress and strain
a deceleration rn/s2 £ strain
c sound velocity in liquid rn/s maximum strain

transver.esound velocity 1
~ rn/s tel elastic strain

Ci longitudinal sound veloclty~~ rn/s c ,1 plastic strain
c1 longitudinal sound velocity recovered strain after 30 daysrec

in sample ‘ ~~~~ ~ shear strain
c5 mt ransverse sound velocity w ang le  v e l o c i t y  rad./s

in sImp1e~~ ia/s p d e n s i t y  kg/li 3
d thickness of sample m a stress MN/rn2

g acceleration by gravity rn/s2 e angle of incidence for waves rad.
;~ drop hei ght m e g ~ limit angle of incidence for
I /~~P longitudinal waves rad.
t specimen length  m eg, 5 critical angle for transverse

w aves rad .
1
~ Subscript s , superscr ipt s , etc are • angle of refraction rad.
a lso used with othe r symbols.
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INTRODUCTION
For r e l i a b l e  rocket  m o t o r  p e r f o r m a n c e  the mechanical properties of prope llants are

very i m p o r t a n t .  The more the m e c h a n i c a l  p r o p e r t i e s  of the  s o l i d  rocke t  p r o p e l l a n t  w i l l
d e t e r i o r a t e , the  bi gger the chance of m e c h a n i c a l  f a i l u r e  or pe rmanen t  d e f o r m a t i o n  of t h e
p r o p e l l a n t  g r a i n ; f a i l u r e  and permanent  d e f o r m a t i o n  are  hound to  i n f l u e n c e  i n t e r i o r
b a l l i s t i c  p rope r t i e s  of the rocket  m o t o r .  Any type of d e f e c t  in the p r o p e l l a n t  g r a i n
will cause pressure-fluctuations in the rocket  m o t o r ;  if pressure deviates too much from
the pressure-equilibrium of the  d e fl a g r a t i o n , the re  is  a chance  of c on t i n u o u s  i n c r e a s e
in chamber pressure and burning rate of the rocket propell ant. In that case explosion
by bursting of the rocket motor case is possible.

Very important characteristics which will influence the mechanical properties of
the rocket propellant grain are the chemical composition , the internal structure or
texture , the shape , the propellant processing techni que and the history of the propel-
lant grain . Common types of solid rocket propellants are double base propellants and
composite propellants; both with polymeric material as their main component , i.e. cel-
lulose nitrate in the former type of propellant and polyurethane , polyviny lchloride or
polybutadiene in the latter type . Both types are regarded as filled polymers. Because
of the polymeric backbone these solid propellants act rheolog ically as visco-elastic
materials.

The internal structure or texture is also an important variable of the mechanical
behaviour of the propellant grain. Texture describes approximately the strength between
the components of the propellant . Special shapes of propel lant  g r ai n s  have been desi gned
for a programmed gas production during the burning time of the rocket motor. Dependent
on the shape and processing technique internal stresses are introduced into the prope l-
lant grain. Some mechanical properties of the propellant grain such as failure proper-
ties could deteriorate drastically by internal stresses in the propellant.

Also environmental and transport history of the propellant grain could influence
the mechanical behaviour. During storage gravity forces and thermal stresses in the
propellant grain will occur while loading by vibrations and shocks will act during trans-
port.

Failure of the solid propellant grain will mainly occur during the fast pressure
rise on ignition . For example pressure may rise from 0 throug h S MPa in the first five
milliseconds . It is evident that the mechanical behaviour of the propellant grain at
hig h loading rates is very important for reliable rocket performance.

Also , it  is expected that the mechanical properties of propellants at high loading
rates are inure dge-sensitive than the mechanical properties at lower loading rates , e.g.
in normal tensile tests (Ref.1). Because the Netherlands is not manufacturing rocket
motors , our laboratory is specialized in surveillance testing of old rocket motors .
Within the scope of surveillance testing the determination of age-sensitive mechanical
properties , such as mechanical properties at hi gh loading rates is interesting.

The mechanical properties of solid rocket propellants are both temperature and
strain rate sensitive . Rate sensitivity of mechanical properties is a typical feature
of visco-elastic materials. No failure would occur if during the short loading time
energy could dissipate. Energy dissipation mainly occurs by molecular motions. The
quantity of energy that dissipates is dependent on the relaxation time .

A complete structural analysis of a solid rocket propellant grain would be com-
plicated , because of the complex shape of the charge , especially at hi gh loading rates.
Exact laboratory simulation of the loading on the charge during action t ime of the
rocket motor would require very complicated techniques. In the Technological Laboratory
TNO simple techniques ire used for the determination of mechanical propcrties of mate-
rials at high loading rates.

EXPERIMENTAL

For the  estimation of the mechanical properties of a material no difference exists
at molecular scale between uniaxial compression deformation or uniaxial tensile de-
formation (Ref.2 ,3). Loading of a specimen by uniaxial compression has experimental
advantages over tensile loading. Besides the fact that machining of the specimen Is
more simple , also clamprupture often occurs in tensile tests. At uniaxi al compression
tests , however , no clamping is necessary . For the determination of the mechanical pro-
perties at high loading rates the Technological Laboratory is using an impact test
with unlaxial compression loading, i.e. the drop weight impact method along withia non-
destructive method based on ultrasoun d , the ultrasound method.

Ultrasound techniques are frequently used in product control and surveillance tests
for determining Internal defects in propellant charges.

Mechanical  and ult rasoni c properties of materials are closely related (Ref.4,S).
The measurement of the sound velocities Is used to determine the elastic properties of
solid materials (see Appendix Al).

Propagatio n of ul trasound waves through mate r ia l s  causes dynami c loading. Because
of the short duration of the loading It  can be assumed that  deformation occurs only
w i t h i n  the elast ic  regi on.

Contrary  to the drop weight impact method , no f a i l u r e  properties could be determin-
ed with the ultrasound method.
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The drop w e i g h t  Impact  method is based on impac t  of a cylindrical specimen by a
dropp ing  wei g h t .  In the Technological Labora to ry  a m o d i f i e d  R o t t e r a p p a r a t u s  is used for
t h i s  purpose .  In F i g u r e  1 an o u t l i n e  of the s y s t e m  is g i v e n .

M e a s u r i n g  procedure
The loading rate  could be v a r i e d  f rom I through 8 n/ s  b y dropping the w e i g h t  f rom

d i f f e rent  h e i g h t s .  The load d u r i n g  the impact  de f o r m a t i o n  of the specimen causes a s i g n a l
f rom the load-ce l l , w i t h  n a t u r a l  f requency of 8 KHz. The loading s i g n a l  is a m p l i f i e d  by
a st r a in  gauge a m p l i f i e r  (Peekel , type GR L - 1 )  and monitored on an oscil loscope (Tektronix ,
type 564 Sto rage O s c i l l o s c o p e ) ;  the osc i l lo scope  is t r i gg ered by a p h o t o - c e l l .  The impact
expe r iment  is a p p r o x i m a t e l y  s i m i l a r  to a dynamic  exper iment  at 0 , 2 lCHz.

The l o a d - t i m e  curve is photographed f rom the  o s c i l l o s c o p e  screen .  From the  l o a d - t i m e
relationship of the impact experiment a stress-strain relationshi p is derived by using
numerical calculation techniques (see Appendix A2-a ).
Young ’a modulus , maximum strain , maximum stress and failure criteria are derived from
the stress-strain relationship.

Simulation of loading during ignition

By rough calculation it can be shown that loading during ignition of a solid pro-
pellant rocket motor may approximately be simulated by dropping a weight on a cylindrical-
ly shaped specimen : t
The pressure-impulse , ~ pdt ,acting on a solid propellant charge during a pressure rise
from 0.1 to 10, 1 MPa In 10 ms would be 0,5 x l0~ (Ns/m 2), if the average chamber pressure
Is 10 MPa.

By dropping a weight , m (kg), from a hei ght , h (m), on a cylindrically shaped speci-
men with diameter 12 ,S (mm) the pressure-Impulse is:

f !~! - 0,36 x 10~ x m h 1

Simulation of the loading during ignition of foreme~tioned solid propellant charge willoccur , if the relation 0,5 x 10~ - 0,36 x loS x m hI holds .
This relation will hold if m — 1 (kg) and h — 1 ,93 (in)

m — 2 (kg) and h - 0,48 (rn)
m — 3 (kg) and h — 0,21 (m)
m — 5 (kg) and h — 0,08 (m)

Ultrasound method
Short pulses of ultrasonic waves are sent through a sample with a repetition fre-

quency of 65 Hz. An outline of the apparatus is shown in Fi gure 2.
The ultrasonic part of the apparatus consists of the Ultrasonic Flaw Detector

MIC III (CNS Instruments Ltd. , London). The four transducers are identical and are ar-
ranged in two pairs . The working frequency of the lead zirconate titanate crystals in
the transducers is 0,351 MHz. Both the transducers and the sample are immersed in a
contact liquid in a thermostated bath. The temperature can be varied between -40°C and
.60°C with an accuracy of + 0,1°C. The sample is placed in a sample holder at the bottom
of the ba th .  The ba th  is attached to a table which can he turned in a horizontal plane .
This enables the sample to be set under any desired angle with the sound beam .
In Figure 2 the sample is placed between one pair of test transducers . There are two
liquid-solid transitions between the test transducers . Between the others , the so-called
reference transducers , only the contact liquid is present. To eliminate possible effects
from l iqu id-so l id  t rans i t ions , there are also samples of which a thinner  part  extends
between the reference t ransducers . Then the th ickness  of the  sample is the only d i f f e rence
in sound path between test t ransducers  and reference  t r a n s d u c e r s .

When the sample is placed perpendicular  to the sound beam , only l ong i tud ina l  waves
are t ransmi t ted  through the so l id .  If  the sample is placed at an obl ique angle wi th  the
sound beam , both l ong i tud ina l  and shear waves are generated in the  sample .  Since the
l o n g i t u d i n a l  sound ve loc i ty  in the sol id sample (C i m~ 

Is a lways  h i g h e r  than the soun d
ve loc i ty  in the contact  l i q u i d  (C) , there w i l l  exist’ a c r i t i c a l  angle at which  longitudi-
nal waves are totally reflected , while shear waves are still transmitted through the
sample and the shear wave velocity (c ) can be measured.
The critical angle for longitudinal with (6 

~
) follows from Snellius ’ law (Equations

l and 2) g ,

sine
~~~ — (1)c

and • - s/2 gives

sln ø g ,, • ~~~~
___ (2)
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If c ~ c and c 5 ~ c , then the measurement of the shear wave veloci ty  is possible
for eh~y e> e . 

.mOth erw ise , I f  c 5 ,~ 
> c , then 8 has to fulfil the condition

o < 0 < e g , , where 8 is the critical angle for shear waves.g,s

Measur ing proccdur.e

The temperat ure and the sound velocity of the contact liquid in the bath are measur-
ed. The sample Is placed in the liquid while perpendicular or under an angle 0 with the
sound beam , and the time difference (at) in travelling the same distance between both
pairs of transducers is measured.

The following equations arc used (Equations 3, 4, and 5).
c~ t (3)

— T (4)

c5 m — c [l_2q cos8 + q2]~~ (5)

(Equation S is derived in Appendix A2-b).

Before rotating the sample from the perpendicular position , the critical angle (8 
~)

is calculated. About 15 to 20 circle degrees are added to e~ ~ and t hen  th e sh ea r g ,
wave ve loc i ty  is measured. This addition is necessary , becau~~ the sound beam is diverg-
ing. It is also necessary to shift the position of the receiver transducer perpendicular-
ly to the direction of the sound beam (see also Appendix AZ-b).

From the sound velocities measured at different temperatures several elastic con-
stants , such’as shear modulus , bulk modulus and Poisson ratio could be calculated , with
the aid of the following relations

G
~~~

P c
~~m 

(6)

IC - P(c~~~ - -
~~ 

c
~ ,m) (7)

c 2

— 
2 (8)

2-2(-~~~)

It should be mentioned , that because of the dynamic loading of viscoelastic materials
th e forementioned var iab les  are complex q u a n t i t i e s .  However , in this investi gation the
assumption is made , that  de format ions  are smal l  and occur only w i t h i n  the pure e l a s t i c
region , so that  the so l id  cou ld  be considered pure elastic. This means no damping will
occur (see Appendix A l ) .

