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PREFACE 

BALLIsTICs is a very broad field which requires the use of many kinds of skills 
in its investigation, as indicated by the scope of the information contained 
in this volume. It is a tribute to Professor Carl Cranz, whose centenary this 
book commemorates, that in his very early work in this field he dealt with 
many of the problems which we now consider very modern. The topics 
presented here are modern developments in this field made possible by the 
great improvement in our knowledge and technology, following the paths 
indicated by early workers in this field such as Carl Cranz. 

THEODORE VON KARMAN. 
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Poe eer el OU VRE DE OC, CRANZ 

H. ScHARDIN 

Laboratoire de Recherches Saint Louis, France 

C’ssr pour moi un honneur et un plaisir tout particulier de pouvoir évoquer 
aujourd’hui ici la vie et ’oeuvre de C. Cranz, notre ancien maitre en 
balistique, puisque je fus pendant 10 ans son assistant et son collaborateur. 
Ma propre carriére scientifique a été trés profondément influencée par lui. 

SA VIE 

Avant de parler de ses travaux je tiens 4 esquisser bri¢vement sa vie: 
Né le 2 Janvier 1858 comme fils d’un pasteur il avait d’abord l’intention 

de devenir également théologue. Il fréquenta un collége ainsi que deux 
séminaires de théologie protestante et commenca ensuite ses études de 
théologie a Tiibingen. Mais bientédt il change d’orientation et étudie les 
mathématiques et les sciences. Sa thése faite chez le physicien Dusors- 
ReEyMonp sur “‘l’examen théorique des déviations normales des projectiles et 
la forme idéale a donner aux rayures” le méne 4 la balistique. 

De 1882 a 1904 Cranz est professeur au Lycée Friedrich Eugen a Stuttgart 
et chargé de cours a la ‘““Technische Hochschule’. 

Durant cette période il effectue un certain nombre de travaux concernant 
la balistique et rédige deux résumés sur ce domaine. 

S’étant fait connaitre par ces travaux il est nommé en 1903 professeur de 
balistique a la ‘“‘Militartechnischen Akademie” qui vient d’étre créée a 
Berlin-Charlottenburg, chaire qu'il occupe jusqu’a la dissolution de cette 
institution en 1918. 

Son institut est alors transformé en institut de physique technique et 
rattaché a la ‘Technische Hochschule” de Berlin. Cranz en assure la 
direction jusqu’en 1935. 

Aprés un séjour de deux ans a Nanking en Chine, ot il professe un cours 
de balistique, il prend sa retraite a l’age de 80 ans et se retire dans sa patrie 

wurttembergeoise. 
I] meurt le 11 Décembre 1945. 

EXPERIENCES SYSTEMATIQUES POUR L’ETABLISSEMENT 

DES BASES DE LA BALISTIQUE 

Il y a certes eu avant Cranz de grands balisticiens; je citerai entre autres: 

GALILLEE, NEWTON, Jean BERNOULLI, Rosins, EULER, LEGENDRE, Dipron, 

Sracar et MAJEvsKI. 
P. CHARBONNIER a rendu hommage aux travaux de ces anciens balisticiens 

dans un article ‘“‘Essais sur histoire de la balistique’’ paru au Mémorial de 

l’Artillerie Francaise en 1927. Mais tous ces savants se sont plus ou moins 

intéressé A une partie seulement de la balistique. re, 

Ce qui est nouveau et remarquable chez GRANz cest qu'il a traité 

ensemble de la balistique et qu’il a prouvé d’une maniére indiscutable la 

1 



2 H. SCHARDIN 

nécessité d’étudier les phénoménes balistiques par des expériences systé- 

matiques comme elles sont pratiquées en physique. 
Il a ainsi élevé la balistique au rang d’une branche de la physique 

appliquée. CRANz était persuadé que la balistique ne subira aucun essor si 
les balisticiens se contentaient d’augmenter le nombre de fonctions inté- 

grables. 

Le laboratoire balistique 

Ayant reconnu le réle primordial des mesures expérimentales GRANZ crée 
au début du siécle le premier laboratoire balistique. Ce laboratoire—équipé des 
appareils de mesure les plus modernes—doit permettre, comme un institut 
de physique expérimentale, de réaliser toutes les mesures concernant les 
expériences balistiques. 

Cranz défend ainsi le point de vue, également cher vers la fin du 19 éme 
siécle au physicien Ernst Macu qu'il vénére beaucoup, que les lois de la 
nature ne peuvent étre atteintes par la réflexion pure mais que l’expériences 
seule permet de les déterminer. 

Partant de cette idée CrAnz donne de nouvelles bases a la balistique. 
La création d’un laboratoire de balistique l’oblige a tenir compte de 

points de vue particuliers et nouveaux ayant rapport aux essais de tir et de 
détonation. Ainsi l’institut de CRANz comprend entre autre deux stands de 
tir dans lesquels on peut tirer par exemple avec un mortier de 80 mm de 
calibre. 

Les expériences balistiques exigent surtout la-mise au point préalable de 
dispositifs de mesure concernant essentiellement l’enregistrement de phéno- 
ménes trés rapides et la mesure de temps trés courts. 

C’est un mérite particulier de Cranz d’avoir toujours considéré comme 
primordial le développement des instruments de mesure balistiques et d’avoir 
entrepris lui-méme avec énergie leur élaboration. Le laboratoire balistique 
de Cranz servit d’exemple pour d’autres instituts dans le monde entier. 
R. H. Kent, le premier directeur technique du Ballistic Research Labo- 
ratory a Aberdeen Proving Ground, par exemple écrit: 

“It was because Colonel H. H. Zornig, the first Director of the BRL, had 
worked in Cranz’s Laboratory in Berlin, that he conceived the idea of having 
such a laboratory here in this country.” 

Le laboratoire de Cranz ne sert pas seulement a la recherche mais 
également a l’enseignement. Enseignement et recherche y étaient intime- 
ment liés comme dans tout bon institut universitaire. 

Nous allons maintenant dans la suite donner quelques exemples des 
résultats acquis par CRANZ; nous les classerons en trois groupes suivant qu’ils 
concernent: 

1. la balistique elle-méme. 

2. les méthodes de mesure balistiques. 

3. les répercussions des expériences de Cranz sur l’ensignement. 

LA DETERMINATION GRAPHIQUE DE LA TRAJECTOIRE 

La question qui préoccupait le plus les prédécesseurs de CRANz était la 
résolution du probléme principal de la balistique extérieure. Etant donné 
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qu’avec une quelconque loi de la résistance de l’air une solution analytique 
complete était impossible on l’a remplacée par 
—une solution analytique basée sur une loi exponentielle pour la résistance 

de Vair; 
—une intégration approchée en supposant l’équation principale exacte; 
une intégration exacte d’une €quation principale simplifiée et approxi- 

mative. 

Cranz ne considére plus le probléme d’un point de vue mathématique mais 
d’un point de vue physique. La mise sous une forme analytique complete 
ne constitue pas pour lui une solution idéale; il est persuadé qu’il est simple- 
ment nécessaire de trouver un quelconque procédé permettant de déduire la 
trajectoire a partir des conditions initiales et marginales avec suffisamment 
de précision et indication des erreurs propres a la méthode. 

CRANZ s’intéresse surtout aux méthodes graphiques dont les précurseurs 
avaient été PoNCELET (1827) et Dipion (1848). 

Avec Rorue il utilise la méthode graphique de C. RuNcE. 
Ce procédé est convergent, c’est-a-dire qu’il permet toujours d’atteindre 

une précision donnée et de connaitre en outre l’erreur résiduelle. Il s’applique 
quelles que soient les conditions initiales et marginales et il ne nécessite pas 
plus de temps que les autres procédés connus a |’époque. 

C’est exactement ce que CraAnz cherche. I] considére donc la construction 
graphique de la trajectoire comme une méthode trés satisfaisante dans la 
pratique. On peut prétendre qu'il s’orientait, il y a 50 ans déja, tout a fait 
vers la tendance actuelle. 

Nous avons aujourd’hui remplacé ce procédé par les calculatrices électro- 
niques. Les éléments techniques de la construction sont différents mais la 
détermination de la trajectoire par la méthode des pas successifs, pouvant 
le cas échéant étre améliorée par des approximations successives jusqu’a la 
précision voulue, est restée la méme. 

LES TRAJECTOIRES NORMALES 

Dans le calcul des trajectoires CRANZz insiste beaucoup sur la séparation des 
erreurs dues uniquement a la méthode mathématique de celles d’origine 
physique comme par exemple la négligence de la pendulation. 

En vue de déterminer les erreurs purement mathématiques il établit les 
trajectoires normales. Ce sont des trajectoires que l’on peut calculer avec la 

précision voulue en se basant sur la loi des zones de Mayjevsxi pour la 

résistance de l’air. Elles permettent d’apprécier l’exactitude mathématique 

de n’importe quelle autre méthode de calcul de trajectoires. 

LA MESURE DE LA RESISTANCE DE L’AIR 

Cranz s’est également intéressé aux erreurs physiques pouvant encore 

influencer le calcul d’une trajectoire, a savoir: 

1. la connaissance plus ou moins précise de la variation de la résistance 

réelle de lair; 

92. Pinfluence de la pendulation (c’est-a-dire le probléme secondaire). 

En vue d’obtenir des valeurs exactes pour la résistance de lair il charge 

les Ets. Krupp d’effectuer de nombreuses séries d’expériences avec des 
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Normalbahnen von C. Cranz 

Vo = 900 m/s 
eoneee= Vy = 650 m/s 

—— vy =400 m/s 

0 2000 4000 6000 6000 10000 m 

Fig. 1. Trajectoires normales d’aprés C. CRANZ 

projectiles de grand calibre. Ces expériences sont exécutées sous la direction 
de son ami et ancien assistant le Professeur v. EBERHARD. 

Pour le projectile d’infanterie de 8 mm il établit lui-méme en liaison avec 
Karl BecKER et BENSBERG dans son propre institut des mesures a l’aide de 
la cinématographie par étincelles et en déduit un diagramme espace-temps 
trés précis (Figs. 2 et 3). 

Fig. 2. Photographie du projectile S en vol prise a aide de l'appareil de cinématographie balistique de 
Cranz pour la mesure de la résistance de V’air et l’établissement de la relation distance-temps 
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Abb. 29f. 
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Fig. 3. Variation de la résistance de Vair du projectile S d’aprés Venregistrement cinématographique de la trajectoire 
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Il réalise ainsi dés 1910 la premiére installation d’enregistrement photo- 

graphique de la trajectoire. Une installation de ce genre, de conception 

trés moderne, est construite peu de temps avant la guerre a la “Luftfahrt- 

forschungsanstalt” 4 Braunschweig, grace 4 l’appui trés large accordé par le 
Dr. BAruMKER. Aprés la guerre des tunnels de tir équipés pour l’enregistre- 
ment photographique des trajectoires furent construits en trés grand nombre 
aux Etats-Unis, en particulier 4 Aberdeen, a Silver Spring et a Inyokern. 