From a l l  m a t e r i a l s  the expansion coefficients must be known for calculation of the
density at different temperatures. Expansion coefficients of several double base propel-
lants by dilatonieter experiiients are given in Reference 6.

SAMPLES

At 20°C and 501 RH experiments were carried out on double base rocket propellant
N-4 using the drop weight Impact method. The chemical composition of this 11-year-old
propellant is listed in Table I. The cylindrically shaped specimens had a diameter of
12 ,5 mm and a length of 25 mm. All 42 specimens were sawn from a Sidewinder rocket motor
(M17) charge and subsequently machined in a lathe to the above dimensions.

4 Experiments , using the ultrasound method were carried out on polyniethylmethacrylate
(PMMA ) and on four double base rocket propellant types , namely JPN , NK865 , OCX and N4.
In Tab le  I the  chem ica l  compos i t ion  of these p r o p e l l a n t s  is l i s t e d .  P l a n e - p a r a l l e l  speci-
mens of 80 mm a 140 mm were sawn and machined from the different rocket motor charges.

RE SULTS AND DISCUSSION

Pr2p_ !c1gb~ - ~~~ct 
_
~c~b2~The Impact experiments have been carried out with drop weights of 1 ,2 ,3 and 5 kg;

drop he ights were varied from 0,572 through ~.l94 in.  In Table II 42 experiments with N-4
propellant are listed and Figure 3 shows some specimens 30 days after the impact experi-
ment.

The stress-strain diagram has been determined and several mechanIcal properties of

-
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the propellant , such as maximum strain , maximum stress , Young ’s modulus and failure
criteria have been calculated. (Table I f l .

From Figure 4 it appears that experiments with drop weights of 1 and 2 kg result
in a scattering of the values of the Young ’s modu lus . The scattering is mainly caused
by a decreasing strain rate during the elastic defo rmation of the specimen . With the 3
and 5 kg drop wei ghts the strain rate will be approximately constant during the deform-
ation in the elastic region.

According to the rheological theory of v iscoe l a s t i c  m a t e r i a l s  the  Yo un g ’s mod ulus
inc reases  w i t h  i n c r e a s i n g  s t r a i n  rate. Inaccurate centering of the specimen on the load
cell and inhomogeneitie s of the propellant could explain the ext reme difference between
some results.
Maximum strain (c 

~ 
and maximum stress (omax) are reached when the strain rate has de-

creased to zero . ~$om Fi gures 5 and ~ it appears that c a and o , as the Young ’s modu-
lus with increasing strain rate and with increasing nias~ ~f the ~~~ weight. The kinetic
energy of the drop weight is mainly used for deformation of the specimen .

Maximum strain is divided into two types of strain , the elastic strain (eel) and
the plastic strain (E el). Elastic strain will be the sum of any type of elastic deform-
ation , e.g. pure elastic deformation , but also viscoelastic deformation. Plastic strain
is that part of the strain wh i ch will cause permanent deformation .

Mostly the deformation within the elastic region will recover completely, so that
the recovered strain ,(cre ) is equal to the elastic strain (eel). For the p lastic strain
the following relation wifl hold:

Cpl 
- C - C

c

From Figure 7 it appears that plastic deformation starts at £ 0,32 ,the yield point ,
and that  the p l a s t i c  deformat ion  increases  w i t h  increasing impact energy. The marked
symbols refer to the experiments with failure . A part of the elastic energy will be
consumed by failure of the propellant ; this part of the elastic energy is not used for
recovering, so that the recovered strain is lower in experiments with failure of the
specimen .

It appears from Figure 8 that a nearly linear relation exists between maximum
stress (omax ) and maximum strain (Emax). For N-4 propellant specimens with permanent
deformation approximate calculation of °max is possible , using this linear relationshipbetween 

~‘max 
andE ma~ and assuming that plastic deformation will occur at t > 0,32.

Failure criteria for N-4 propellant specimen are tmax > 0,50 and °max > 80 MN/rn2.
No failure of an N-4 propellant grain could be concluded on the basis of the following
arguments. luring functioning many solid propellant rocket motors have an average pres-
sure of approximately 10 MPa; the bulk compression loading of the solid propellant grain
will he 10 MN/m2 *). From the impact experiments at 20°C it appears that failure of the
5-4 propellant specimens by tiniax ial compression loading occurs when stress will exceed
80 MN/rn’. Nears et al . (Ref. 7) found that failure by uniaxial compression loading occurs
at lower stresses than by bulk compression loading , so that no failure of the N— 4 pro-
pellant grain during functioning is expected. Also , considering the pressure impulse
will lead to this conclusion. Impact experiments with failure occur within S ms and have
a pressure impulse of more than 1 ,75x105 Ns/m 2 , while ignition of a Sidewinder rocket
motor at 20°C will give in the first S ms a pressure  impulse of 0 , 18x10 5 N a / rn 2 (Ref .8) .

Determination of the Poisson ratio at 200 of N-4 propellant gives a value of ap-
proximately 0,40 , which is in agreement with the Poisson ratio expected via the ultra-
sound method.

Ultrasound method

In Figures lOa ,b ,c and d the results of measurements of PMMA are compared with
values from literature . Measurements with PMMA were carried out as a check of the appa-
ratus and of the measuring procedure . By comparing curves 2 and 3 of Figure lOa , it ap-
pears that a correction is desirable when the solid-liquid transitions between the
refe rence transducers are absent . Moreover , a difference (3%) appears when different
contact liquids are used. 0PMMA has a g l a s s t r an s i t i on t em pe r at ur e Te of 105 C ( R e f . 9 ) .  Besides this t ransi t -
ion Wada (Ref.10) observes a secondary transition at temperature T~ (1’ ~ 67°C), about30°C lower than T . There are two possible interpretations for the moi~ cuiar mechanisminvolved in this phenomenon , namely, the rotation of side groups of chain polymers , the
so-called “8-transition ” , and the rotation of the end parts of backbone chains.

Besides , the transition temperatures just mentioned are measured statically and will
increase with increased loading rates of the dynamic-mechanical measuring techniques ,
according to the rheological theories of viscoelastic materials. The almost horizontal
curve of Fi gure lOc and 10d refers to the glassy state of PMMA in th i s  temperature
range .

oading of the uniax lal compression of N-4 propellant is p a r a l l e l  to the ext rusion
direction of the propellant grain. During ignition mostly radial loading occurs ;
results from other investi gations show that for example , for .JPN-propellant no
difference in failure criteria exists by radial loading and by loading in extrusion
direction.

- - -



Sorokin et al. (Ref.i1) studied the cellulose nitrate—glycero l trinitrate system with
the aid of DTA-techniques. They found a secondary transition at about 35°C for 30-40%
(by weight) GN. In Figures lla ,h ,c and d the long itudinal and transversal velocity, the
shear modulus and the compression modulus are plotted against temperature for the four
propellan t types.

Contrary to the results of PMMA there is a marked downward slope of the curves with
increasing temperature but in Fi gures tic and lid there is no strong evidence of a 8- or
y-tranistion in the range in which measurements were done. The curves of the shear modu-
lus are much steeper than the curve of the shear modulus of PMMA.

This slope of the shear modulus suggests a transition region. Normally, the shear
modulus of polymers decreases several decades in a short temperature range or time range
when passing the glass transition . The double base rocket propellants are to be consider-
ed polymers with a large amount of fillers . Such compositions show a broadening of the
glass transition.

The ratio of weight percentage of cellulose nitrate (CN) and glycerol trinitrate
(GN), weight I CN/weight I GN , is 1 ,20 for JPN propellant ; for N-4 , NK865 and OGIC pro-
pellant this ratio is 1 ,55 , 2 ,18 and 2 ,33 respectively (see Table I). The glycerol t n -
nitrate and the other compounds are more likely to show interaction with the water/glycol
contact liquid than with the silicone oil. See for instance Figure h a .  The longitudinal
sound velocity of JPN , measured with water/glycol as contact liquid is about 5% hi gher
than with silicone oil. There are also diffe rences in the transversal sound velocities ,
but these are smaller and are not significant for the given figures.

It should be mentioned that all samp les are regarded as pure elastic solids. Damp ing
does not occur in that case. In Appendix Al the influence of the damping properties on
the measured mechanical properties is introduced, It appears from recent damping invest-
igations that the accuracy of the calculated modu li will decrease to approximately 5%
of the corresponding storage moduli with increasing temperature . Consequently the sug-
gested transition region at about 35°C by Sorokin et al. will become more significant.

This investi gation has to be considered within the scope of the investigation into
the p o s s i b i l i t y  of non-des t ruc t ive  de te rmina t ion  of sound ve loc i t i e s  and damping by the
application of ultrasoun d method directly to small propellant charges.

Because the mechanical properties at high loading rates are expected to be more
age-sensitive than at lower loading rates it is suggested to introduce these types of
methods in product testing. Then , the specimens need not be moulded , but have to be
sampled from final propellant charges. Surveillance testing will thus become more reli-
able and valuable.

APPENDIX Al
RELATIONS OF ULTRASOUND PROPERTIES AND VISCOELASTIC PROPERTIES

In solids longitudinal and transversal waves nay occur. If the dimensions of the
sample in all directions are large as compared with the wavelength then the propagation
of the waves through the solid causes uniaxial compression loading (Ref. 4,5). For the
uniaxial compression modulus or longitudinal modulus the following equation holds :

M p 4 (Al-i)

Analogous to Equation Al- i will hold for the shear modulus ,

— p 4 (A 1—2)

It should be borne in mind that in the derivation of the e.astic properties three
assumptions have been made (Ref.l2).

1. The solids are isotropic.
2. The deformation s are small so that the applied force is proportional

to the resulting deformation (Hooke ’s law).
3. The superposition principle of Boltzmann holds :

The total deformation resulting from different forces applied at different
t imes is equal to the sum of these deformations.

Using these assumptions different types of moduli such as the Young ’s modulus , bulk
modulus , the Poisson modulus or Poisson ratio , can be calculated. The different moduli
are related by the following equations (Ref.13) :

E — 2G(1+p) (A1—3)

IC — E/3 (1—2~) (A1—4)

M - IC + C (Al-S)

From Equations Al-3 , A1- 4 and A 1—5 the Poisson ratio Is derived

M- 2G
— 2(M—G) (Al—6)

However , as mentioned before solid rocket propellants act rheologicallv as visco-
elastic materials.

For viscoelastic substances the relationships between the different modull are more
complicated. In ultrasound measurements a sinusoidal strain is imposed on a viscoelastic
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solid. The strain is written in complex notation as follows :

- 
~~ exp (iwt) 

(A1-7)

Because of the viscoelasticity the resultin g stress amounts to:

ci~ — 

~~ 
exp (i(~ t+~)} (Al—8)

If ~—0 , then the sample is elastic and if 0 < < 0/2 the sample is viscoelastic.
In dynamic-mechanical experiments , such as ultrasound experiments all modu li are

complex. For example the complex shear modulus will amount to:

- o~~/y~ - (o~,/y 0) exp (itS) -

— (o
0
/y0)(cos

6+isintS ) — C’ + iG” (A1-9)

C’ is the storage modulus which represents the elastic response of the material and
G” is the loss modulus which describes the viscous behaviour. The deformation energy in
the viscous region is lost as heat. The quotient of C” and C’ is the damp ing or loss
factor.

In order to apply Equations A l-i and A l-2 to viscoelastic solids the modu li are re-
placed by complex quantities , e.g.

GA — Ø~* 2 (Al-ho)

The complexity of the shear wave velocity c
~ ,m amounts to:

c~ - c~ •ic~ (Al—il)

Combining Equations Al- b and Al-hi g ives:

C’ — o{(c~)
2 

— (c ’~)
2} (Ai— 12)

G” — 2pc~ c~ (Al—13)

In the complex notation the wave equation can be written as Equation Ai-14:

U — U0 expfiw (t- ~~~
))  — U0 exp{iwt}exp 

1.. ~ X 
—

c5 i c ’+ic ”
5 S

i~~X (A1— 14)— U0 exP{iwt}exP (- rns ,m~~~~1~ cs m  ç
From Equation A 1-1 4 it follows that the linear absorption coefficient for shear waves

~~s ,m~ 
and the shear wave velocity (c5 ,m~ 

determined experimentally are given by:

wc~’
rns m  — 

,~~ ,,2 (Nepers/m) (Al—is)
C5

Scs ,m — (A1—16)

Equations A 1-12 , A 1-13 , Al-IS and A 1-16 can be rewritten in the following form:

G’ ‘p c 2 (h-t 2) (A1—i7)s,m (1+r 2)Z

G” — 2 pc2 r
(Al—is )s,m (1+r2)2

where r • 
a5 1~ s ,m ( A l - i g )

N.B. Analogous relatio n s are obtained for the determination of M’ an d M” .

The total attenuation can be divided into attentuation by reflection losses from the
liquid solid transitions and attenuation by viacous losses from energy dI ’~sipa tion In
the sample , described by a,..
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Mostly suitable liquids are chosen so that the forme r type of attenuation will be
negligible. However , Waterman (Ref.14) and recent investigations in our laboratory have
shown that attenuation by reflection losses from the liquid soli ! transitions become
very iripprtant if c ~ /rc ç m In tha t case determination of m~ m and c5 m is not pos-
sible anymore .

It should be mentioned that in experiments with low attenuation C” will be negligi-
ble and C’ will be approximately equal to GN

N.B. The linear absorption coefficient is usually determined in dB/m; this quantity is
8 ,686 t i m e s  as la rge as used in fo rement ioned  r e l a t i o n s , which are expressed in Nepers/m.

APPENDIX A2-a
CALCULATION STRESS-STRAIN RELATIONSHIP

During deformation of the material the drop wei ght decelerates. The velocity of the
weight with mass m will decrease to zero .

At any time t during the deformation holds :

F(t) — m a(t) (A2—a—l )

Deceleration and velocity are related by the following relation :

v(t) — v(0) + a(t) dt (A2-a-2)

Comb ina t ion  w i t h  Equat ion  A2 - a - l , gi ves:

v (t) v (O) + 
~ 

I F ( t )  dt ( A 2 - a — 3 )

The velocity at t -O is def ined by drop height  and

v(0) - (2 g h)~ (A2-a-4)

The displacement of the drop weight during the deformation at time t is:

t
1(t) — I v(t) dt (A2—1-5)

0

Also t(t) is the deformation of the soecimen .
Strain at time t amounts to:

c(t) • t(t)/t(0) (A2-a-6)

Combining Equations A2-a-3 , A2-a-5 and A2-a-6 will result in the following expression for
the s t r a i n  at time t :

c ( t )  — [v(O) t + ! f ~ f F ( t )  d t )d tj /t (0) (A2 - a -7 )

For the stress at time t holds :

o(t) F(t)/O (A2-a-8)

At any time t a(t) and c(t) can be calculated. For calculation of the double integrals
numerical techniques were used.

Numerical calculat ion of the strain was carried out on a PDP-il computer (Digital
Equipment Corporation). Control of the calculation was done by high speed filming of
the impact experiment. F.r this purpose a HYCAI4 150 N high-speed camera producing 8000
frames per second was used. From Figure 9 it appears that the numerical calculation of
strain gives results within the measuring accuracy of the system.

APPENDIX A2-b

DERIVATION (IF ~~~ - c [l_zq cose + q2]

According to Snellius ’ law :
/ /

/ sine 
• (A2—b—l)

4 C 
In ~ADC : AC

_ _ _ _ _ _ _ _ _ _ _  - -- -

~~

- - -- -

~~~~~~

-_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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and in tS ABC:
AB — AC cos(4-8) — d cos(4-O)/cos~ (A2—b-3)

If there is no sample present , the sound wave will travel a distance through the liquid ,

so AB — c t 2 (A2—b-4)

where t2 is the travelling time . In the simp le the sound wave will follow path AC.

so AC cm t 1 (A2—b-5)

where t 1 is again the travelling tine . Hence the time difference , t t t , with and without
sample , is:

~ - t  •~~-~i~
_
~c -  d

2 b c cm ~6 T h L  c cm
or:

- q - 
~~~~ [

c0S~~
_O ) - 

~~

— ] (A2-b-6)

Combining Equation A2-b-6 with Equation A2 -b-b yields

q cos4 — cos4 cose + sin$ sin8 —

or: 

cos~~(cosO-q) - sinO (~~~~~~ 
- sin4) - sin8~~~~~ (A2-b-7)

Rearranging gives :

tan è - (A2-b-8)

Using again Equations A2-b -1 and AZ-b-S this results in:

2 (c /c)2sin2e sin 28
tan 2$ — 

sin • — 
m z z • (A2—b— 9)

1-sin 4 b
~~
(cm/c) sin 8 (cos8—q)

or: 

cm - c [q
2 - 2q cos8 • 1 ] ~ (AZ-b- b )

With 8 — 0 , Equation AZ-b-ho becomes

cm — T-i~ 
(A2 .h l l )

It is easy to derive that the shift of the sound beam , BC , equals:

BC — d sin($—8) (A2—b-iZ)cos,
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TABLE I. Compos ition of the investigated , double  base rocket propellants

cent. by w e i g h t
con,tituent JPN NIC 865 OCX N-4

cellulose nitrate 51 .1 59 ,2 56 ,7 50 ,9
glycerol trinitrate 42 ,75 27 ,2 24 ,3 32 ,9
diethyl phtalate 3,3 10 ,7
dioctyl phtalate 3,1
diphenylamine 0,9
2-nitrodiphenylamine 1 ,7 2 ,1
N ,N ’-di e thy l-N ,N ’ diphenylurea 1 ,1 4 ,9
triacetine 10 ,2
methyl phenylurethane 4,9
potassium sulfate 1 ,23 1 ,5
lead stearate 3,3 0,7
graphite 0,19 0 ,1 0,1
v a se l i ne 2 ,9
moisture 0,23 0 ,5 0,5
solvent 0 ,10 0,2 0,2

specific gravity (k~ /m
3) 1630 1550 1560 1553
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i \ R l I  11. Prop weight impact experiments with N- i pro pellant

Spec imen Drop we i gh t Drop he i gh t Initial Impac - Pressure Strain Max imum kaximum Young ’s
no. mass h train rate energ: impulse (after stEam st~ ess m o d u l u s

m w (t O )  30 days max max E

________ 
kg m s~~ Nm s/m Zx l O S 

________ ______ 
MNL.~~__ MN/,n

Z

52 8 0 ,588 135 ,9 5 ,77 0 ,278 0 ,00 0 ,110 21 ,78 493 ,0
571 0 ,588 137 ,0 5 ,77 0,27 8 0 ,00 0,11 6 20 ,46 42 7 ,7
526 1 ,088 183 ,4 10 ,68 0,348 0 ,02 0,154 27 ,77 677 ,1
530 1 1 ,088 185 ,6 10 ,68 0 ,348 0 ,00 0 ,174 25 ,79 42 b ,S
53 2 1 ,776 234 ,3 17 ,43 0 ,482  0,00 0,2 2 2  33,05 586 ,1
564 1 ,776 237 ,1 17 ,43 0 ,482 0 ,00 0 ,219 32 ,91 686 ,6
55 8 2 ,483 28 0 ,4 24 ,36 0 ,570 0 ,00 0,268 41 ,16 57 7 ,9
54 2 ,483 280 ,4 24 ,36 0,57 0 0 ,01 0 ,26 1 41 ,40 463 ,2
525 3 ,187 31 7,6 31 ,27 0 ,646 0 ,00 0 ,276 50 ,96 800 ,0
S04 

___________ 
3 ,187 316 ,3 31 ,27 0,646 0 ,02 0 ,314 48,94 723 ,0

599 0,573 134 ,7 11 ,25 0 ,547 0 ,00 0,15 3 28 ,85 b59 ,1
593 0,573 1 35 ,2 11 ,25 0,547 0 ,00 0,160 28 ,68 508 ,4
59 6 1 ,033 - - — 0,00 — — -

582 1 ,083 — — — 0 ,00 — — —
51 7 1 ,76 8 234 ,7 21 ,25 0 ,962 0 ,03 0 ,329 53 ,00 864 ,8
577 1 ,768 235 ,6 21 ,25 0 ,962 0 ,00 0 ,336 52 ,85 67 8,9
520 2 2 ,272  268 ,2 34 ,70 1 ,091 0,01 0 ,370 62 ,70 72 0,1
549 2,2 7 2  268 ,2 34 ,70 1 ,091 0,06 0,379 65 ,70 999 ,6
595 2 ,767 294 ,8 44 ,59 1 ,203  0 ,09 0 ,414  76 ,21 842 ,3
583 2 ,767 296 ,0 44,59 1 ,203 0 ,07 0,413  71 ,99 815 ,5
53 3,180 317 ,3 62 ,41 1 ,290 0,11 0,441 83 ,18 811 ,2
5 7 3  

___________ 
3 ,180 3 18 ,6 62 ,41 1 ,290 0 ,13 0 ,441 79 ,41 829 ,6

591 0 ,572 134 ,0 16 ,84 0 ,820 0 ,00 0 ,23 8 32 ,10 487 ,4
52 7 0 ,572 134 ,6 16 ,84 0 ,820 0 ,00 0 ,241 31 ,51 424 ,4
585 1 ,080 184 ,2 31 ,79 1 ,127  0 ,06 0 ,32 3 48 ,99 591 ,0
54 3 1 ,08 0 184 ,2 31 ,79 1 ,127 0,03 0,303 52 ,51 1068 ,1
52 9 1 ,79 0 237 ,0 52 ,70 1 ,452  0 ,08 0 ,405 72 ,52 587 ,1
5 12 1 ,790 237 ,0 52 ,70 1 ,452 0 ,09 0 ,411 70 ,52 612 ,7
590 2 ,489 279 ,6 73 ,28 1 ,712  0 ,19 0 ,48 5 87,04 731 ,6
515 2 ,489 2 81 ,8 73 ,28 1 ,7 1 2  0,24 0 ,505 81 ,36 78 0 ,4
539 2 ,795 297 ,5 82 ,28 1 ,815 0 ,24 0 ,502 84 ,96 744 ,1
592 2 ,795 296 ,3 82 ,28 1 ,815 0 ,25 0 ,490 87 ,04 764 ,8
57 8 3,194 316 ,7 94 ,03 1 ,940 0,38 0 ,539 90,63 793 ,7

_ 524 
___________ 

3,194 — — — 0 ,50 — — —
542 0 ,577 134 ,6 28 ,31 1 ,376 0 ,05 0 ,317 44 ,68 534 ,0
560 0,577 135 ,2 2 8 ,31 1 ,376 0 ,07 0,315 46 ,83 577 ,0
541 1 ,084 184 ,5 53 ,15 1 ,882 0,11 0 ,403 73 ,80 1363 8
551 k ç 1 ,084 — — — 0,09 — — —
514 , 1 ,781 

- 
237 ,4 87 ,39 2 ,412 0,34 0 ,541 86 ,17 728 ,3

559, 1 ,78 1 236 ,5 87 ,39 2 ,412  0 ,39 0,567 85 ,54 643 ,7
548, 1 ,881 245 ,8 02 ,29 2 ,498 0 ,45 0 ,582 87 ,02 691 ,7
562 1 ,973 248 ,9 96 ,81 2 ,539 0,42 0,584 89,52 789 ,9

Sreclmens wi th failure .