CraAnz s’est rendu compte que pour étudier exactement les propriétés 
aérodynamiques d’un projectile il fallait avoir une soufflerie supersonique. 
Je puis vous assurer que j’ai eu connaissance d’un dossier trés volumineux 

datant des années 1917-18, dans lequel Cranz demande la construction 
d’une installation supersonique dans son institut 4 Berlin-Charlottenburg. 
Mais il se heurta a la résistance de Ludwig PRANDTL; celui-ci ne niait 
nullement l’intérét d’une telle installation, mais il aurait préféré la voir 
construite chez lui a Gottingen. 

Cette dispute s’apaisa finalement car aprés l’armistice de 1918 il n’était 
plus question de construire une soufflerie pour |’applications ballistique. 

Cranz et PRANDTL restérent de bons amis et je me souviens fort bien 
que dans les années vingt PRANDTL transmettait avec fierté a CRANZ les 
premiers résultats des mesures des coefficients balistiques effectuées sur des 
projectiles d’infanterie dans la vieille soufflerie de Gottingen. A l’époque les 
différences étaient énormes entre les valeurs balistiques et les valeurs 
aérodynamiques. 

Ceci nous permet de situer le début de l'utilisation des souffleries super- 
soniques pour des mesures balistiques, une association effectivement indis- 
pensable qui fut d’une trés grande utilité plus tard a Peenemiinde par 
exemple et dont on ne pourrait plus se passer aujourd’hui. 

LE PROBLEME SECONDAIRE DE LA BALISTIQUE 

EXTERIEURE 

Nous arrivons maintenant aux contributions apportées par CRANZ au 
probleme secondaire de la balistique extérieure. 

Celui-ci avait déja fait Pobjet de sa thése de doctorat et de plusieurs de 
ses premiéres publications. 

I] démontra trés clairement les déviations dues au mouvement de rotation 
d’un projectile de forme allongée en se servant d’un mortier de 80 mm avec 
lequel il tirait des projectiles en bois. Le mortier était placé sur le toit du 
laboratoire et les| projectiles tombaient dans la cour de l’établissement. Un 
jour son aide Michel Krucx confondit les charges et un projectile alla 
atterir au “‘Steinplatz’’. 

R. H. KeEnr a repris a Aberdeen cette démonstration avec le mortier. Il 
écrit a ce sujet: 

“JT am under special obligation to Dr. Cranz for having given an account 
in his ‘Lehrbuch der Ballistik’ of the use of a small mortar to demonstrate 
the properties of the flight of projectiles. For years I had been lecturing 
succeeding classes of the cadets from the U.S. Military Academy about spin 
stabilization using the top to show that spin is required to make the top 
stand vertical. It was my reading about the mortar that suggested that I 
should construct a battery of small guns with different twists of rifling to 
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give a more realistic demonstration of the flight of projectiles as depending 
on spin, the relative position of the center of gravity and the center of 
pressure, etc.” 

En collaboration avec ScumuNnpT, CRANz a apporté une contribution trés 
importante a la théorie des mouvements pendulaires des projectiles animés 
d’un mouvement de rotation. 

En partant des travaux de Fow.er et Gattop il a étudié théoriquement 
et expérimentalement influence de l’effet de Macnus méme pour les 
grands angles d’incidence. Cranz détermina le coefficient de la force de 
Macnus a partir de ces essais de tir. Des mesures complémentaires, effectuées 
par Pranpti dans la soufflerie coincidaient bien avec celles trouvées par 
des méthodes balistiques. 

Autant que je sache le NOL dispose de mesures plus récentes et il serait 
trés intéressant si cet établissement pourrait nous les communiquer. 

LES METHODES GRAPHIQUES EN BALISTIQUE INTERIEURE 

Comme en balistique extérieure CRANz indiqua également une méthode 
graphique pour la balistique intérieure. Dans ce domaine il chercha de 
méme éclaircir les bases physiques par des mesures expérimentales. I] avait 
une admiration toute particuli¢re pour les travaux francais concernant la 
combustion de la poudre comme ceux effectués par exemple par les généraux 
CHARBONNIER et Muraour. Avec ce dernier il était lié par une amitié 
personnelle. 

CRANZ ET LE DEVELOPPEMENT DES FUSEES 

Signalons en passant l’influence de Cranz sur le développement de la 
technique de la fusée. 

Dans le deuxiéme volume de son traité de balistique intérieure publié en 
1926 il aborde briévement les bases de la technique des fusées. Tout en 
n’ayant plus participé lui-méme activement aux travaux effectués dans ce 
domaine* il ne manqua pas de rendre attentif le directeur du “Heeres- 
waffenamt-Priifwesen”’ le Général K. Becker sur l’essor que risquait de 
prendre 4 l’avenir la technique des fusées et il a ainsi favorisé la création 
d’une section “‘Fusées”’ au ‘“‘Waffenamt’’. De cette section est né plus tard 
le laboratoire de Peenemiinde. 

LA LOI DE SIMILITUDE DANS LES PHENOMENES 

BALISTIQUES 

Ix est évident que CraAnz était trés intéressé par les lois de similitude puisqu’il 

cherchait A étudier les phénoménes balistiques par des essais en laboratoire. 

En particulier en balistique les essais ne sont pas toujours réalisables a 

’échelle normale il suffit de penser a la détonation de plusieurs kilogrammes 

d’explosif ou a un tir de canon de 150 mm de calibre. La question se pose 

donc de savoir d’aprés quelle loi de similitude il est possible de conclure a 

partir d’essais de détonation ou de tir a échelle réduite aux effets a échelle 

normale. 

En outre connaissant la loi de similitude il est possible de transposer les 

* Certaines études concernant la balistique des fusées ont été exécutées dans linstitut de 

CRANZ. 
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résultats obtenus par des essais 4 échelle normale sur d’autres dimensions en 
évitant ainsi des dépenses et des pertes de temps supplémentaires. 

Il est facile A concevoir que pour arriver en tout cas a un résultat il faut 
admettre que dans les essais 4 transposer par similitude on utilise les mémes 
matériaux, c’est a dire aussi les mémes poudres ou explosifs, les mémes 

pressions et que toutes les dimensions sont modifiées suivant le méme rapport. 
En partant de cette supposition CRANz a, comme premier d’aprés ses 

propres dires, formulé les principes suivants pour la transposition: 
—les temps se comportent comme les longueurs 
—les.vitesses restent donc constantes 
—les accélérations varient inversement par rapport aux longueurs. 
Il est facile de démontrer que cette loi de similitude doit s’appliquer a 

tous les phénoménes élastiques et hydrodynamiques y compris l’apparition 
d’ondes de choc a condition que la viscosité (c’est-a-dire le nombre de 
REYNOLDs), la pesanteur, la tension superficielle ou la diffusion ne jouent 
aucun role. 

Le domaine d’application de cette loi de similitude en balistique est 
beaucoup plus grand qu’on pouvait le supposer au départ; les conditions 
qui limitent son application ne jouent en effet qu’un rdéle trés secondaire 
dans les phénoménes rapides. Elle a donc une trés grande importance. Ainsi 
par exemple les configurations d’ondes de choc telle qu’elles peuvent étre 
déterminées dans le tube a ondes de choc sont directement transposables 
aux échelles interessant les explosions atomiques. 

Lorsqu’on constate des écarts par rapport a la loi de similitude il s’agit 
la plupart du temps de conditions qui ne sont pas remplies pour |’établisse- 
ment de la similitude. 

En Allemagne nous avons l’habitude de désigner ces relations de simili- 
tude par “Loi de similitude de CrAnz’’. Je serais trés heureux de voir cette 
dénomination admise au dela de nos frontiéres en l’honneur de CRANz. 

MESURE DES TEMPS TRES COURTS 

Presque toutes les mesures balistiques exigent une mesure trés précise de 
temps de l’ordre de quelques milli¢émes jusqu’a quelques millioniémes de 
seconde. 
Un des premiers travaux de Cranz aprés la création de l’institut de 

balistique a été la détermination de la précision absolue et relative de tous 
les appareils, disponibles a l’époque, pour la mesure des temps trés courts. 
Il a utilisé comme base de comparaison le pendule de HELMHOLTz qu’il a 
légérement modifié pour les intervalles de temps plus longs et qu’il a relié a 
une pendule étalon pour les étalonnages. 

Dans les années vingt il utilisa pour la premiére fois en balistique un 
diapason électronique 4 temperature constante. Les dispositifs 4 quartz 
étaient également utilisés deja 4 cette époque comme base de temps dans son 
laboratoire. 

ENREGISTREMENT DE PHENOMENES RAPIDES 

Déja dans sa période de Stuttgart CraNnz s’est occupé du mouvement du 
canon c’est-a-dire de ses oscillations et du recul. Le dispositif utilisé était 
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simple: Dans une caisse étanche a la lumiére se trouvait une planche sur 
laquelle était fixé du papier photographique. A travers une fente on a 
enregistré sur le film sous forme d’une courbe temps-parcours le mouvement 
du phénoméne et en méme temps comme étalon du temps Voscillation 
d’un diapason qu’on a fait vibrer. 

Le mouvement du film dans l’axe de temps avait lieu simplement en 
tirant par une ficelle ou en laissant tomber la planche munie du film. Ces 
planches ont rendu de grands services dans |’Institut de Cranz pour de 
nombreuses études. 

Fig. 4. Dispositif d’enregistrement des vibrations du canon dans le laboratoire de CRANZ 

De nos jours on est enclin a sourire de ces procédés simplistes: Ils consti- 
tuent cependant les débuts de l’enregistrement photographique des phéno- 
meénes rapides. 

L’évolution de ces procédés conduisait aux appareils photographiques a 
déroulement et 4 tambour et pour des vitesses d’inscription plus grandes au 
miroir tournant. 

Dans |’étude du recul du canon d’un fusil CRANz utilisait la rotation d’un 
miroir déclenchée par le recul pour déplacer un rayon lumineux devant la 

fente d’un tambour tournant. 
Aprés la premiére guerre mondiale la technique de mesure électrique a 

pris un grand essor dont les méthodes balistiques ont profité aussi. ; 

L’oscillographe bifilaire a trouvé son application. Les premiers oscillo- 

graphes cathodiques ont été livrés par M. v. ARDENNE, KNoLt et VON 

BorRIERS ont construit un de leurs premiers oscillographes cathodiques a 

haute tension pour I’Institut Balistique. Cette collaboration avec I’Institut 

B 
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de Haute Tension de l’Ecole Technique Supérieure a permis au Dr. KNOLL 
de montrer publiquement au cours d’un colloque a l'Institut de Cranz la 
premicre image électro-optique.* 

Les enregistrements faits avec l’oscillographe traitaient soit la courbe de 
pression des gaz par un manomeétre piézoélectrique, soit le recul ou encore 
la variation de la luminosité d’une étincelle au moyen d’une cellule photo- 
électrique. Des travaux sur l’effet Faraday et la cellule de Kerr s’y 
rattachaient. C’est la premiére fois que la cellule de Kerr a été utilisée en 
balistique en tant qu’obturateur électro-optique. 