‘I’
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rig.1 Outline of the drop weight impact apparatus Flg.2 Outline of the lJl~rason ic Flaw Detector
and measuring system. l.Load cell, 2.Strain MX III and the sample mounting. i.Sample,
gauge amplifier , 3.Oscilloscope , 14.Signal in- 2.Transducer(sender), 3.Transducer(receiver),
put , 5.T rigger input , 6.Photocell , 7.Power 14.Ther’mostated bath , S.lndexed turntable,
supply, 8.Drop weight , 9.Electromagnet , 10. 6.Ainplifier , 7.Power supply, 8.Attenuator,
Pneumatic recapture system for drop weight, 9.Oscilloscope , lO.Transducer displacement
11. Switch , 12. Photocamera, 13.Sample. device.
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IU.I. b
591 529 521 542 514 562

Fig.3 Some N-’4 propellant samples 30 days after
the drop weight impact experiments.
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Fig. I~ Young ’s modulus versus strain rate for Fig.5 Maximum strain versus strain rate for
different drop w.ights. (N-a. propellant) drop weight macace of 1 kg (s), 2 kg (C)),

3 kg (0) and 5 kg (0). (N-a. propellant )
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rig.6 Maximum st ress versus strain rate for
drop weight masses of 1 kg (A), 2 kg
(o) , 3 kg (0 )  and 5 kg (0).
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Fig.7 Impact energy versus maximum strain (open symbols) and
recov(’l’ed strain (solid symbole). (A 1 kg, a 2 kg,
0 3 kg,  0 5 kg). N.B. Marked sysapols refer to failure.
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Fig. A Maximum etreas versue maximum strain for Fig.9 Specimen length versus time by numerical
drop weight masses of 1 kg (a), 2 kg (0) , calculat ion Cx ) and by calculation from
3 kg (0)  and 5 kg (0). high up ed filming (0).
11.8. Marked symbols ref.r to failure.
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F’ig.lO Longitudinal sound velocity (a), transversal sound velocity (b), compression modulus ( c)
and shear modulus (d )  versus temperature for PMM A. 1. H20/glycol, 2.Sllicone oil , 3.Silicone
oil , without reference transducer correction , ~~ H 20 , after  Kono ( R e f . 1 5) , 5 . A f t e r  Asay
(Ref.16), 6.After Hartmann (Ref.l7).
N.B. Figure lOd. Solid line (present work ) ,  x (Ref.1-I), 0 (P.ef.l’ ) ,  0 ( I te f . 17) .
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Ftg.11 Longitudinal  sound velocity (a ) ,  tranavercal sound velocity (b ) , compression modulus(c) and shear
modulus Cd) versus temperature for various double baa. propellant. in silicone oil.
1 .  3PM in H20/glycol , 1. 3PM , 2. NK865, 3. OGK, a.. li-a..
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M)THODES DE M1 SLJRE DES BRIJITS IMPULSIFS El EFFETS PHYSIOLOGIQUES

Dr A.Dancer , M.Frobdse
memb res de I’I nst itut Franco-Allemand de Recherches (ISL)

68301 Saint-Louis (France)

RESUM E
Les armements classiques ou 4 propulseurs engendrent , au moment du tir , d~s ondesde pression sous forme de bruits impulsifs complexes , 4 fron ts de montée trés raides. Ii

est nécessaire d’enreg istrer ces variations de pression avec le plus d’exactitude pos-
s ible  a f i n  de p o u v o i r  dv a l u e r , 4 l’ aide des grandeurs caractdristiques des p r o f il s  de
pression , leurs effets sur du personnel ou des structures. Des dispo sitifs de mesure et
d’exp êrimentation répondant ~ des s p e c i f i c a t i o n s  sCv~ res s ’avè ren t  i n d i s p e n s a b l e s .

L’exposit ion 4 des bru its impulsifs entraine des lesions de l’ apparei l auditif.
Ces lesions peuvent affecter l’ oreil le moyenne et l’ oreille interne , Diverses normes ii-
m i t e s  d’ e x p o s i tio n  ont été proposCes en fonction de ia surpression de crete , de la durC e
et du nombre d’expositions pendant une pdriode donnée (normes de Pfander , Coles .).

L’app licat ion de ces normes pose de nombreux problémes en cc qui concerne les
bruits impulsifs de haut niveau produits par les armes du type lance-roquettes.

I. METHODES DE MESURE DES BRUITS IMPULSIFS
Lea difficult és métrolog iques rencontrCes au cours de l’ enreg istrement précis

d’ondes de choc aCriennes 4 front de compression trés raide sont dues , en particulier ,
aux imperfections que prCsentent les capteurs de pression mCcanoClectri ques (1). Par
contre , lea élCments de transmission et d’ampiification ainsi que les apparei ls enre-
g is treurs rCpondent en général aux specifica tions requises.

Les t ransducteurs do pression commercialisés , susceptibles d’Ctre utilisCs sur lea
terrains d’expCriences pour l’ enreg istrement des ondes de choc , prCsentent des princi pes
de fonctionnement différents. On peut distinguer les capteurs piézoelectriques , lea cap-
teurs piC zorésistifs et les sondes capacitives. Le choix du transducteur sera dCterminC
par l’Ctude envisag ée.

Les caractéristiques techniques imposCes aux sondes de pression sont lea suivan-
tes
1. dim ensions réduites , afin d’evi ter toute perturbation gCnan te du champ de pression

2. domaine do mesure suffisamment grand perme tt an t d’ enreg istrer tous les bruits impul-
sifs concernCs

3. sensib ilitd aussi constante que possible dana tout le domaine de inesure

4. large bande de fré quence avec des fréquences de coupure infCrieures et supCrieures ,
adaptCes 4 la durée du signal et aux chocs de pression 4 front raide

5. rCponse en frC quence lindaire dans tout le domaine de pression ; l’ apparition de
frCquences de resonance secondaires irlférieures 4 la frCquence de resonance princi-
pale eat proscrite

6. bonne fidélitC dans le temps
7. faible influence de la temperature sur is sensibilité
8. insensibil ité aux forces d’accélération
9. phCnomenes de der ive  et d’hystérCsis peu prononcés
10. construction resistant aux intempérles pour l’ utilisation des sondes en p1cm air.

Lea exi gences énumérées sont teliement variCes et , en partie , en contradiction les
unes avec lea autres qu ’il n ’est guère possible de les satisfaire 4 tout point de vue .
Dc l’ en semb le  des sondes disponibles , on peut choisir , en procedant 4 une optimisation ,
le type de cap teur  qui pr C sente  les c a r a c t é r i s t i ques lea mieux appropriCes aux mesures
en v i s a g Ces.

Pat-m i lea nombreux transducteurs de pression vendus par l’industrie , les quatre
modCles prdsentCs sur la fi gure 1 ont Cu , 4 cause de leurs dimensions réduites , notre
prCfCrence et ont pet-mis d’acquCrir de nombreuses exper iences  r e l a t i v e s  aux techniques
de mesure .

- 11 s ’agit d ’un capteur piCzoelectrique de diamCtre 6,3 mm de la firme KISTLER
(Suisse), de deux sonde s p iCzorCsistives de diamCtre 1 3 mm et 2 mm de la f i r m e  IC UL I T E
(USA) et d’un microphone capa citif 1/8” de Ia firme BROEL & KJAER (Daaaemark) . Leurs frC-
quences de resonance se situent , selon le modCle , entre 200 et 750 kHz . La membrane du
m i c r o p hone est fortement amortie , de sorte qu ’une fréquence de coupure suplrieure de
140 kHz est a t t e i n t e .

Dana le cas d’un choc ra ide , les frCquences de resonance sont excitées et lea os-
cillations rCsultantes se superposent su signal de mesure. 11 s ’avére donc indispensable,
en vue de i ’expl olta tion des signatures de pression enreg istrées , d’Climiner les oscil-
lations dues 4 is rEsonance en plaçan t un filtre passe-bas dana is chatne de mesure. Ce-
pendant , apt-Cs filtrage , le tetaps de montCe du signal électrlque est plus long que le
f r o n t  de mont Ce  du choc de press lon , de sorte que l’on note une lEgCre distorsion du

- - -~~ -



p r o f i t  de p r ession  e nr e g i s t r C  et une e r reur  d ’ am p l i t u d e  p lus  ou mom s prononcEe , dont is
va leur  dEpend de Ia durEe et de ia forme de i’impulsion de pre ssion .

Les supports des capteurs et l eu r  d i s p o s i t i o n  dans le champ de pression ont égale-
ment une c e r t a i n e  im p o r t a n c e . Leur form e et leur  d i spos i t i on  v a r i e n t  s u i v a n t  que l ’ on
dE s i r e  enr eg i s t rer l ’ onde de p ress ion  en champ l ib r e , non perturb Ee par Ia prEsence de
Ia sonde , ou e f f e c t u e r  des mesures de pression sur les structures.

Pour les mesure s en champ libre , nous ,avons Elaboré des sondes-ai gui lles do dia-
mEtre 2 mm , 4 mm ou 8 mm , prEsentCes sur Ia fi gure 2. La membrane des capteurs affleure
l ’ une des extr Emi tEs de La sonde tandis que I’ autre extr Emit E eat Equi pEe d’ un connec-
to u r .  Lea d imens ion s des sondes , d i c t € es par les d i a m ét r e s des c a p t e u r s  u t i l i s E s , ont
E t C  m a i n t e n u e s auss i  f a i b l e s  que possible afin d’obtenir des enregis rements quasi-
p o n c t u e l s  et i ndE penda n t s  de l ’ ang le d ’ i nc idence  do l’ onde de choc 12 ). En effet , un
bruit impu lsif n ’atte int pas s eut emen t  d i r e ct e m e n t  la sonde de mesure , ma is aussi m di-
rectement , aprEs rEflexion sur Ic sot ou sur d’ autres surfaces. La fi gure 3 prEsente un
te l exemp le do bruit d’armes .

Ic phEnomEne sonore g lobal est formE de diffErentes composantes qui attei gnent Ia
membrane du capteur sous des ang les d ’~ ncidence variables [3]. Elles peuvent s ’y rEflé-
chi t - de façon frontale ou oblique ou passer tangentie llement. Dc la sorte , elles su-,
bi~.sen t des transformations d’ampl itude plus ou mom s accentuEes qui seraient nE gligea-
bles pour une mesure quasi-ponctuelle. Le profil de pression set-a d’ autant mom s faussC
que ic diamEtre de la sonde est faibte. Maiheureusement , la résistance mecani que de
sondes de 0 2 mm n ’es t plus parfa ite et leur utilisation aux champs de tir eat limit Ee.