Tous ces procédés de mesure sont de nos jours le sine qua non de toute 
mesure balistique; a cette époque—entre 1920 et 1930—c’était de la terre 
vierge. 

PHOTOGRAPHIE ULTRARAPIDE 

Une spécialité de CrRANz était la photographie ultrarapide. 
Il a repris de Macu le procédé de photographie d’un projectile en vol 

a aide d’une étincelle électrique et de la méthode strioscopique de ToEPLER. 
I] l’a poussé a un trés grand perfectionnement. 

Malgré les moyens primitifs a sa disposition: machine a influence, bobine 
d’induction et bouteilles de Leyde les photos prises par CRANz constituent 
encore aujourd’hui des modéles exemplaires d’une bonne photographie des 
phénomenes rapides. 

Une série de ces photos—datant toutes d’avant la premiére guerre mon- 
diale—sont reproduites sur les figures 5-8. —— 

(a) 

* PInstitut de Haute Tension de l’Université Technique se trouve de nos jours dans les 
locaux du Laboratoire de Cranz. 
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(d) 
Fig. 5a—d. Strioscopies d’un projectile S a des vitesses croissantes 

ee 

Fig. 6. Projectile cylindrique 
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(b) 

Fig. 7a—b. Le projectile traverse un tube fendu 

13 
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Fig. 8. L’onde ae choc produite dans la canon en avant du projectile sort de la bouche (photographie par 
la méthode des ombres) 

PRISES DE VUE EN LUMIERE DIRECTE 

A partir de 1909 C. Cranz a fait des prises de vue en lumiére directe en 
recourant a l’étincelle électrique. Il utilisait des condensateurs d’une capacité 
environ 0,15 uF a 40 kV, c.a.d. d’une énergie de 125 W par décharge. La 

lumiére de l’étincelle a été concentrée au moyen d’un grand miroir concave 
métallique fabriqué par M. Boas. Le tout était bien moins maniable que les 
flash électroniques actuels, mais la durée de l’éclair était de 10-® sec au lieu 
de 10-* sec des flash électroniques normaux. Le progrés des dispositifs 
analogues actuels pour les usec-éclairs ne consiste essentiellement que dans 
Vemploi des gaz rares dans le tube de décharge, ce qui améliore le rendement 
lumineux d’un facteur 5. 

CINEMATOGRAPHIE ULTRARAPIDE 

Dans beaucoup de cas une bonne photographie ultrarapide permet déja de 
pénétrer dans un phénoméne rapide, mais pour une analyse précise une 
véritable cinématographie avec une fréquence d’image suffisante et une 
bonne qualité des images s’avére, indispensable. 
Je voudrais particuliérement rappeler ici deux dispositifs auxquels se 

rattache le nom de CRANz: 

En 1906 il a créé le dénommeé cinématographe balistique. Une machine 
de 2500 Hz a alimenté un transformateur a résonance. Le condensateur 
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branché sur le secondaire donnait a chaque inversion une étincelle. De cette 
facon on a pris un phénoméne balistique a une fréquence de 5000 images 
par seconde. Le film se trouvait sur un tambour tournant A une vitesse 
de 100 m/sec ou était tendu—long de plusieurs métres—comme courroie 
d’entrainement autour de deux tambours. Avec ce dispositif CRANZ et 
K. BrcKER ont entrepris les mesures du coefficient aérodynamique du 
projectile d’infanterie. En outre de nombreux autres phénomeénes ont été 
étudiés. Malheureusement un film fait par CRANz s’est perdu. 

Fig. 9. Photographie en lumiére directe d’un projectile de mortier en vol (calibre 80 mm) 

Pour l’étude de beaucoup de phénoménes une fréquence d’image de 5000 
images par seconde ne suffit pas. Par exemple un projectile volant a 
1000 m/sec se déplace d’une image a Il’autre de 20 cm. Une augmentation 
importante de la fréquence d’image d’apres le principe €noncé ici échoue 
avant tout par suite de la séparation des images, qui ne sera alors plus 
possible. La caméra a étincelles multiples proposée par Cranz en colla- 
boration avec le conférencier en 1928 a tourné cette difficulté. Elle ne donne 
qu’un nombre restreint d’images partielles, mais par contre sa fréquence 
d’image peut atteindre environ 10 millions par seconde avec une qualité 

optique impeccable de image individuelle. 7 

Depuis lors la caméra a étincelles multiples a rendu de précieux services 

dans de trés nombreux cas. Par malheur il n’y a plus de photographies 

originales prises 4 |’Institut de Cranz. A sa place nous donnerons a titre 

d’exemple un film dont la premiére partie (perforation des plaques de 

blindage) a été réalisée 4 Berlin-Gatow, tandis que la deuxiéme partie = 

prise a St-Louis et représente des phénomenes qui se passent dans le tube 

de choc. 
RECHERCHE ET ENSEIGNEMENT 

Les exemples énumérés de l’activité scientifique de CRANZ pourraient étre 

multipliés de beaucoup. Dans tous les domaines de la balistique de son temps 
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il a fourni d’importantes contributions et a stimulé beaucoup d’idées qui 
n’ont porté leurs fruits que plus tard. 

La facon comment CRANz attaquait les problémes balistiques devait 
servir d’indication aux pays européens comment entreprendre aujourd’hui 
les problémes ardus de la recherche et de la mise au point dans le domaine 
de la technique de l’armement. 

Nous n’avons pas les moyens en Europe d’ériger des stations d’essais 
immenses et cotiteuses dont l’exploitation absorberait beaucoup d’argent. 
Notre but devrait étre d’entamer les problémes par une étude théorique 
fouillée et systématique et par des essais consécutifs raisonnables dans des 
proportions acceptables; la modestie des dépenses du passé est malheureuse- 
ment impossible a notre époque. 

Il ne faudrait pas perdre de vue un point capital: celui de la formation 
d’un nombre suffisant de collaborateurs qualifiés. 

Le laboratoire balistique de Cranz fut créé en 1903 a l’Académie Militaire 
Technique dans un but pédagogique. Le conférencier lui-méme dirigeait 
VInstitut Balistique de ’ Académie Technique de l’Air de 1935 a 1945. 

Dans les deux cas il s’agissait d’une formation technique accélérée pour 
officiers en guise des études. techniques aux Universités civiles. 

Les conclusions que CRANz a tirées de ce genre d’enseignement et qui 
coincident avec mes propres expériences, sont qu il vaudrait mieux donner 
la formation aux Universités existantes. 

CRANZ pensait encore a une formation technique spéciale dans le domaine 
de l’armement, qui pourrait se terminer par l’examen final avec dipléme. 
Aujourd’hui les exigences d’une formation technico-scientifique sont encore 
accrues. I] ne parait donc pas souhaitable d’abréger la formation univer- 
sitaire normale devant se terminer par le diplome (Master degree) en faveur 
d’une formation spéciale dans le domaine de l’armement. 

Mais aprés avoir obtenu le diplome final on devrait se familiariser d’une 
facon sommaire et concentrée avec les problémes de la technique de l’arme- 
ment sous forme d’une étude complémentaire d’environ deux ans. 
On tend de nos jours aussi dans d’autres spécialités vers une telle étude 

complémentaire. Cette solution s’impose de toute facgon si l’on recherche: 
—d’une part une bonne formation de base et 
—d’autre part une spécialisation concréte indispensable. 
Ainsi les considérations faites sur ’oeuvre de CraNz nous imposent aussi 

la tache et le devoir pour la génération actuelle en ce qui concerne la 
recherche et l’enseignement. 

DISCUSSION 
P. LisessArt: En France, nous considérions le Professeur Cranz comme un de nos maitres 

en Science Balistique, et nous sommes venus lui rendre visite en 1926: l’Ingénieur d’Artillerie 

Navale Sugot, l’Ingénieur des Poudres Muraour et moi-méme. 

Monsieur Muraour a évoqué I’étroite amitié qu’il avait nouée avec le Professeur pendant 
son séjour 4 Berlin, tout de suite aprés la grande guerre. 

Le Professeur Sugot a longuement discuté des méthodes que, avec VIngénieur Général 
Charbonnier, il avait mis en tables pour permettre le calcul des charges balistiques a partir 
des caractéristiques ces poudres mesurées par les épreuves a la bombe manométrique. 

Le traité de Balistique en 3 volumes du Professeur Cranz demeure le livre de chevet ou se 
trouvent fixés les principes de cette science difficile. 
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Profondmentés humain, le Professeur Cranz nous a accueilli avec une amitié paternelle 
dont je garde un souvenir ému. 

L’Ingénieur Général Charbonnier qui n’avait pu se joindre a nous, professait la plus grande 
admiration pour le Professeur Cranz et m’a souvent renvoyé a ses travaux qu’il considerait 
comme fondamentaux. 

Comme le Professeur, il était pour nous, les jeunes, notre chef ecouté c’est ainsi que je lui 

avais soumis en 1929 un mémoire que je venais de rédiger, et il en a aussitot écrit la préface 

enthousiaste que voici. 

Jusqu’a présent, la Théorie des Explosifs n’a possédé comme procédé expérimental pour 

assurer et vérifier ses principes et pour étudier leurs applications pratiques que ses appareils 
manométriques. 

Ce fut d’abord le “crusher’’ du Capitaine Noble qui permit A ce savant, en collaboration 

avec Abel, de donner la loi fondamentale de la pyrostatique; elle relie la pression maximum 

a la densité de chargement et elle peut étre rattachée a la loi générale des gaz parfaits par la 

formule dite de Clausius Sarrau. 

Le second progrés des méthodes manométriques fut obtenu par l’introduction dans l’étude 

des phénomenes de l’explosion de la variable temps, que réalisérent MM. Sarrau et Vieille 

avec les crushers et manométres enregistreurs, employés d’aboard dans la bombe dite des 

Poudres et Salpétres, perfectionnée ensuite dans la bombe Krupp-Schmidt. Monsieur Vieille, 

plus tard, dans son Mémoire classique “‘sur le mode de combustion des poudres colloidales’’ 

jeta les fondements des méthodes modernes. 

Enfin, dans nos études sur la pyrostatique, en poussant plus loin l’analyse des phénoménes 

d’explosion, enregistrés par les déformations du manométre, nous avons pu montrer que leur 

étude systematique permet de déterminer, en vase clos, les caractéristiques principales des 

poudres et de fonder ainsi sur des bases stires la Balistique Intérieure rationnelle. 

Mais on sait quelles difficultés comporte l’interprétation des indications des Pyromano- 

métres (crushers ou ressorts). Aprés de multiples recherches et de trés nombreux travaux 

théoriques et expérimentaux, on n’est pas encore parvenu a fixer, sans conteste, une table de 

correspondance, pression-écrasement. 

La seule méthode qu’on posséde aujourd’hui pour |’étude des phénomenes d’explosion n’a 

donc qu’une précision toute relative. 

Les Ingénieurs d’explosifs, les balisticiens et les savants se rendent naturellement bien 

compte de la faiblesse de leurs moyens d’investigation, basés uniquement sur une inter- 

prétation difficile d’un petit effet mécanique (écrasement d’un crusher). L’autre donnée 

experimentale essentielle au progrés de la théorie, c’est-a-dire la connaissance et la loi 

instantanée du développement de la température en fonction du temps, paraissait devoir échapper 

aux moyens actuels des laboratoires et il ne semble méme pas que des recherches quelconques 

aient abordé le probléme. 

Or, la solution en était d’une facilité extréme et la réalisation en est immédiate et stre. 

Il y a la une curieuse timidité dans les expériences sur les explosifs, dont on trouve d’autres 

exemples dans Vhistoire de l’Artillerie; des idées précongues sur la fragilité de certains 

matériaux ont empéché d’autre part que le progrés des méthodes fat enfin réalisé. 

Un champ d’études tout nouveau et extrémement étendu s’ouvre maintenant, devant le 

savant qui, pour la premiére fois, peut pénétrer avec les instruments optiques les plus précis 

et les plus variés, dans un milieu qui lui était complétement fermé, et étudier les propriétés 
physiques et les réactions chimiques a des températures de l’ordre de 2000° et des pressions 

de Vordre de 2000 kg. 

Vhistoire des Sciences Appliquées, en particulier de la Balistique, montre que tout 

perfectionnement dans les appareils de mesure est suivi d’un progres dans la théorie et d’un 

bond en avant dans les applications. 

En Resumé, comme tous les hommes supérieurs, le Professeur Cranz, 1l’Ingénieur 

Général Charbonnier, étaient des chefs autour desquels les jeunes pouvaient se grouper avec 

enthousiasme et trouver les appuris scientifiques stimulants qui permettent et rendent fécondes 

les recherches. 
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INTRODUCTION 

In the present paper I hope to survey some of the main activities in aero- 
ballistics in the United Kingdom from the end of World War One up to the 
present day. The time at my disposal is short so I shall not be able to do 
more than touch rather lightly on a number of selected topics; several of 
these topics have been dealt with in more extended fashion by Cops!, whose 
paper should be consulted to supplement what is said here. Researches 
similar to those described in the present paper were no doubt proceeding in 
other countries along much the same lines, but I am unaware of there 
being, so far, any comprehensive treatment of the subject. I hope, therefore, 
that the present short survey may encourage the preparation of a more 
complete account of the subject in due course. 

1. ORGANIZATION OF EXTERNAL BALLISTIC RESEARCH 

IN THE UNITED KINGDOM 

Previous to World War One much of the ballistic research carried out in 
the United Kingdom appears to have been left to personal enterprise. How- 
ever, the emergence of the anti-aircraft gunnery problem during World War 
One brought together a strong research team in the Munitions Inventions 
Department of the Ministry of Munitions of that period. Much of the work 
of this team formed the basis of subsequent researches carried out between 
the two wars. The Textbook of Anti-Aircraft Gunnery?, a volume of some 850 
pages published in 1925, gave a detailed account of the advances made by 
this and allied groups. At the end of hostilities the continuation of external 
ballistic research was sponsored by the Ordnance Committee and specific 
investigations were usually carried out at the National Physical Laboratory, 
the Research Department, Woolwich, or on the firing ranges of the Superin- 
tendency of Experiments at Shoeburyness. Over a long period of years such 
researches were supervised generally by an advisory body, the Ballistic Air 
Resistance Committee, which included a number of eminent men of science 
who had been associated with the war-time work. 

This organizational scheme continued until 1942 when, as a result of a 
major reorganization, the external ballistic research activities which had 
been conducted by the Ordnance Committee (by then renamed the Ordnance 
Board) were passed to the Armament Research Department. Between 1946 
and 1949 the major part of the Engineering Division of the National Physical 
Laboratory was transferred to East Kilbride, Scotland, to form the new 

Mechanical Engineering Research Laboratory, and in 1950 the ballistic 

18 
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research work, which up to that time had been located at Teddington, was 
closed down; some, but not all, of these activities were continued in the 
A.R.E. at Fort Halstead. 

2. AEROBALLISTIC RESEARCH DURING WORLD WAR ONE 

It will only be possible to make reference here to two of the major contri- 
butions of the M.I.D. group, referred to above. The first of these is the work 
of Bairstow et al.* on the determination of the pressure distribution on pro- 
jectiles in flight by a technique which uses the times of burning of powder 
train time fuses. This was a highly ingenious technique and gave results 
which are remarkably good when compared with more sophisticated methods 
of a much later date. 

The second major research is that of FowLer, GALLop, Lock and RicH- 

MOND* on the aerodynamics of a spinning shell. This work is principally 
dynamical in character as it investigates in detail the dynamical equations 
of motion relating to a spinning shell in flight. However, the theory assumes 
a system of aerodynamic forces and moments acting on the shell as a result 
of this motion through the air; and the authors show, moreover, that these 

forces and moments can be determined experimentally by an analysis of 
the records which are obtained when the projectile is fired through a set 
of thin cards. 

The system of aerodynamic forces and moments assumed by FOWLER 

et al. as acting at the centre of gravity of a shell moving with a translational 
velocity U, angular spin WV and at an angle of yaw 4, is illustrated in 
Fig. 1. The system includes the following forces and moments each of which. 

, , 5 . : 
Relative wind Relative wind 
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Fig. 1. Fowler system of aerodynamic forces and moments 

can be taken to define a non-dimensional coefficient fr, fr, etc., as follows: 

(i) a drag force R (fr=R/er?U?) ; 

(ii) a cross wind force L (fp =L/er?U?.sin 8); 

(iii) a yawing moment M (fyy—=M/er?U?.sin 8) ; 

(iv) a damping couple H opposing the angular motion of the axis of the 

shell (fy=H/eUwr*) ; 
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(v) a couple J, acting along the axis of the shell tending to reduce 
spin NV (f;=1/pUNr*) ; 

(vi) a Magnus cross wind force K, acting normal to the plane of yaw and 
due to the circulation around the shell (f,=A/eUNr?) ; 

(vii) a corresponding Magnus couple J due to the fact that the resultant 
of Magnus force does not necessarily pass through the CG (fy = 
J/er*UN sin 38). 

The above system of forces and moments is not unique. NrzELson and 
SyNncE® have suggested a slightly modified system, but when their system is 
applied in practice it does not differ materially from that of FowLEr e¢ al. 

The application of the FowLEr theory depends on an analysis of the 
observed yawing motion and lateral movement of the CG of the projectile. 
This analysis leads generally to an evaluation of the forces L and & and of 
the couples M, H and J; the drag R and the couple J are not determined by 
the Fower analysis and are usually obtained experimentally by other means. 
Since 1920 much of the British work in the aeroballistic field has been built 
up on this classical work of FOWLER ¢ét al., which has thus become a keystone 
of much of the research of the inter-war years. Most of the activities of the 
covered range at N.P.L. between 1925 and 1945 were directed towards the 
detailed understanding of the FowLER system, and in particular towards 
the evaluation of the several forces and moments experienced by particular 
designs of projectile. 

3. STANDARD RETARDATION FUNCTIONS AND DRAG DATA 

A knowledge of projectile retardation is required for the construction of all 
sorts of range tables, fuse functioning tables, and the like. Air retardation 

functions are, therefore, basic to the subject of external ballistics, and the 

determination of certain standard retardation functions has been carried 
out at various times during the last century. Retardation functions for 
spherical shot and flat-headed projectiles were determined relatively early 
in the development of our subject. At the turn of the century, with the 
advent of ogival headed projectiles, it became necessary to determine a 
standard drag function for a representative projectile; for this purpose a 
projectile having a two-calibre radius head and a flat cylindrical base was 
chosen as standard. Firing trials with this projectile were carried out between 
1904 and 1906 and the results of their analysis were issued in 1910; during 
World War One this standard function was the basis of most of the British 
ballistic range tables of that period. 

During the last 40 years three main experimental ranges have been used 
for retardation investigations. Soon after World War One it was decided to 
provide a range facility at Shoeburyness for drag investigations with 3 in. 
projectiles. This range, usually called the Solenoid Range, was of the order 
1000 yd in length. Magnetized projectiles were fired through 10 coils of 
20 ft diameter, the height of the coils above the ground being capable of 

adjustment to suit the velocity and trajectory being investigated. The 
Solenoid Range was available throughout the inter-war years. In the late 

1930s a smaller range of 550 ft length was built at the Research Depart- 

ment, Woolwich; this was named the Castellated Circuit Range as the 
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wiring system which recorded the motion of the magnetized projectile 
formed a crenellated pattern along the length of the range. The projectiles 
used in firing trials on this range were usually of 40 mm calibre. Since 
World War Two a Long Ballistic Range, also of 1000 yd length, has been 
constructed at Shoeburyness to replace the Solenoid Range, which had 
deteriorated over the years. The time recording system on this range is 
actuated by photo-cells operating from sky screens. 

During World War Two an additional need arose for the measurement of 
the retardation of bullets and small projectiles; a small reduced density 
range was built at N.P.L. to meet this requirement. This model range 
consisted of a steel tube 10 in. in diameter and 80 yd long. In it investi- 
gations were carried out with various types of bullets, including tracer 
ammunition, at air densities corresponding to various operational heights. 

In 1928 it was decided to carry out an extended series of firings to deter- 
mine the drag law for a projectile representative of the shell designs of that 
period. The type of projectile chosen was a cylindrically based shell having a 
‘fractional’ ogive head of the 5/10 type. (The length of the head of such a 
projectile is that of a true 5-calibre ogive but the actual radius of the contour 
is 10 calibres long.) After a number of preliminary firings, to check design 
and stability characteristics of this projectile, the main investigations were 
carried out in the mid-1930s with 3 in. calibre projectiles and extended 
over the velocity range from 500 ft/sec to 5000 ft/sec. Supplementary firings 
with 40 mm projectiles were carried out in the Castellated Circuit Range at 
Woolwich. Wind tunnel drag measurements were also obtained with model 
projectiles over both the subsonic and the supersonic regions of velocity. 
The results of all these trials were analysed between 1937 and 1940; in the 
latter year a new standard resistance law for this type of projectile was 
adopted. Figure 2 shows the 1940 resistance function. 

a = 

REDETERMINATION OF THE AIR RESISTANCE 

VALUES OF fgFOR STANDARD PROJECTILE OF 
5hO CRH. 

oFOR 3 INCH PROJECTILE 
eFOR 2INCH PROJECTILE 
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Fig. 2. New standard drag function 

In addition to the firing trials with the standard form of projectile, a 

number of extra firings were carried out with other designs so as to provide 

supplementary data. Figure 3 illustrates some of the results, covering trials 
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Resistance coefficients 

for various shapes 

of projectiles. 
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Fig. 3. Some ancillary drag functions 

with a cylindrically based projectile having a 2/4 calibre fractional head 
and with a streamline-based shell having a long head of 8/16 form. 