Une commission d ’expe rts franco-allemands a ElaborE un projet d’ un i f o r m i sa ti on des
te~,hnique s de mesure des bruits d’ arme s et de leur Evaluation en vue de rendre compa-
rabies les rEsultats de mesure [4 ,5]. Elle a admis l’ utilisation d’une sonde-a igui lle
d’un diamC tre un i forme de 5,5 ma et d’ une longueur de 100 mm. Ce diamEtre autorise le
montage de tous les capteurs mentionnEs , mEme dii capteur piEzoElectrique KISILER , après
modification . Ce compromis a EtC nEcessaire du fait que pas tous les groupes de mesure
disposen t d ’un nombre suffisan t de capteurs de faible diamEtre .

Maiheureusement , i ’ uti lisation d’une sonde-ai gui ll e de diamètre 5 ,5 mm ne perme t
plus d’effectuer des mesures quasi-ponctue lles , c ’est-é-dire indE pendantes de i’ ang le
d’ i ncidence de l ’ onde , dans tout le domaine de pression . La figure 4 prEsente la courbe
de direct ivitE d’une telle sonde pour une surpression de 0,1 bar. L’erreur d’ amplitude
maxim ale eat obtenue pour une incidence frontale de l’onde , c ’est-4-dire a = 0°. L’er-
reur d ’asp litude augmente avec Ia pression , comme le montre la courbe de directivit E en-
re~ istrEe pour une surpression de 0,3 bar (figure 5). L’Ecart maxima l de la pression no-
minale eat encore obtenu pour un angle d’inc i dence de 0° et s ’ElE ve 4 - 2 5 %  ou ~ 2 dE .

Sur Ia figure 6 sont prEsentEs les osciilogrammes enregistrEs d’une par t I l’ aide
d ’ une sonde de rEference (voie du haut) et , d’au tre part , I i ’ aide do Ia sonde-ai gu i l l e
I Ctudier (voie du bas). Lea deux sondes ont EtC soumises I tine onde de pression sphE-
r ique i s s u e  de la dEtonation d’une charge explosive sphErique de 35 g, I un-l distance de
1 ,80 at , Ia pression max imale rEsultante Etant de 0,3 bat’. La commission a approuvE
l’ uti iisat ion d’une sonde-aiguille do diamC tre 5,5 mm j u sq u ’I des surpressions comprises
ent re 0 , 3 ba r et 0,4 b a r .

Pour is dEtermination des diagrammes de directivit E , nous avons uti l isE une sonde
eff ilEe prEsentCe dans Ia figure 7. 11 s ’ag i t d’ une sonde effilEe c irculaire , de diamE-
t re 20 mm.  Le capteur p iEzoElectrique eat placE en arriEre do la pomnte , dans Ia partie
cyl indr ique , de telle sorte qiie sa membrane affleure Ia pEr iphCrie de la sonde . L’axe
long itudinal de Is sonde eat orientE sur Ic centre de dEtonation afin que i’ ondc do choc
dEfile sur is membrane du capteur sans y Etre rEflEchie.

MEme pour des i n t e n s i t C s  de p ress ion  supCr ieure s  4 0 , 3 bar , ce type de sonde a
f o ur n i  des enreg istrements sat isfaisants , tant du point de vue quali tatif que quantita-
tif. NEanmoins , vu leur encombrement , i i  s ’avE re  d i f f i c i l e  de disposer simultanEment
plusieurs sondes effilEes dana un espace rEduit , d’autant plus que si l’on dEsire Cviter
toute erreur due I Ia r C f l ex i o n  de l’ onde de press ion sur  I a  membrane , U eat indispen-
sable d’orienter leur axe longitudinal sur la source sonore.

La p ress ion  l i m i t e  de 0 , 3 ba r 4 0,1’ bar autorisEe pour les sondes-aiguilles prE-
sente un certain intErCt si l’on se rEfEre aux pressions limites admises par l’ appareii
a u d i t i f  huma in  et qu i  seront  d i scu tE es  apr E s .

Lea mEthodes de mesure d i scu tE es  jusqu ’I present Se rapportent toutes I l’ enregis-
t rement , en champ libre , de l ’on de de p ress ion non perturb Ce . Par contre , lorsqu ’on dE-
s i re  e n r e g i s t r e r  les p r o f i l s  de pression agissant Sur une structure , ii parait opportun
de f i x e r  is sonde de pression sur Ia stnui ~ture memo . A cet e f f e t , nous avons ElaborE un
r E cep t eu r  rep r E sen tE  sur la f i g u r e  8. I i  s ’ ag it d ’ un rE cepteur  en forme do d i sque  p lan-
convexe r e n f e r m a n t  en son centre Ic tranaducteur de presslon I membrane affleurante.

11. EFFETS PHYSIOLOGIQUES DES BRIJITS IMPULSIFS
Pat -si lea e f f e t s  phys i o l og iq ues des b r u i t s  i m p u l s i f s , nous n ’aborderons que ceux

directement liEs aux modifications de Ia sensibi litC auditive .
Lea b r u i t s  i m p u l s i f s  provoquent des traumatismes au niveau de l’ apparei l au di tif

des sujets exposEs
La t r au m at i s m e  sonore algu s ’observe chez lea su je ts  exposés 4 une explosion ou I

une séance de tir trop proiongée. Les signes fonctionnels sont trés marquEs cCphala l-
gie , acouphCnes algus de grande inten sitE , s e n s a t i o n  d ’ a ss o ur d l s s e m e n t .  Lea si gnes cli-
n i ques sont plus discrets tyspan normal , peu de modifications I i ’ exani en acousEtr i que .
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Par contre , l examen aud iom Etr ique montre Jo p lus souvent un scotome aud iti f I I I  i-O~ Si-
nage de la frC quence 4 kHz . Ces perturbations p~ uvent , en l’ ahsence de nouvelles expo-
sitions au bruit , rC gresser ‘.pontanCment.

Le traumatisme sonore chron ique eat d’in s ta l lation plu s in si dieu se. On observe
tout d’ abord (figure 9) une perte de sens i hi l it E de I ‘ordre de 25 8 3(1 dR ~ Ia f r C qu e n ce
4 i.flz (ler stade) , ~UIS un accro issement de ce de ficit ver a los fri~quenccs ElevEes
(1~’me stade) , puis no ,iccrois sement vers los basses frE quence s (3ème stati c ) et enf in on
n ’oh serve plus que des re l i quats auditifs aux frCquences ~levCes al or s que les pertes
aud i tives aux basses frC quences augm entent (4Eme stade ). Le scotome observ e au ‘.tade 1
n ’en t r a i n e  pas de gene sociale du fa it qu ’iI se situe en dehors do Ia gamme des I rE-
quences conver sationne lies ; par contre , une aggravation se dCveloppera si Ic ti,,uma-
tisme sonore eat rE pC tE .

Voyons main tellant de queu e facon les param~’tres physiques des ~‘ru its impul si fs
(surpression de crEte , durCe , nombre , interva lle..) influent sur l’ importan ce de Ia fa-
ti gue ou de s per t es aud i t i v e s .

Scion Murra y et Reid (61, Ward [7), Kryter [81, Ia fati gue aud it ive ou ITS
(Temporary Threshold Shift) exprimEe en dB cro itra it comme 20 log N l,\ Etant le nombre
tie bru it s impuls ifs) ou comme 20 log t (t Etant la durEe d’exposi t ion I des bruits im-
pulsifs prEsentés I in t e r v a l l e  c o n s t a n t) .

Selon Coles [ 9]  et Ward [ 7 1 ,  un double ment de Ia surpression de crEte entrainer ai t
uno augmentation do 6 dB du ITS. L’ amp li tude de la fati gue auditive , exprim Ee en dE ,
Evolue rait donc comme 20 log Ap. Cependant une Etude plus approfon die do l’infl uence do
ce paramEtre semble indi quer que la croissance du ITS so ferait solon 40 log tip.

L’ influence de l’in terva lle entre l’ exposi tion I deux bru its impu lsifs a EtC Etu-
d iCe par  Ward [7 ) ,  Sm ith [10) ot Kryter (8). Selon ces auteurs , l ’ ampl itude du ITS est
max imale pour un intervalie de 1 seconde alors que pour des interva lles de durée diffC-
r e n t e  l ’ amp l i t u d e  do Ia fa t i gue aud i t ive os t p lus rEdui te du fait soit du rCflexe de
protection acousti que (pour ies intervalles infErieur s 8 1 seconde) , soit do l’ ex i s t ence
d’ une pEriode compensatoire (pour les interval ies supErieurs 4 1 seconde).

La recupEration de is sensibi iitE auditive (exprimEe en dB) se ferait comme
10 log t (t Etant le temps sEparan t le test audiomEtri que de ia derniCre expos ition aux
bru its impuisifs) .

A l’ aide de cea rela tions et a la suite d’observations audiomCtri ques systEmati-
ques , de nombreuses normes limites d’ exposi tion aux bru its impu lsifs ont EtE proposEe s.
Pat-mi celles-c i deux sont couramment utilisEes

a) le diagramme des niveaux limites (figure 10) Etab li par Pfander I La Suite de
nombreux tests audiom Etri ques rEalisEs chez des soldats aprEs par t ici pa t ion I des ti rs
d’ entrainement. Ce diagramjne a EtE adoptE par le Minm stEre do is DEfense de Ia REpubli-
que FEdErale d’Allemagne. II pt-end en compte la surpression de crEte du bruit , sa durEe
d’ action I -10 dE et le noinbre d’e x p o s i t ions au bruit par pEriodes de 8 heures ( v o i r  fi-
gure 3). Scion Pfande r , Ic respect de ce diagramme permet d’Eviter l’ appar ition de ITS
sup Erieurs 4 10 dB 4 1000 Hz ou au-dessous , 15 dB 8 2000 Hz et 20 dB 8 3000 Hz ou au-
dessus , 24 heures  aprCs ) ‘ exposition , chez 951 des sujets

b) Ic diagramme do Coles (figure 11) qui fut adoptC en 1968 par lo CHABA
(Committee on Hearing, Bioacoust ics and Biomechanics of the National Academy of Science
and National kesearch Council (USAfl est appliqué dana divers pays anglo-saxons. Cob s
d i v i s e  les  b r u i t s d ’ arn ie ~‘r deux types qui correspondent l’ un I un bruit d’arme en champ
Libre (type A), I’ autre a un bruit d’arme en ambiance rCverbErante (type B). II appelle
durCe A Ia durEe do la premi Ere impulsion positive dans le cas du bruit produit en champ
libre , et durEe B la durEe 4 -20 dB du b r u i t  produit en ambiance rEverbErante. En fonc-
tion de ces durEes et de la surpression do crEte des bruits , dans le cas d’ une exposi-
t i o n  quot id ienne  4 100 bruits d’arme s, Ic respect de cc diagramme permettrait de n ’ob-
server , chez 75 % des suj e t s , que des TTS ou des PTS (Permanent Threshold Shift : pet-to
auditive ) infCrieurs 4 10 dB 4 1000 Hz ou au-dessous , 15 dB 4 2000 Hz et 20 dB 4 3000 Hz
ou au-dessus. Si l’ on dEsire a p p i iq u er cc c r i t Er e , chez 90% des sujets ies surpressions
de crEte  do ivent  E t r e  d iminu Ces  de S dB et chez 95% des sujets de 10 dB. Lorsque l’inci-
dence des bruits impu isi fs est normal . I i’ o r e il l e expo sE e , les surpress ions  do c rE te
doivent , dans ie cas d’expositions en ambiance non rEverbErante , Ctre diminuCes de S dB.
Des corrections peuvent Egale.ent Etre effectuCes lorsque le nombre d’exposition s quoti-
die nnes eat  d i f f E r e n t  de 100. E n f i n , Ic rythme des expositions est suppose compris entre
6 et 30 par minute.