While the above programmes were under way, increasing knowledge of 
flow conditions around conical-headed projectiles enabled complementary 
research to be initiated in 1935 to resolve total drag into its three com- 
ponents, viz. that due to the head, that due to the base and that due to skin 

friction. The original scheme covered several designs with conical heads and 
a design with a ‘“‘cupped-out”’ head; but the latter design was dropped when 
it was found that it did not yield results consistent with the conical models, 
apparently due to the Rayleigh pressure not being effective over the whole 
frontal area. However, the firings with three designs of conical-headed 
projectiles yielded satisfactory results. After subtracting the calculated head 
and skin frictional components from the measured total drag it was found 
that the base component of drag was substantially the same for all three 
designs. Over the Mach number range 1-1 < M < 2:5, the base component 
of drag of these 40 mm projectiles corresponded closely to the empirical form 

fz = 0-6837 —0-3165M +0-0525 M72. 

The following table indicates the sort of basic information which was 
obtained from this investigation: it indicates how the total drag coefficient 
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fr of 40 mm calibre projectiles is partitioned between the three components 
at a Mach number of 1°8. 

Table I 

Component 
Projectile Je 

Head Base Skin friction 

10° Semi-angle head FF 0:53 30% Bae 13S 

20° Semi-angle head 0-88 62% OG Ts 

30° Semi-angle head 1-40 TOs PANS 4%, 

Standard design (5/10 head) 0-56 38% 325% 10% 

During World War Two our knowledge of the mechanism of base drag 
was added to materially by Corr who, in 1944, developed a semi-theoretical 
approach to the problem. Core! has recently described this work in detail 
and it is therefore unnecessary to reproduce a full account here. The flow 
scheme envisaged by him is shown in Fig. 4. The boundary layer at A, at 

~ (=k, d >+4+—h=k,d 
TO TIP OF NOSE 7 

Fig. 4. Illustrating Cope’s theory of base drag 

the rear of the cylindrical part of the projectile, is considered to expand to 
the ‘“‘neck’? BB’, where the wake becomes substantially parallel. By using 
appropriate observational geometric data in his theory, Corr has developed 
a relation for base pressure which is in good agreement with various range 
firing trials and with wind tunnel investigations; in particular his theory 
explains satisfactorily some long-standing discrepancies which existed 
between these two techniques when applied to drag measurements of the 
“standard’’ projectile. 

4. MEASUREMENT OF LOSS OF SPIN OF PROJECTILES 

A knowledge of how a projectile loses its spin is important for determining 

how the stability of the projectile varies along its trajectory; this type of 

information is also necessary for the accurate calculation of deviations from 

the ideal plane trajectory. 

Towards the end of World War One, Mr. C. C. Mason of the Cambridge 
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Instrument Co. proposed that a modified clockwork fuse should be used to 

measure the loss of spin of certain projectiles; in the Mason instrument 

centrifugal effects acting on two small weights were recorded on a polished 

circular plate which was turned slowly by the clockwork mechanism. 

Investigations with the Mason instrument were carried out intermittently 

over a period of years with varying degrees of success. All the records 

obtained in this way were analysed in the early 1930s, when it was shown 

that the spin reducing torque was of the order implied by the current 

Prandtl-Karman theory for the skin friction on flat plates. Figure 5 illustrates 
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Fig. 5. Loss of spin results with Mason instrument 

some of these results. However, several of the Mason records indicated a 

somewhat larger torque than theory would have predicted, and this increase 
appeared to be correlated to the equilibrium yaw along the curved trajectory. 
There is some reason to believe that these results may have been due to the 
effect of the curvature of the trajectory on the instrument itself. 

Another method of measuring loss of rotational spin during flight was 
developed in 1938. This method consisted of firing projectiles, which had 
been magnetized transversely to their axis of symmetry, alongside a single 
strand of wire and recording the frequency of the emf induced in the wire. 
This arrangement proved very satisfactory in operation and a number of © 
experiments was carried out at Woolwich with 40 mm calibre projectiles. 
The results of these trials were in general agreement with existing skin 
friction theory. 

Still later, radio techniques were applied at Shoeburyness to measure the 
spin of larger calibre projectiles while in flight. The results of these trials were 
also usually in general agreement with existing data on skin friction on flat 
plates. 

5. STABILITY AND DAMPING OF YAW: THE N.P.L. 

COVERED RANGE 

Towards the end of World War One, the National Physical Laboratory were 
asked to set up and operate a small firing range for the furthering of the 
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investigations of Fow er et al. on projectile motion. This range was finally 
150 ft long and was capable of dealing with model projectiles up to | in. in 
calibre and muzzle velocities up to 3000 ft/sec. After meeting a number of 
difficulties, the range became operational in 1924 with eight recording 
stations; these were later increased in number to 19 stations, at each of 
which two photographs were obtained simultaneously as the projectile passed. 
The spark at each recording station was initially operated by a wire grid 
which was broken by the passing projectile; these wire grids were sub- 
sequently replaced by photo-electric light screens, with a consequent 
improvement in the recorded motion of the projectile. Figure 6 is a general 
view of the range. 

Fig. 6. N.P.L. covered range (Crown Copyright reserved) 

The problem of broadside fire from high-speed aircraft flying at high 
altitudes, a matter which received considerable attention between 1936 and 

1944, called for range firings with abnormal initial conditions of yaw. 
Exploratory firing trials, which had been carried out in the working section 
of the 17 ft wind tunnel at R.A.E., had shown that even the thinnest available 

jump cards were liable to disturb considerably the yawing motion of 0-303 in. 
bullets fired under such conditions. To investigate this type of problem, 
without disturbance to the bullet, the N.P.L. range was provided with a 
short duration cross-wind jet over the first 16 ft of its length; the jet was 

about 2 in. broad and could attain speeds of about 500 ft/sec. The desired 

initial conditions of motion of the bullet were obtained by adjusting the 

speed and effective length of the jet. Cope! has described the theoretical 

basis of the cross-wind jet in some detail. 
Over a period of some 25 years the N.P.L. range provided data on the 

aerodynamic stability and damping factors of a considerable number of 

C 
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projectile designs. Figure 7 records a sample of some of the results obtained 

for the yawing moment coefficient fy. The accumulation of data of this 

nature made it possible during World War Two to formulate simple design 

rules for the prediction of fy, for new shell; designers were thus able to 

estimate the initial stability of their projectiles without frequent firing trials. 

PROJECTILE’ DESIGNS 

A FOWLER FORMB 

B SIMILAR 1IN MODEL 

C SNUB NOSE HEAVY BAND 

Co SNUB NOSE LIGHT BAND 

D SHORT (3:251N.CAL) PROJ. 

10 STREAMLINE BASE 

Qk 

Fig. 7. Variation of fy, with Mach number for four designs 

During the early years of the range, estimates of the lift coefficient f, were 
usually obtained by firing projectiles with the same external contour but 
having different positions of the centre of gravity. As techniques improved, 
however, estimation of f, was obtained from measurements of the radius of 
the helix of the CG of the projectile as it travelled down the range. 

Reviewing the work of the N.P.L. range, it has to be remarked in retro- 
spect how satisfactory the aerodynamic system of FOWLER et al. has proved 
to be. Although developed as a first order theory which should be valid for 
small angles of yaw, it is remarkable how the observed results have been 
reasonably consistent for angles of maximum yaw of 15° or even 20°. Strictly. 
speaking, however, we should probably take certain second order effects on 
fur, fy, etc. into account when we are observing conditions at yaws of this 

magnitude. During World War Two, C. H. Keppy made a detailed theoret- 
ical examination of the various types of undamped yawing motion which 
might occur when such a second order term is present in the yawing couple, 
but limitations of space do not permit a discussion of such effects here. 

6. SUPERSONIG WIND TUNNEL RESEARCH AND 

DEVELOPMENT 

Immediately after the conclusion of World War One discussions took place 
on the possibility of providing a high-speed wind tunnel for ballistic research 
at either Cambridge or N.P.L., Teddington. Eventually, as a consequence 
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of Sir Thomas Sranron’s personal interest in the subject, a small scale 
facility was set up at N.P.L. The results of preliminary investigations in this 
tunnel of 0-8 in. diameter were sufficiently encouraging for STANTON to 
attempt in 1921 a rather ambitious series of investigations of projectile drag, 
lift and upsetting moment with models of only 0-09 in. in diameter. These 
investigations were too ambitious for the instrumentation that existed at 
that time; they did, however, give considerable insight into many of the 
usual problems which arise in operating supersonic wind tunnels. STANTON® 
has described much of the work on basic techniques carried out during this 
period. By 1925 the experimental plant at N.P.L. had been built up to more 
satisfactory proportions. By then a tunnel was operational with a working 
section of 2:55 in. diameter, this tunnel being subsequently increased to 
3-0 in. diameter; Mach numbers up to 3-2 were ultimately attained.’ In the 
early 1930s, it was decided to reconstruct the tunnel on the open jet 
principle so as to provide for visual and photograph work. This conversion 
of the 3 in. tunnel has been described by Bamry and Woop8; a similar 
smaller scale tunnel was, however, actually operating in 1934. This 3 in. 
equipment operated as a blow-down tunnel and some difficulties were still 
experienced in maintaining constant flow conditions in the working section; 
for this reason it was decided to construct an additional 4} in. tunnel 
operating on the induction principle, the main stream flowing from known, 
steady, atmospheric conditions. This 44 in. tunnel is illustrated in Fig. 8; 
it was a most useful piece of research equipment for basic work carried out 
during the early stages of World War Two. 

During 1938-39 discussions took place on the provision of a new 16 in. 
supersonic tunnel, but the events of 1939-40 made it impossible to purchase 
a suitable axial compressor from Switzerland. Eventually, however, a com- 
pressor was made available in the United Kingdom, but its characteristics 
were not adequate to operate a 16 in. tunnel: they were sufficient to drive 
an 11 in. tunnel at Mach numbers up to about 2:7 and such a tunnel was 
completed in 1943. Figure 9 gives a general view of this equipment. Some 
of the early work carried out in this tunnel, and in the other two smaller 

supersonic tunnels then available in the Engineering Division of the N.P.L., 
has been described by Hanxins and Cope’. 

With the closure of the ballistic programme at the National Physical 
Laboratory in 1950, these tunnels were transferred about that date to general 
aerodynamic work. About the same time a 10 in. tunnel, which operated to 
M = 4, became available at A.R.E. Fort Halstead and took up the research 
programme which had previously been carried out at N.P.L. A few years 
later the Fort Halstead wind tunnel equipment was extended by the pro- 

vision of a smaller heat transfer tunnel of 5 in. working section, operating 

from the same power plant, but capable of carrying out ablation and similar 

investigations at stagnation temperatures of the order of 230°C. 

As regards specific research projects carried out in these tunnels, the 

Stanton 3 in. tunnel was used extensively in investigations into head drag 

and the effects of streamline-base design. In measurements of the head drag 

of the standard cylindrical based projectile for example, the observed tunnel 

drag was somewhat smaller than the drag measured from firing trials: such 

discrepancies are now well known to be due to scale effects in the base and 
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skin friction components of drag. The investigations with streamline-base 
designs were generally found to be in line with the results of range and 
accuracy firing trials; due to the absence of an adequate theoretical basis 
the mechanism of streamlining was not clearly understood at this period. 
However, by the time the 44 in. induced tunnel had become available, 
theoretical ideas had been sufficiently far developed to make an extensive 
investigation into the principles of streamlining more worth while. Another 
extensive investigation in the 44 in. tunnel was the detailed measurement of 
pressure distributions over several contours at angles of yaw 0°, 5° and 10° 
and at Mach numbers of approximately 1-3 and 1-6. Figure 10 is reproduced 
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from an unpublished report of April 1941 on the latter work by Cope and 

Tuurston and is especially interesting as it reveals the change in form of the 

pressure distribution as one passes from the ogival head to the cylindrical 

body of the projectile. Figure 11 shows the corresponding effect on the 

O38 ae 

YAW 10° 

M~1:'58 

AXIAL DISTRIBUTION OF NORMAL FORCE 

Fig. 11. Axial distribution of normal force along a yawed projectile 

distribution of normal force along the axis of the projectile at a somewhat 
higher Mach number. 

It is not feasible in the present brief survey to enter into wider discussion 
of the other many and varied wind tunnel investigations which were carried 
out; reference to several of these researches is, however, made in other 

sections of this paper. 

7. SHADOW PHOTOGRAPHY OF PROJECTILES IN FLIGHT 

In 1932 Mr. T. Harris and Mr. J. T. Harris of the Research Department, 
Woolwich, developed a very satisfactory shadowgraph technique for photo- 
graphing 40 mm calibre projectiles in flight. The application of this technique 
to the verification of flow conditions near cones is fairly well known (see 
Maccotu!°). When the first examples of these photographs were produced 
G..I. TayLor pointed out that such photographs, in which the wavelet 
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system was clearly visible throughout the field between the curved shock 
wave and the surface of the projectile, could be used to determine the pressure 
distribution over the projectile, and, furthermore, that successive streamlines 
could be plotted, moving outwards from the projectile surface. 

In succeeding years a programme of photographic work was carried out 
to explore the possibilities of this experimental method. Some pressure 
distributions obtained in this way are illustrated in Fig. 12 for Mach numbers 
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Fig. 12. Comparison of pressures by Karman and Moore, by wavelet technique and by wind tunnel 

of the order 1-73; this diagram also includes a comparison between wind 
tunnel pressure observations made in 1936 with corresponding pressure 
curves calculated by the KARMAN-Moore linearized theory. On the whole, 
the comparison of the three systems of obtaining the pressure was fairly 
satisfactory, bearing in mind the limitations of all three methods. In this 
connexion it should be noted that a variation of one degree in the wavelet 
angle corresponded to a variation in the pressure coefficient of 0-015. 

8. APPLICATION OF NUMERICAL TECHNIQUES 

During the mid-1930s, the KArmAn-Moore method of calculating the 
supersonic flow past slender bodies was applied to a number of practical 
ballistic problems. This linearized technique was used in the absence of a 
more exact method of solving the equations for compressible flow. Included 
in this series of calculations was an investigation of the head component of 
drag for a range of head shapes and for a range of Mach numbers. Another 
investigation of the same type examined the behaviour of the head com- 

ponent of drag for families of “fractional”? ogives having a specific head 

length. Such families varied between a true ogival contour and a cone. This 

sort of investigation showed that fractional ogives of the form of n/2n had an 
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appreciably smaller drag than either the true ogive or the cone. This result 

had already been surmised from the results of range and accuracy firing 

trials. Still further applications of the KARMAN-Moore technique explored 

flow conditions near a number of families of streamlined bases; such a family 

is illustrated in Fig. 13. When supplemented by wind tunnel and shadow 
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Fig. 13. Pressures on streamline contours by Karman and Moore 

photography measurements, this type of investigation provided insight into 
the relative efficiencies of different designs of streamline base when operating 
under supersonic flow conditions. 

During the early stages of World War Two many of these problems were 
again investigated by means of the re-discovered Massau technique applied 
to the full equations of compressible flow. These more exact techniques pro- 
vided a valuable means of assessing the accuracy of linearized processes in 
general. 

Between 1938 and 1945, numerical techniques were also applied to investi- 
gate some subsonic regions of flow existing near wedges, cones and bluff 
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objects in the transonic region of velocities (see Maccott and Copp!!; 
Macco1!”), The boundary conditions used in these calculations had been 
inferred from shadow photographs of projectiles in flight. Pressure measure- 
ments obtained in the N.P.L. wind tunnels, and an interferometer investi- 
gation by Pack?® in the A.R.E. tunnel, have provided substantial experi- 
mental confirmation of the calculated results. By this method it is possible to 
calculate the form of the drag coefficients of certain simple profiles throughout 
the transonic range. ' 

Now that high-speed electronic computers are generally available it is 
possible to attack, without undue concern, many of the aeroballistic problems 
which were only touched upon with trepidation in the years 1930-50. Thanks 
to recent developments by D. S. BuTLER", this position extends now even to 
flow problems involving three independent variables, e.g., the problem of the 
yawed projectile, a problem which was investigated at one time by the 
linearized KARMAN-TsEIN technique (see also Section 6). 

9. CONCLUDING REMARKS 

In closing the present brief sketch of British activities in the field of aero- 
ballistics, it may be of value to make a few remarks on possible future 
developments of our subject. 

In 1918 aeroballistics as a science hardly existed; today, 40 years later, 
the main structure of the field is well understood and the subject is now 
closely related to the broad field of missile aerodynamics, with all its wide 
ramifications. There are, of course, still a number of important aeroballistic 
problems that have not yet been completely solved. However, some of the 
main interests have moved lately into the hypersonic region of velocities 
where a number of the simplifications of supersonic aerodynamics are lost, 
due mainly to the changes in the molecular structure of the fluid medium at 
these speeds. Whereas aeroballistics has so far called for a knowledge of 
classical thermodynamics in addition to an insight into the principles of 
fluid mechanics, hypersonic aeroballistics—or shortly hyperballistics—calls 
for a wide knowledge of the principles of statistical mechanics in the place of 
classical thermodynamics. Future researchers in hyperballistics will, there- 
fore, need training and insight into atomic and molecular physics as well as 
insight into fluid mechanical and thermodynamical principles. Educational 
establishments will have to cater for this need. 

The importance of a sound theoretical basis in any new field of research 
is well illustrated by the classical work of FowLer, GALLop, Lock and 

Ricumonp; during the last 40 years this work has provided a backbone to 

aeroballistic research in the United Kingdom and has also been a source of 

inspiration for dealing with new practical problems as they arose—€.g. the 

behaviour of projectiles fired into a cross wind—a problem which was 

active from 1936 until late in World War Two. 

As regards experimental facilities, it is evident from what has been said 

above that aeroballistic facilities in the United Kingdom have always been 

on a modest scale. Personally, I imagine that working sections and lateral 

dimensions of corresponding future facilities might well continue to be 

measured in inches rather than in feet. From this point of view wind tunnels, 

ranges, shock tubes and similar equipment having working sections measuring 
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several feet across are to be deprecated as being no longer true research 

tools. It can no doubt be argued that for a long period we were not specially 

successful in obtaining complete correspondence between our wind tunnel 

and full-scale range work. However, such discrepancies stimulate thought, 
and lead ultimately to a more profound understanding of the principles and 

mechanisms involved. 
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DISCUSSION* 

P. Lipessart: Is it possible to use a photographic method to study all calibres, from small 

to large? 

J. W. Maccott: 40 mm is the most usual calibre used in the U.K. for photographic trials. 

Larger projectiles have also been used but 40 mm calibre is a most useful size for laboratory 

work. 

P. Lizessart: I have used calibres up to 75 mm for photographic investigations. 

M. Auriou: I should like to know if we can have more information on the three-dimen- 

sional characteristics developed by Mr. Butler. 

J. W. Maccoxt: Such information would almost require a lecture for itself. Briefly, how- 

ever, Mr. Butler’s method involves the calculation of conditions on successive planes in the 

downstream direction. He makes use of the conditions which hold along four individual 

bi-characteristics on, the characteristic conoids; the method optimizes the solution for the 

conditions at the vertex of the conoid. Mr. Butler has just finished calculations for the 

three-dimensional flow over a body having a triangular plan form; the fore body is conical, 

but is otherwise of varying elliptical cross section with a definite linear trailing edge. His 

calculated pressure distribution agrees quite well with wind tunnel observations at com- 

paratively high speeds. Mr. Butler’s report should be available in a few months’ time. 

H. H. Kurzwec: I agree whole-heartedly with your idea of making investigations in 

smaller facilities because if we understand similarity rules and apply correct similarity tech- 

niques we should be able to predict full-scale behaviour from the small-scale tests. However, 

there are cases now in connexion with larger and faster vehicles where we cannot check all 

* Editor’s note: In editing the discussion, congratulatory and general remarks have been 
omitted for the sake of brevity. 
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our theoretical results any more in very small facilities. Some full-scale conditions, especially 

at the high temperatures, cannot be simulated on small-scale models, and it is very hard, 

although desirable, to predict full-scale behaviour from basic investigations alone. Therefore, 

I think we are bound to have a few larger facilities. 