Si I ’ on compare lea diagra inses de Pfa n der  et de Coles ( f i gu re 12),  dans ie cas oO
l’ xt ri ’accepte que des ITS infErieurs 4 10 dB 4 1000 Hz ou au-dessous , 15 dB 4 2000 Hz et
20 dB 4 3000 Hz ou au-dessus, ch ez 95% des sujets on note que i’ adoption du diagramme de
Coles autoris erait l’ exposition I des niveaux de surpression plus ElevEs et cc d’autant
plus que la durEe des bruits est plus importante. En effet , Si Ic diagraun~ne de Pfandersu It 1. princ lpe d ’isoEnerg le , (diminution du niveau de surpression de 3 dB pour chaque
doub lement de la durEe), celui de Coles ne dialnue quo de 2 dB pour chaque multi p lica-
tion par 2 de cette durEe.

On peut Egslement noter que si l’ aep iitude maximal. des ITS tolErEs est is mEme
pour chacun di ces aut eurs , Coles mesure lea ITS juste apt-Cs la fin de is journEe d’ex-
position aux bruits ators que Pfande r les mesure 24 heure s aprCs l’ exp osition . Etant
donmE cc que l’ on sait de ii rEcup Eration de La fatigue aud itive en fonctio n du teap s ,
is mE thode de ne sure des ITS scion Coies se.ble offrir plus de garant les aux sujets
pu isque les ITS sesurEs just. apt -Ca La fin de La journEe d’exposition doivent Ctre de
plus forte amplitude que ceux me surEs 24 heure s apt-Cs (toutes choses Etant Ega les par
ai lle urs) -

- -
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Bien quo Coles pense que son diagramm e et celu t de Pfander sont assez comparabies ,
on doit cependant noter quo los rEsultats exp Erimentaux do Coles indi quent une plus lar-
ge tolErance aux bruits impu lsifs alors quo los ITS qu ’ i i mesure Juste après la fin do
la journEe d’expos ition devraient Etre supErieurs I ceux observEs 24 heures aprEs.

LIne norme iintite d ’expos ition aux brui ts impulsifs doit offrir lea mei lleures ga-
rant ies de sEcuritE aux tireurs en assurant l’intE gritE de leur fonction auditive . Pour
cette raison , ii semble nEcessaire que l’ ampiitude des ITS mesurEs I la suite d’une ex-
po sition aux bruits no dEpasse pas 10 dB 8 1000 Hz ou au-dessous , 15 dB 8 2000 Hz et
20 dli 4 3000 Hz ou au-dea sus  ch ez 95% des aujets. Les diagrammes do Pfander et do Coles
permettent , I notre asis , d’estime r ces risques do façon  r a i s o n n a bi e .  Le respec t  de ces
normes pout Etre atteint do deux façons : soit en limitant la aurpression de crEte et le
nomb re do bruits auxquels lea tireurs sont exposEs , so it en imposant 10 port do disposi-
tifs de protection acousti que . Cette derni Ere solution nous semble la meilleure , car
cue permettrait de maintenir ia puissance des arme ’ actuelios ou futures I un niveau
qui n ’al tErerai t pas lout- efficacitE.
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THE BLAST PRESSURE MILIEU
ENVIRONiNG SOME RECOILLESS RIFLES/RECOILLESS LAUNCHERS

by

Sveln 0 Engenea
Norwegian Defence Research Establishment

P 0 Box 25, N-2007 K]eller ,Norway

SUMMARY

High blast pressures can force restrictions on the flexibility of the use of a recoil—
less r if le/recoil less launcher . The restrictions may be introduced for tactical reasons,
or they may be Introduced to ensure the user safe operation .
In order to get a generalized enlightening of the pressure milieu surrounding some anti-
tank hand weapons, a series of prcssure measurements were taken in various environments .
The pressure records furnished characteristics such as pressure level, pulse duration ,
and spectral content fo r each individual weapon at specific locations, and thus per-
mitted general comparisons.
The pressure measurements were compared with a set of medical criteria to define safe
zones and safe  use of the ind iv idual weapon in various environments .
The results Indicate that if necessary precautions are taken, restrictions which would
otherwise reduce a weapon’s potential usefuilness by considerable amounts , can be
liberated .

1. INTRODUCTION

Several controversial factors are connected with recoilless weapon systems. Good pre-
cislon and a short flight time are factors which require high muzzle  velocities.  High
muzzle velocities are equivalent to high blast pressures . To reduce damage hazards from
blast pressures on the user and nearby personnel; to reduce the visible contour of flame,
smoke, and dust and thus the possibility of detection; to lessen the strain on the
gunner and thus the number of shots necessary for training purpose, and to increase
overal l  weapon f l e x i b i l i t y ,  the blast pressure should be endeavoured kept to a minimum .
A thorough knowledge of the importance of such factors should be available when deciding
a weapon’s tactical directions.
General considerations and some crude pressure measurements have been the governing
factors in working out the directions for use for most recoilless weapons in the
Norwegian Army . To ensure safe use , strict limitations have been enforced for each
weapon w i t h  respect to individual grouping and launch environment. Firing a recoilless
weapon from any enclosure was prohibited because of unknown but anticipated high
pressures.
With the aim of lifting some of the restrictions, the Norwegian Defence Research
Establishment in cooperation with the Norwegian School of Infantry , initiated work to
enlighten the pressure milieu environing some recoilless rifles (RCR)/recoilless
launchers (RCL) in various weapon sites. Most of the work was consentrated on develop-
ing a bunker from which the 84 mm RCR Carl Gustaf could be fired and on mapping the
blast pressure level behind a number of recoilless weapon systems.
Recent lethality studies (1) show that unprotected anti—armour squads are very vulner-
able to indirect fire. The survivability increases significantly with the degree of
protection. Since the prime commission of the Norwegian Brigade i. to defend, time to
prepare protected weapon sites will often be at hand .
In order that the recoilless weapon squads also can take advantage of such protection ,
it was decided to try design an adequate bunker from which a recoilless weapon could be
safely fired. Since the 84 mm RCR Carl Gustaf (CG) still is the back-bone of our anti-
tank force this weapon was the one the bunker use was specified for.
The organization, balance, and relative positioning of the RCR- and RCL-aquads In the
combat zone has great influence on the effectiveness of an antitank force. To improve
the flexibility with regards to positioning the weapons, the safety zone because of
pressure damage risks behind the weapons should be kept a minimum . To update the data
for existing safety zones the actual blast pressures behind the following weapons were
measured:

57 ama RCR
66 mm RCL (LAW)
75 ama RCR
84 mm PCR (CARL GUSTAF)
88 mm RCL
106 mm RCR
127 ama RCL (TOW

Ganeral comparisons of the blast pictur.. and th. spectral content in the pressure
signals wars made at selected points for th. various weapons.

- - ---~~~ _ _ _- - V
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2. TEST OBJECTIVES

The general objective of the work was to identify the pressure picture surrounding
various recoilless weapons with the aim of easing the restrictions on weapon use because
of pressure hazards. The following specific test program evolved :
1. Design and build a bunker onto the base of the existing open 84 mm RCR Carl Gustaf

site , from which the weapon can be fired safely
2. Establish the pressure load on the 84 mm RCR Carl Gustaf crew when firing the weapon

from the open position and from the bunker. For the same posit lul ai~d weapo n ,
establish how changes in site construction will influence the pressure load on the
crew .

3. Identify the free field pressure picture behind the following weapons when they are
fired from an open position:

57 mm RCR
66 nun RCL (LAW)
75 mm RCR
84 mm RCR (CARL GUSTAF)
88 mm RCL

106 mm RCR
127 mm RCL (TOW )

From the numerous pressure measurements available the spectral content in some selected
signals were calculated to identify differences between the various weapons at specific
measuring points.

3. INSTRUMENTATION

The pressure sensors used to monitor the pressure loads on personnel in the open site
and in the bunker were piezo—electric transducers (At l an t i c  Research Corp , Type LC—65)
with a rise time of about 7 us.
The sensors used to map the free field pressure picture behind the different weapons
were pencil type piezo-electric transducers (Atlantic Research Corp, Type LC 33) with- a rise time of about 10 us.
The pressure signals were recorded on a 14 x Sangamo recorder, with a cut-off frequency
of 10 kHz.
The spectra were calculated using digital procedures.

4. BLAST PRESSURE MEASUREME~~S

Blast pressures were measured in an open 84 nun RCR CC weapon site, in a CC bunker, and
in the free .field gas stream behind the CG and other recoilless weapons. In tests where
one wanted to measure the pressure load on the users, the pressure sensors were mounted
on life—sized duztunies. In the free field blast measurements the side on pressure was
measured by pencil—type pressure cells.

4.1 Measurements of the blast pressure on the 84 nun RCR Carl Gustaf
Crew In the open weapon site

The open CG weapon site can roughly be described as an open trench with an underground
shelt~r. Figure 4.1 shows a horizontal view and a side view of the site . The 70 x
70 cm-’ square to the rig 4t is the loader ’s position. The weapon is placed on top of
the platform. The gunner’s position is to the left of the platform. During preparatory
artillery fires the personnel can bring the weapon into the fragment-proof cover room.
Dumm ies were placed at the positions of the crew in the measurements . The pressure
signals were monitored at the positions of the right and the left ear and at the back
head on both gunner and loader by inserting pressure cells into the doll’s heads which
were made of metal.
The pressure was measured for a total of 16 rounds fired from the open site. The first
6 rounds were fired to get a general picture of the pressure on the personnel. The
target ~as placed at a distance of 500 an which corresponds to a weapon elevation of
about 5 . The last 10 rounds were fired to investigate the effect of obs~ ructions in
the path of the rear exit flow of the CG on the pressure signal. A 4x4 m plank was
placed at distances from. 2 an to 5 an behind the weapon and at varying inclinations.

4.2 Measurement of the blast pressure on the 84 mm RCR Carl Gustaf
crew in the Carl Gustaf bunker

The open 84 ama RCR Carl Gustaf site was used as the base for the Carl ~ustaf bunker .Onto the base , it was built a fragmentproof enclosure with an embrasure and a rear
opening for exit gases and an entrance was added . Figure 4.2 shows the horizontal view
of the bunker and figure 4.3 the side view. The idea behind the bunker was to permit
the CG crew to shoot or observe while the attacking tanks are supported by artillery .
A total of 23 shots were fired from the bunker . The first 14 shots were fired to
de~ermine ~he general pressure b a g  on the crew when weapon elevation was changed from
+5 to -14 and azimuth from. +31.5 to _300. The next 9 shots were fired to study the
effect of bunk .r—altsrnationa on the pressure. As in the case of the open site,
dummies replaced the crew and the measuring points were at the ears and the backheads.

.J - - - - _ _ _ _ _ _ _
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4.3 Blast pressure measurements in the free field behind some
recoilless weapons

The free field pressure picture behind the following weapons was measured :

57 mm RCR
66 man RCL (LAW)
75 mm RCR
84 mm RCR (CARL GUSTAF)
88 m,n RCL

106 mm RCR -

127 mm RCL (TOW)

The ground on which the measurements were taken was hard and covered by a thin layer of
fi ne-grained sand . The target for each weapon was placed at a distance equal to the
weapon ’s normal engagement distance . Tne rear muzzle of each weapon was placed at the
orig in of a Cartesian coordinate system . The pr8ssure cells were placed radially back-
wards from origo at angles varying from 00 to 90 . All pressure cells (pencil type
which measure the side on pressure) were pointed toward the blast source. The cells
were mounted on sticks, 25 cm above ground 1ev
Four rounds were fired from each weapon except for the TOW. Only two rockets were
available for this  weapon at the time of the test. With 14 measuring stations a total
of 56 pressure records were obtained to identify the pressure picture in half of the
area (symmetry was assumed) behind each weapon (28 for the TOW).