I. Assorr: I think it is an interesting philosophy which might be expressed here. The 

thoughts expressed by Dr. Maccoll and Dr. Kurzweg are certainly worth while, and one 

should always attempt to do everything possible in the smallest possible facilities as this does, 

in fact, bring better understanding. The truth of the matter is that we cannot always afford 

to wait to take the step-by-step procedures which would be so desirable from a scientific point 

of view. Sometimes we have to forge ahead quickly. This requires large facilities and costs a 

lot of money. I think we have to accept this and do it so long as it is not extremely undesirable. 
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Ballistic Research Laboratories, Aberdeen Proving Ground, Maryland 

Ir seems almost impertinent to remind this audience of the debt we owe to 
the man in whose honor these meetings are being held. The importance of 
the achievements of the author of Lehrbuch der Ballistik is shown by the wide 
range of interest of the people attending this meeting. Ballistics is a difficult 
field of technology, drawing on chemistry, solid state physics, statics, 
dynamics, aerodynamics, elasticity, plasticity, optics, electronics, and unfor- 
tunately perhaps even on medicine, for the scientific basis of ballistic design. 
Cranz in his Institute and in his writings touched all of the fields of science 
which in his time went into rational ballistics. 

I am grateful for the breadth of material of ballistics, because it makes it 
possible for me, a person who knows little of many of the disciplines of 
ballistics, to talk to you on a subject I know a little about. Although I have 
worked for many years at the Ballistic Research Laboratories of the United 
States Army Ordnance Corps at Aberdeen Proving Ground, I do not pretend 
to be a ballistician. I know something about aerodynamics, and in particular 
have for some time past been working on the flight of shell, bombs, rockets 
and the other devices invented for warfare which depend on flight through 
the atmosphere. 

Before I start to tell you about the development of my own field, exterior 
ballistics, I must tell you a little about the laboratories from which I came. 
The Ballistic Research Laboratories were the child of Colonel H. H. Zornig, 
who had studied ballistics at Cranz’s Institute. If Zornig was the father of 
the BRL, then in the words of the most distinguished civilian member of the 
BRL staff, R. H. Kent, Cranz is the grandfather. The very organization of 
the laboratories at the BRL im its divisions for interior ballistics, exterior 
ballistics, and terminal ballistics, was patterned on Cranz’s division of the 

science. Thus, we at the BRL owe a special debt to Cranz and owe our 
existence as a whole to his disciple, Colonel Zornig. 

The words “exterior ballistics’? may mean different things to different 
people. Judging from the material covered in Lehrbuch der Ballistik, Cranz’s 
definition was broader than the one I shall use. He dealt with sighting and 
aiming systems under the head of exterior ballistics, as well as with flight 
mechanics. His treatment of the flight mechanics of shell was rather rudi- 
mentary and in several important senses incomplete. It is just as well that it 
was so, for otherwise I should have little to talk about today. 

For my purposes today then, exterior ballistics will be the flight mechanics 
of the weapons of ordnance, of shell, bombs, and of guided missiles. If I talk 
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too much about work in the United States, that after all is my subject, and I 
know all too little about the work in other countries. If I slight work in my 
own country performed in laboratories other than the BRL, it is not through 
malice but through simple ignorance. 

Now, in the period after World War I, the development of exterior 
ballistics in the United States started out on lines significantly different from 
those which had been laid down in Germany. In particular, R. H. Kent at 
Aberdeen Proving Ground became interested in learning in detail the laws 
governing the oscillatory motion of spinning shell. Kent’s interest stemmed 
from the conviction that the lateral stability characteristics of shell and 
details of the oscillating motion controlled the dispersion of practical artillery. 
Through understanding the lateral motion, one could not only explain 
puzzling features of artillery performance, but also, he felt, design artillery 
of greater accuracy than anything yet available. 

Kent learned early of the work of Fowler, Gallop, Lock, and Richmond 
in England. It is, I think, fair to say that the paper The Aerodynamics of a 
Spinning Shell published in 1920 by Fow.er and his associates marks the 
beginning of rational flight mechanics in ballistics.1 During the First World 
War, Fowler and his associates had been concerned with the stability and 
control of aircraft. They had then applied techniques similar to those used 
in computing the oscillatory motion of aircraft to the case of the spinning 
shell. The theoretical predictions of Fowler and his associates were tested by 
them, using the simple and ingenious technique known as the yaw card 
method. This method, relatively well known in ballistics today, and recently 
applied to aircraft and guided missile models as well, consists simply in 
shooting a model through a large number of thin cardboards spaced along 
the trajectory. From the holes punched in the cardboards, the angle between 
the axis of the model and the flight path tangent can be inferred with reason- 
able accuracy. 

Fowler and his associates tested very few shell and drew few conclusions 
beyond the satisfactory one that their theory of motion represented the 
observations very well. They got from their measurements of the motion 
good values of the aerodynamic lift, overturning moment, and damping in 
pitch. These perhaps were the first important measurements of aerodynamic 
derivatives at supersonic speeds. The Magnus moment inferred from their 
measurements came out opposite in sign from their predictions, predictions 
based on a crude aerodynamic guess, and they assumed that it was probably 
zero within the experimental error. Recently I had the calculations redone 
from Fowler’s original measurements, and found that the Magnus moment 
inferred from their results is in good agreement with results from similar 

shapes using the most modern aerodynamic measurement techniques. 

Now, with the publication of Fowler’s paper, the means were at hand for 

attempting what Kent wanted to do. Kent, accordingly, undertook a series 

of yaw card firings on a wide range of shell shapes to test more completely 

the theory of motion of Fowler and to accumulate a body of knowledge of 

shell aerodynamics. a 

In the period between the two World Wars, ballistic research was ham- 

pered by severe economic restraints. It was difficult to get governments to 

spend much money on research on guns and ammunition, and universities 
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and industrial research groups, in the United States at least, were completely 

disinterested. 
Thus, the work of Kent and a handful of assistants at Aberdeen Proving 

Ground was all there was. His yaw card firings went slowly for lack of 

material and for lack of help, but he did show that the theory of motion of 

Fowler, Gallop, Lock, and Richmond explained in detail all the important 

phenomena of the flight of spinning shell, and in a few cases he got reasonably 
reliable measurements of all of the important aerodynamic properties of 
shell from the careful use of Fowler’s yaw card techniques. 

With the increased international tension of the 1930s, U.S. military 
research was accelerated, and the Ballistic Research Laboratories were 

established in 1937. By 1941, a large and broadly competent staff started to 
build up at the BRL, and funds became available for much needed 
equipment. 

The major impediments to making full use of the Fowler, Gallop, Lock, 
and Richmond theory for ballistic design purposes were lack of sufficient 
data on aerodynamic properties, and the difficulty of carrying out the 
required integration of the full equations of motion. 

Both of these impediments were removed by the group at the Ballistic 
Research Laboratories during World War II. The aerodynamic problem 
was essentially solved through the development of spark photography ranges 
and supersonic wind tunnels. The computational block was removed through 
the development of high speed electronic digital computers. 

Of the two impediments, aerodynamic and computational, the aero- 
dynamic one was the more serious. Data on supersonic aerodynamics were 
available for only an extremely few spin stabilized shell shapes. These data 
derived from the yaw card firings of Fowler, Gallop, Lock, and Richmond 
and the firings of Kent and his associates mentioned earlier. Furthermore, 
the BRL had available a Bush type mechanical differential analyzer which 
was built about 1935. This machine sufficed for a large number of the 
calculations required in exterior ballistics computations, although the 
accuracy of integration was not sufficient to permit investigating the effects 
of wind or launching errors on trajectories. If the worst came to the worst, 
firing tables could always be computed using simplified theories and hand 
solution of numerical quadrature formulas. A large number of people were 
hired for this latter purpose, and I understand that there was no serious 
difficulty in obtaining the necessary firing tables for the American artillery 
during World War II, despite the fact that the first large high speed 
electronic computer was not completed until 1947. 

On the aerodynamic side, the design and construction of equipment for 
performing model tests on Ordnance designs was actively started about 
1941. At this time, the supersonic model test facilities of the United States 
were much inferior to those available, for example, in Germany. Our aero- 

dynamicists were principally interested in the flight of military aircraft and 
had not felt any necessity to develop supersonic test facilities. The argument 
was that the only things that went faster than sound were the tips of aircraft 
propeller blades and bullets. Clearly, neither of these was of any great 
importance. Research projects on compressible fluid dynamics had started 
at the California Institute of Technology and at Harvard, but the facilities 
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of these two universities were far too small for useful tests of models of shell 
or guided missiles. 

The first aerodynamic test facility to be built at the Ballistic Research 
Laboratories was the free flight spark photography range designed and 
constructed under the direction of Dr. A. C. Charters. Figure 1 shows the 
beginning of this facility. It was a primitive affair constructed mostly of 
wood intended to replace the yaw card technique as a means of obtaining 
high precision data on the flight characteristics of models of shell, bombs, 
and other missiles. The principle of operation is, I think, clear from Fig. 1. 

Fig. 1 

As the model travels toward the camera through the rectangular frames 
which support small antennae, an electrostatic charge on the model initiates 
a firing circuit which causes a spark contained in the box to the left to cast 
a shadow of the flying: projectile on a photographic plate supported on the 
holders to the right of each of the several spark stations. The spark photo- 
graphy range as finally developed is shown in Fig. 2. Here a spark source 
located in the round container to the left of the picture serves to illuminate 
two photographic plates, one vertical and one horizontal. The shadow pair 
permits accurate determination of the position of the model, and crystal 
counter-chronograph devices permit accurate timing. With this range, high 
precision aerodynamic derivative measurements were begun during the 
war. The spark photography range tests showed that the complete theory 
of motion was required to represent shell behavior in detail and that agree- 
ment between theory and experiment was in all cases excellent. Given 
accurate information on launching conditions, trajectory calculation became 
as reliable as other rational engineering processes, for example, as the design 
of statically determinate elastic structures. 

By 1946, enough information had been obtained to inspire great confidence 

in Fowler’s and Kent’s theoretical models. Special numerical solutions had 
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Fig, 2 

been obtained for the effects of wind on trajectories of aircraft bullets, for 
the deflection of spin stabilized rockets under imperfect launching or wind 
effects, and the effect of bore clearance on artillery projectiles. While insuffi- 
cient general aerodynamic information was available for application to each 
new design, the combined availability of the free flight spark photography 
ranges and supersonic wind tunnels designed specifically for Ordnance 
purposes made possible rapid measurement of the required derivatives. 

Fig. 3 
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Dr. Murphy is going to tell you in some detail about the later develop- 
ment of the spark range technique, so I will here only show a sample of the 
kind of pictures obtained. Figure 3 is a sample of a fin stabilized model in 
flight. Figure 4 shows an aircraft bullet flying at a large angle of attack, 
representative of conditions found in firing from high speed aircraft. 

Perhaps the most important application of the complete theory of shell 
motion during the war was to the preparation of firing tables for bullets 
fired from aircraft. The methods used are given in a BRL Report by 

Fig. 4 

STERNE.” The validity of Sterne’s predictions was established, for small yaws, 
by careful experiments firing bullets downward against ground targets from 
airplanes whose flight paths were accurately recorded by motion picture 
cameras on the ground. 