5. EAR DAMAGE RISK CRITER iA FOR PRESSURE IMPULSE NOISE

The effect of lethal mechanisms connected with the use of recoilless launchers/recoil—
less rifles on the user and nearby personnel depends on several factors. One major
factor  is the sheer over pressure or blast pressure people in the weapon ’s close vicinity
inevitably are exposed to when the weapon is fired . Other incapasitating factors are
such as the heat in residual gas explosions, flying debris etc. In this text only the
hazards due to over pressure will be considered.
Second to the ears, the lungs are the organ most sensitive to over pressure. Data from
earlier tests and information supplied by weapon producers (2) indicate that the
pressure level and pulse duration at the locations of the crew in the various sites
where measurements were taken is too low and short respectively to cause damage to the
lungs.  The ears , however , could run a serious risk of damage at the same location if
proper precautions were not take n.
The following two types of ear damage may occur as the result of impulse noise:

Leakage on the organ of Cortis’. The damage may be a permanent hearing loss.
The damage can take place without any feeling of pain.
Damage to or rupture of the ea rdrum . This damage may cause severe pain and can
thus possibly prevent a soldier from expediting prescribed tasks during and
some time after the firing .

As a general rule, no ear damage should due to weapon impulse noise be tclerated in
peace time . In war time one has to make sure the presaure on the ear is kept below the
threshold of pain (often when ear drum rupture occurs).
To control hearing loss hazards, several factors have to be cUnsidered . The most
important ones are:

Peak pressure level
Duration of over pressure
Number of rounds fired per un it of time
Time lag between each round fired 

-~~~~~~~~-
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The spectral content in the pressure signal
The pressure on the ear is determined by the weapon system, the environment , and the
type of earprotection used . Depending on type and construction , earpro tection can re-
duce the pressure level by appreciable amounts . A typical ear clock will reduce the
pressure level about 25 dB , earplugs from 5 dB up to 25 dB depending on how they are
inserted , and glass guilt about 25 dB.
A number of d i f fe ren t  agencies have , based on various working schemes and requirements,
formulated general criteria for ear damage- risk due to impulse noise (3 , 4 ) .  Examples
are shown in figure 5.1 Pressure in ~B is the dependent variable while the durat ion of
the pressure signal in seconds is plo~ ted along the abscissa. The dotted line which is
taken from US Military Standard 1474 /is the criterion for the 95th percentile protection
when m u f f s  or plugs are used . The n~amber of exposures permitted per 24 hours are 5 or
less. The dura tion is defined as the sum of the time intervals when the pressure ex-
ceeds 10% of the peak pressure. j~he solid lines which stem from a criterion defined byPfander (4) are based on slightly different definitions . The upper curve presupposes
an ear protection reducing the noise level 25 dB at 1000 Hz. The lower solid curve is
specified for an unprotected ear. For durations of less than 0.3 seconds, Pfander ’s
criterion is based on a single exposure. For durations larger than 0.3 seconds the
total tim.- is obtained by multipl ying the single—shot duration by the number of ex-
posures in an 8 hour period . The single-shot duration is defined as the sum of the
time interval5 where the absolute pressure value is higher than 10 dO below maximum
pressure.
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Figu re 5.1 Ear damage risk cri teria for
blast pressure impulse noise

6. RESULTS
6.1 General

Two typical pressure—time samples are shown in figure 6.1 and 6.2. The pressure signal
shown in figure 6.1 was measured inside the bunker at the gunner ’s right ear. The short
duration pressure spikes are the results of reflected pressurewaves from the ground and
the walls. The duration defined by Pfander , is the sum of the intervals where the
pressure is higher than the levels indicated by the broken Lines , parallel to the time
axis. The total duration is less than a millisecond . Figure 6.2 shows the free field
pressure-time signa l 6 metres behind the rear nozzle of the 84 nun RCR Carl Gustaf. The
duration, again as defined by Pfander, is approx. 2 .5  milliseconds.

6.2 Blast pressures on the Carl Gustaf crew in the open site and
in the bunker

The average blast pressures on the gunner and the loader in the open Carl Gustaf si~e
and T~i1~~~bunker are shown in table 6.1. In both sites the weapon elevation was 5
and the azimuth 00. In the open site the average pressure is higher on the loader than
on the gunner (the gunner and the loader are both fac ing the target , the gunne r ’s head
is close r to the weapon than the loader ’s) .  In the bunker the average pressure load on
the gunner is higher than on any of the crew members in the open site.
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Figure 6.1 Typical blast pressure—time record measured at the
gunner ’s right ear in the 84nun RCR Carl Gustaf bii~ker
The total duration is the sum of the durations where
the pressure is higher than the pressure level 10 dB
below maximum .
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Figure 6.1 Typical side on free field blast pressure record
meas ured behind a recoilless weapon
The total duration is the sum of the durations where
the pressure is higher than the pressure level 10 dB
below maximum. The pressure is measured 6 in straight
behind the 84 awn RCR Carl Gustaf and 25 cm above ground

The loader , however , experiences a lower pressure in the bunker than in the open site.
This is due to the shielding offered by the rear bunker wall.
Table 6.2 gives the maximum pressures measured on the crews in the two Cites . Again
it is noticed that the pressure is highest on the gunner in the Carl Gustaf bunker and
on the loader in the open site. The dura tions of the overpres~ ures (Pt ander) , range
f rain about 0.2 milliseconds to about 10 milliseconds. Th. duration. are longer in
the bunker tha n in the open site . In figure 6.3 the pressure results from table 6.1
and 6.2 are shown in relation to Pfander ’. d~mage criterion.Standard ear clocks , which on the average reduce the pressure level about 25 dB are
unable to meet this protection criterion. In addition , the physical form of these
ear clocks make them unsuitable for use in conjunction with the Carl Gustaf due to
the narrow space between the barrel and the sight. Therefore , better ear protection is
an absolute necessity , even in the open site , if one aims to protect the Carl Gustaf
operators from ear damage.

-~ V
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Gunner Loader
Site 

Left  ear Right ear Left ear I Right ear
_ _ _ _  _ _ _ _ _ _  _ _ _ _ _ _ _  _ _ _ _ _ _ _  V

4 Open 180 mbar 340 mbar 360 mbar 210 mbarPressuresite 
__________ 

(179.1 dB) (184.6 dB) (185.1 dB) (180.4 dB)

Duration 3.2 msec 2.4 msec 1.2 msec 2.0 msec

Pressure 250 mbar 4 60 mbar 340 mbar 170 mbar
Bunker __________ 

(181.9 dB) (187.2 dB) (184.6 dB) (178.6 dB) 
I

Duration 2.2 msec 2.6 msec 3.9 msec 3.0 msec

Table 6.1 Average blast pressures and durations (as defined by
Pfander) on Carl Gustaf operators in the open site and
~n the bunker

Gunner Loader
Site - ____________ ________________________

Left ear Right ear Left ear Right ear

190 mbar 370 mbar 460 mbar 1 250 mbarOpen Pressure (179.6 dB) (185.3 dB) (187.2 dB) (181.9 dB)site
Duration 3.0 msec 2.0  msec 0.7 msec 1.3 msec

330 nobar 600 nobar 440 mbar 230 mbarPressure
Bunker (184.4 dS) (189.5 dS) (186.8 dB) (181.2 dB)

Duration 1.0 msec 0.7 msec 0.3 msec 1.8 msec

Table 6 .2  Maximum blast pressures and durations (as defined by
Pfander~ on Carl Gustaf operators in the open site and
the bun er

MAXIMUM PRESSURES

~~ERAGE PR

AVERAGE PRE
RIGHT EAR 

25d B
EAR PROTECTION

RISK CRITERIA
170

EAR PROTECTION

• GUNNER IN SURlIER

iSO 0 LOADER IN OPEN SITE
C LOADER IN BUNI~ R

1 I I I $ I 1 1 1— 4 0 1  I

07 01 1 2 3 I S IC IS
— DURATION (mI.cI

Pigur . 6.3 Max imum and average blast pressures m .asured on the
gunner and on the 1~oader in the open 84 ams Carl Gustat
site and in the Carl Gustaf bunker , seen in relation to
Pfander ’s ear 5amage risk criterion
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6.3 Effect of variations in bunker dimensions on the pressure
load on the crew

The general cozoclusions to be drawn from the firings to investigate how changes in
bunker dimensions will affect the pressure level on the crew, can be summarized as

- t fol lows :
Roof’s height relative to ground is not critical as long as the roof is high enough
above ground to perm it the operators standing erect
Roof size is not critical (± 15 cm)

Depth of the site (in firing direction) becomes critical when the depth is large
enough to permit the rear exit muzzle to swing inside the bunker

Clothing the inside of the site with mineral wool may decrease the average pressure
on the loader with about 60% and on the gunner with about 20%.

6.4 Obstructions in the path of the rear gas flow of the 84 mm
RCR Carl Gustaf

The firings from the open site with a 4m x 4zn plank behind the weapon to simulate
situations where obstructions come In the flow path of the rear exit gases of the Carl
Gustaf , gave no clear results. The rigidity of the plank and the plank support did in
an ambigious way affect the pressure signals. However, using Pfander ’s risk criterion
and assum ing an earprotection sufficient to ensure safe operation in the bunker , one
could from the test conc lude that f i r ing  the Carl Gustaf in an otherwise open terrain
should not be permitted with major obstructions closer than 5 metres behind the weapon.

6.5 Results of free field blast pressure measurements behind some
recoilless weapons

According to Pfander , a pressure signal with a duration of about 10 milliseconds and a
peak pressure of about 180 dS (200 mbar). is the limit to what the ear protected with
clocks should be exposed to. It is reasonable to assume that the pressure on the ear
is closer to the face on (static) type than to the side on (dynamic) type. The relation
between the two pressure forms are given by

Pf 2 ~~ 
l02.9+4Ps

l02 .9+Ps

where Pf is the face on pressure in psi and Ps in the side on pressure in psi. The
side on pressure of value 100 mbar corresponds to a 200 anbar (180 d8) face on pressure.
The measured side on 100 mbar pressure isobars (behind the tested weapons) are drawn in
figure 6.4. The isobars give a good indication on where the safety limits due to
pressure hazards lie for the various weapons . The TOW values are based on half the
number of measurements (two firings) that were available for the other weapons (four
firings)

lIn. IZrr Sm 4,n 4no Sm 12m lEn.

I~~~~W I ~I~~J rwn RCR
‘Sm ~—-~~

20,. — — —
~~~~~~~~IOSm, RER 9’

21. Mm

Figure 6.4 The 100 mbar side on blast pressure isobars
behind some recoilless weapons

Figures 6.5 to 6.11 show some face on pressure isobars for the following weaponso
the 57 awn RCA , the 66 awn RCL (LAW) , the 75 awn RCR . the 84 iwn RCR (CG), the 88 awn RCL,
the 106 awn RCR , and the 127 sin RCL (TOW).

-
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Figure 6.5 Face on bla pressure isobars beh ind the S7SSn RCR

1.m 3m 2m In. 0 Im 2m 3m Lm

250mbJ
Sm — ~ lPq — Sm

Figure 6.6 Face on blast pressure isobars behind the 66mm RCL , LAW
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Figure 6.7 Face on blast pressure isobar. behind the 75 mm RCR
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~:Figure 6.8 Face on blast pressure isobars behind the 84mm RCR, Carl Gustaf
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Figure 6.9 Face on blast pressure isobars behind the 88mm RCL

Cm I2m Sm Sm Sm in. Urn lEn. 
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Figure 6.10 Pace on blast pressur. isobar, behind the lO6nnn RCR
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Figure 6.11 Face on blast pressure isobars behind the 127mm RCL , TOW

6.6 The spectral content of various weapon signals

Examples on the Fourier transform of digitalized pressure signals for the LAW , the CG,
and the 106 sin RCR , are shown in figures 6.12 to 6.14 .
Pressure level in dB is the dependent variable. Frequence is the independent variable.
The unfortunate high base frequency of about 75 Hz is due to there being on ly a small
compu ter available at the time of the digitalization. This, however , does not change
the fact that most of the energy for each weapon is in the frequency bar ~ from about
75 Hz to 1000 Hz. A modified Cooley-Tukey algorithm is used to calculate the spectra
(5). The pressure signals are measured from 4 to 6 metres behind each weapon and 25 can
above ground level.

tiC mnm RER L _______________

~
€AS&inI0 STATION Sm SEMIPRO WEAPON

II — _ _ _ _ _ _  

C in OX CXC

Figure 6.12 Amplitude spectrum in a 66 RCL blast pre ssure signal
Th. pressure was m.a.ur.d ~ an behind the w.apo n , 150 off
to the side of the weap on axis, and 25 can above ground level.
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Figure 6.13 Amplitude spectrum in an 84mm RCR blast pressure signal
The pressure was measured 6 m behind the weapon and 25 cm
above ground level

MIASLSING STATION Sn, SEHIND WEAPON

:L. 
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-
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Figure 6.14 Amplitude spectrum in a 106mm RCR blast pressure signal

The pressure was measured 5 m behind the weapon, 22 .50
o f f  to the side of the weapon axis , and 25 cm above ground le~~l
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Reducing Exposure of Gunner and Environment Caused by Anti—tank Hand Weapons
t hrough the Ap p l i c a t i o n  of the ARMBRUST P r inc i ple.

Dipi . Ing E. Harraeus
MESS E RSC I- tIITT-BbLKOW- BLOHM GMBH
Un ternehinensbereich Appara te , AE043
Poatfach 80 ii 49

8000 MUnchen 80

Convent ional  hand weapons involve considerable exposure of the gunner to reports ,
tox ic  smoke , f i r e , etc. Enclosed area firing is practically impc-ssible. Due to the
signature , the gunner can easily be detected and thus destroyed , a second shot usually
out of the  quest ion . The ARZIBRUST p r i nc ip l e

— permits  f i r i n g  without  ear protection
— achieves low weapon s ignature (2nd shot )
— al lows of enclos— d area f i r i n g
- permits firing with a concrete wall up to 0.80 m behind the gunner
— e n t a i l s  no reco il
— provides high system prec ision accuracy

This briefing is not concerned primarily with the actual MBB development of the
A RIIBRTIST 300 anti—tank hand weapon , but rather Intends describing general aspects
underly ing the decision for such a development.

It is a known fact that the gunner of a consmentional anti—tank hand weapon based on the
rocket motor , on guns with a rear end nozzle, or on combinations of these, Is sub jected
to considerable exposure. In the case of open area firing this is mainly exposure to
reports. With enclosed area firing, necessary today in urban combat situations , this
exposure is increased due to wall reflexion , as well as toxic gases , smoke and heat ,
which should not be neglected.

The high signature , again mainl y due to smoke, flash and fire of a conventional weapon,
is extremely unfavourable for the gunner. Thereforethe gunner can easily be detected ,
this meaning his own certain destruction In view of the enemy of today. A s -cond shot
would have allowed him to detect any errors such as range or speed estimation eirors ,
which considerably affect the hit probability.

PROBABILITY FOR ONE HIT WITH TWO SHOTS HAVING
DI FFER ENT SINGL E HIT PROBA BILITI ES

— I — - PROBABILITY FOR ONE

~~~ j ”~
_— 

~~~~~~~~ 
HIT WITH TWO SHOTS

HIT PROBABILITY FOR
~~ 
,,“ ~~~ 

‘ THE FIRST SHOT

60 ~~~~~~~~~~ 
-

~~~~~~~ 
-

~~~~~~~ ~~~
— —

P0 ‘~~ ‘27 HIi PROBABILITY FOR
~~~~~~ 

~~ 
2’ 2 THE SECON D SHO T

:7~~~
--

0
pi [%]

Small rooms offer the gunner the best hiding—place , especially in urban areas. This
camoufl age i~ practically impossible to Utilise with conventional weapons. Should the
gunner nevertheless dare to f ire , a second sho t would be out of the question .

The recoil represents a further exposure for the gunner which , however , can also largely
be avoided using conventional firing principles.

The abo ve main disadvantages of conventional anti—tank hand weapons can be a lmost
completely eliminated using the ARNRRUST principle.

We have seen that nearl y all disadvantages inherent in conventional anti-tank hand weapons
are due to the fact that propellant gas is ejected on firing. This was the point r,j
departure for our considerations.
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The AR M BRUST p r inc ip le  solves th i s  assignmen t In the following manner.

ARM BRIJST OPERATO4

LAIFIRED

INITIATION

EXIT CalIDI lIONS

c
~~~1J

IJ
~~~~~~~~

The projectile (propelled or not by a sustainer motor ) is located in a tube at the front ,
a countermass for recoilless operation , to be described later , at the rear.

C~r~ i o f li t i V r n  of the propellant charge in the middle and after the bolt ruptures , the
projectile as well as the countermass are shifted by one piston each in oppos 4.te direc-
tions. The pressure—time characteristic In the tube corresponds to that of a gun and
can be influenced by the combustion process of the propellant.

The propellant charge may consist of any suitable single—base or double—base standard
p r o p e l l a n t .

ARMBRUST INTERNAL PRESSURE

~ essure
Iborl
1100 tube strength GB

1000 I
900

8(X)

700 I

600

retordaton

13 64 1Z2 2~32 7~80 piston Irav,l

0.5 1 1,5 2 2,5 timelmsl

when the two pistons reach the end of the tube they are stopped simultaneously by a
suitable brake arid sealed thereby. The generated gas remains In the tube. Naturally the
design takes into consideration the fact that the combustion process of the propellant
powder Is at an end , otherwise the pressure would increase again.

The counterma~s must be such that it disintegrates as soon as possible in order to mini-
mize the rear end hazard zone. In addition, the countermass may not rebound on striking
a concrete wall even before complete disintegration AR)tBRUST provides a solution which
has proved itself fully in hundreda of tests.
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The countermass is made of thousands of thin punched plastic leaflets which are then
l ayered in several piles. When the piles are exposed to the air flow they are slanted .
The air flow causes the light leaflets , due to their large surface area, to fall rapidl y
to the ground.

COUNTERMASS DISINTEGRATION

UI

I

~:Imi
DIAMETER

DISTANCE s im i

On s t r i k i n g  a w a l l  behind the gunner the l ea f l e t s  split  but do not rebound.  They f low
like a stream of water down the wall to the ground.

A non—re flecting, transparent material was chosen taking or the colour of the respective
background and which can only be seen briefly against the h~ . i zon. This can only be
observed more accurately with the aid of high-speed cameras.

In order to m i n i m i z e  the s i lhoue t t e  of the gunner with the weapon I t s e l f  (and  so reduce
the possibility of detection ) the ARI’IBRUST concept was expended by a laterally—mounted
r e f l e x  s igh t  (a long  the l ines  of a camera) .  This ensures that  the gunner Is not betrayed
t’y his own silhouette.

SILHOUETTE OF AN ARMBRUST GUNNER

-
~ - - 

Ut I - - . -- . - - - - -~
- : - <Y - -- : - .~e: : : : - :.:.— _ -

V H .  .:- .

L~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

It could be demonstrated that the principle presented here achives the required precision
due to the l ow f i r i n g  deviat ions and hi gh muzzle  velocities.  In th i s  context , however , it
is mere ly  intended to describe the special advantages provided by the ARMBRUS T p r i n c i p l e,
and only to a very limited extent by other hand weapons.

Exposure to reports
Since the ARM BRUST Is such that no gas leaves the tube, the report is mainly due to sound
conducted through solids. The tube Is made to vibrate when the pressure increases and the
brake is stopped . The report is comparable to a hard knock on a steel tube mixed with
othe r noises.

Investigations are currently being conducted on the different physiological effects of
various reports. The fo l lowing  diagram is generally taken as the limiting curve.

_ _ _ _ _ _ _ _ _ _ _ _ _  
V
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AMENDED PROVISIONAL DIAGRAM (1972 )

The diagram is based on the considerations that not only the initial peak values but the
accumulated peaks over a certain time are decisive (especially true of enclosed areas). No
quantitative evaluation of possible psychical impacts, in particular the gunner ’s fear of
the loud report whilst aiming and of resultant aiming errors are available. However , i t
can be assumed that a “quiet ” weapon would greatly reduce gunner errors.

Despite the doubts arising in view of the different and unknown measuring methods , the
following, however,can be stated :

Firing conventional hand weapons without ear protection is a health hazard , and in the
case of heavy weapons would entail permanent damage even with ear protection .

REPORT OF ANTI-TANK HAND WEAPONS

0 AT THE EAR OF GUNNER

~ im BESOE THE MUZZLE
IdBI * ESTIMATED VAWES

OPEN AERA APING SHOTS FROM ENCLOSED ROOMS
— 

______________ . LEVEL EXCEEDS TO 6.7 dB223 - DURATION ‘ TO — 30 ins (ECHO I

IPZF

LPzF 

TANK FLAP EPcLOSEO AERA FIRING

~~ 1$0

160
MG

INS1DE A TANK.

140 I-ARMBRUST
~ MEASURED 

—- —- —
IN U SA 

~~
—-— —

~~ 
MEASUREM~~~

TS AT BC V

a
120

-t I
0,3 3 30 

~° ms
DURAT ION OF EXPOSURE 54 MILLISECONDS

The following must always be borne in mind for va l ues given in decibels:

I.e. 10 dB more mean s a tripl ing of the sound pressure and ten times the intensity.
20 dB more means ten times the sound pressure and a hundred times the intensity.

-~~~~~~- - - - — V



24-S

INCREASE OF SOUN D PRESSURE AND SOUND INTENSITY
BY INCREASING THE DECIBEL VALUE I dB I

5O_ ~~~~~~~~~~~~~~ ~TTr ij 4 4~4~
_ _  

1 1 1 1  [ T In

/ ! ; T 4 1 ~t~
2 1 2 3 1. ~ 10 20 Xl 40 50 100 200 300 600 500 113)0

Fi re, f l a s h  and smoke
No statement can be made as .o exposure of the gunner or of the environment  to the above ,
s ince  no gas is r e l eased .

Launch tube under pressure
The tube under pressure after firing represents no danger to the gunner , provided that the
ductility of the material ~s such tha t  no blow—up occurs even when the tube is perforated .
~t could  be demons t ra ted , u s:~r~~ a f l o w — t u r n e d  steel tube , t ha t  a tube per fora ted  d i r e c t l y
after firing does not burst.

Heat Ing up of the tube
Since  not  much energy (- r r T p e l l a n t ) i s  r equ i red  for  f i r i n g ,  the tube itsel f does not heat
up t o  a large extent. Fver , u5ir~~ hir-walled tubes (1 m m )  150°C were never exceeded.
Since the actual weapon has a p astlc stock there is no danger for the gunner.

The above—described ARNBRUST principle can be adapted to the most varied weapon sizes and
categories. Theoretical studies have demonstrated that not only ARM BRUST 300 (termination
of development with firing from shoulder planned for this year ) can be realised on this
basis , but a whole weapon family, too .
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