The Fow.er et al. theory was extended by various authors [Davis e¢ al] 
at California Institute of Technology,? Allegany Ballistics Laboratory 
[Rosser ef al.]4, and at the BRL [Gavsrairu]? to cover the more 
complicated case of a rocket, either fin stabilized or spin stabilized, making 
possible reliable a priort estimates of the dispersion characteristics of new 

designs. 
All of the engineering applications of the theory of motion depended, 

however, on adequate aerodynamic data, and involved tedious calculations 
for path integration. , 

About 1946, the tools developed under the stimulus of the war became 

available. The first supersonic wind tunnel in the United States suitable for 

ballistic research and development tests was completed at the BRL. Figure 5 

shows the building housing this tunnel as it now appears. Figure 6 is a picture 

of one of the three test sections now installed. This wind tunnel would not 

D 
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have been built if it were not for the energetic prodding by Professor von 
KARrMAN, who was one of the first members of the Scientific Advisory 
Committee of the BRL. 

Also in 1946, the ENIAG, the first high speed electronic digital computer, 
was completed by the Moore School of the University of Pennsylvania, and 
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installed at BRL (Fig. 7). This machine made possible rapid integration of 
the equations of motion of shell, with sufficient precision for differential 
effects computation by direct comparison of trajectories with different 
assumed wind structures, density structures, etc. The availability of this 
powerful tool completely revolutionized the computation of firing and 
bombing tables. Approximation methods, such as the Siacci scheme of 
trajectory computation, were abandoned. 

The high speed computers also contributed importantly to basic aero- 
dynamic theory. The later computers proved suitable for solution of the 
partial differential equations of compressible fluid dynamics, and are in 

Fig. 7 

routine use for computing the flow field around bodies of revolution, the 
design of supersonic wind tunnel nozzles, and similar practical problems of 
aerodynamic design. 

The results of the war-time developments are summarized in the book 
Exterior Ballistics by McSuHaAne et al.,® to which the interested reader is 

referred for more detail. 
Between 1946 and 1956, the major exterior ballistics effort in the United 

States has been on extending the theory of motion to cover asymmetrical 
shell and bombs [NrcotarpeEs7], on developing new theoretical methods for 
handling non-linear cases [Murpuy]8 and on improvement of experimental 
facilities and aerodynamic theory. It is my impression that exterior ballistic 

design for shell, bombs, and rockets is almost completely rationalized. 

The job of rationalizing the flight mechanics of Ordnance matériel was 

‘enormously facilitated by the explosive growth of interest in supersonic 

aerodynamics at the end of the war. The demonstrated value of supersonic 

guided missiles, and the possibility of supersonic flight for man-carrying 

aircraft prompted a great expansion of supersonic aerodynamics research. 
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Particularly important in the United States were the work of the National 
Advisory Committee for Aeronautics (NACA), the Naval Ordnance Labo- 
ratory, the California Institute of Technology, and its Jet Propulsion 
Laboratory, all of which were actively engaged in supersonic research by 
about 1947. While the bulk of the research of these groups was motivated 
by a desire to understand things other than artillery shell, their work was 
essential in broadening the theoretic and experimental basis in supersonic 
aerodynamics on which all of our engineering predictions must rest. 

In recent years, the development of high performance rockets has opened 
new fields of research, and has caused a shift in emphasis to the fluid 
mechanics problems involved in ultra-high speed flight. New tools of aero- 
dynamic research, shock tubes, hypersonic wind tunnels, ultra-high velocity 
guns, all are in use exploring the fascinating new area of hypersonic gas 
dynamics. Here the ballistician and aerodynamicist is busily learning new 
disciplines of physics and reaction kinetics in the hope that he can reduce 
hypervelocity flight to as firm a scientific base as that on which flight 
mechanics at ordinary supersonic speeds now rests. 
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DISCUSSION 

T. von KArmAN: Mr. Poor was kind enough to mention several times my modest contri- 

bution to these developments. It may be of some interest, however, to tell the inside story. 

It was really Colonel Zornig who started the connexion between aerodynamics and ballistics. 

He came to me at Pasadena and his first request was for an aerodynamicist for his firing 

range. Dr. Charters, whom Mr. Poor mentioned and who was one of my graduate students, 

went there. I think that he was quite successful in propagating the ideas about aerodynamics 

that he had learned at the California Institute of Technology. Colonel Zornig and Dr. Kent 

were very close to each other so I also became very close to Dr. Kent. We started to discuss 

the problems of aerodynamics and aerodynamic facilities. Naturally, the first question ‘in 
this connexion was whether or not to build a supersonic wind tunnel. There was much 

resistance to the idea, especially from the Pentagon. The older artillery officers said that all 

they wanted to know could be deduced from firing tests. General Barnes was the Chief of 

Research in the Ordnance Department at that time. I think that it was in 1943 or 1944 that 
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he made a trip to England. I had had many discussions with him on the question of super- 

sonic wind tunnels before this, but I had not received much support. It seems that he saw 

a supersonic wind tunnel in England and he sent a telegram to Dr. Kent with the result that 

we had a supersonic wind tunnel approved in two weeks. I found this a real military approach. 

First, you discuss a project for several years and then the decision is made in two weeks and 

you have to have the preliminary design at once. Allan Puckett, who was also one of my 

assistants and who is now with the Hughes Aircraft Company, participated in the final 

design. First, we made a model wind tunnel at the California Institute of Technology where 

we studied the methods of control, of regulation, and similar questions. 

Mr. Poor also mentioned a second very important development, namely the digital com- 

puter. I believe that Dr. von Neumann had an important role in this, which reminds me of 

an amusing story. General Leslie Simon, who was high in the Ordnance Research Depart- 

ment, gave an interview to a Washington newspaper just after we had successfully finished 

the war. He told the Washington Post, I believe, that it was a coincidence that the Ordnance 

Department had so much help from two mathematicians, mentioning Dr. von Neumann 

and myself, who incidentally were both born in an “obscure Hungarian village’, the name 

of which the General did not recall. (The “obscure Hungarian village’’ was Budapest.) 

I told General Simon, who was a very kind friend, that Budapest, or anyway, Buda, was a 

big city before Washington appeared on the map. You can see that I was very much involved 

in the background story of the developments which Mr. Poor gave in his interesting lecture. 



SOME AERODYNAMIC EFFECTS ON 

LONG-RANGE ROCKET CRAFT 

fal odhs Cem aly 

National Advisory Committee for Aeronautics, 
Ames Aeronautical Laboratory, Moffett Field, California 

This paper discusses the loads and aerodynamic heating experienced by long-range 
ballistic rockets during their flight through the atmosphere and includes a discussion of 
the recovery of artificial satellites and spacecraft. The possibility of human habitation 
of satellites 1s treated from the point of view of decelerative loads during recovery and 
the role of aerodynamic lift is discussed. 

INTRODUCTION 

In the first volume of his famous work Lehrbuch der Ballisttk,1 Dr. Cranz (1925) 
discussed at considerable length the equations of motion of a bullet in flight. 
Although he discussed long-range and satellite trajectories, his principal 
interest was restricted to gun-launched projectiles for which, for practical 
reasons, the maximum speeds attained are of the order of only several times 
the speed of sound. In such cases, the projectile throughout its flight remains 
in the lower, denser regions of the atmosphere so that aerodynamic forces 
play an important role over the whole range of flight in determining the 
stability of the projectile and its flight range and deflection. 

In recent years there has been expended a considerable effort to greatly 
increase the flight range of projectiles through the application of rocket pro- 
pulsion. That these efforts have met with success is well known. Contrary to 
the case for short-ranged projectiles, for long-range ballistic rockets, aero- 
dynamic forces have relatively unimportant effects as regard their influence 
on flight range, since practically all of the flight occurs in near vacuum. Thus, 
with the effects of earth rotation and the contribution to range of the short 
trajectory of the powered phase of flight neglected, the ballistic trajectory 
becomes one of Kepler’s planetary ellipses, as shown in sketch (a). For the 

Sketch (a): Ballistic trajectory on earth 

46 
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trajectories of interest for which the flight speed is less than or equal to 
satellite speed, the far focus of the ellipse is at the mass center of the earth. 
For purposes of range computation, then, this ballistic vehicle leaves and 
returns to the earth’s surface at the same absolute magnitude of speed and 
incidence. 

The expression for range follows easily from the equation of the ellipse 
(see, e.g. CRANz (1925), TrmosHENKo and Youne (1958)) and can be written 

R = 2rfan-} sin Of cos Of a) 

: (Vs?/Vs?) —cos?0¢ 
wherein 

7 earth radius 

Vs; satellite speed at earth’s surface 
Vs speed at the end of rocket boost 
0, incidence angle in radians (considered positive here). 
The optimum trajectory, which is the trajectory giving maximum range 

for given speed, V+, can then be found to yield 

Vi V5./1—tan?0¢ 

and (2) 
Ie s= ro(7—40;) 

The optimum values for Vy» and 0; as a function of range are shown in 
Fig. | with the range expressed in nautical miles and the angle 0; in degrees. 

In spite of the fact that the presence of the earth’s atmosphere has only a 
minor effect on range, its presence has a controlling influence on design. 
This influence of aerodynamics is felt particularly in the final phase of flight 
—the descent through the atmosphere—as indicated in the following dis- 
cussion. The speeds asa function of range, shown in Fig. 1, are the least 
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ine) to) a {e) 
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Fig. 1. Optimum speed and angle at end of rocket boost 

possible since they represent the minimum energy trajectory. Now, speed is 

related to the ratio of take-off (initial) weight to empty (final) weight by 

Wi; 
ss ike pets 8) V; = leg nT) (3) 
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wherein g is the acceleration of gravity and J, is an “‘effective” specific 

impulse for the propellant. This effective specific impulse has a value less 
than the actual specific impulse of the propellant. Typical values for the 
effective specific impulse for good chemical rocket motors might range from, 
say, 200 to 3001b thrust per pound of propellant consumed/sec. If one 
assumes values of 200, 250, and 300, then the weight ratios, as a function of 

range, are those shown in Fig. 2. It is evident from this figure that every 
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Fig. 2. Weight ratio for ballistic rockets 

pound of unnecessary weight for the empty vehicle requires many pounds 
of added weight for the vehicle at take-off. Hence it is vital in the design of 
a long-range ballistic rocket to be most prudent to avoid unnecessary additions 
to the empty weight of the vehicle. 

The portion of the empty vehicle which is required to descend intact 
through the atmosphere on the final plunge to earth, which I shall call the 
“entry body”, may be subjected to large decelerations due to aerodynamic 
drag. One important aerodynamic consideration, then, is this drag, since it 
may determine to an important degree the structural weight of the entry 
body. Secondly, the total energy possessed by the entry body just prior to 
its descent through the atmosphere is approximately its kinetic energy 

2 

par a) 
g 

wherein IW is the entry body weight. As will be seen later, the speed at impact 
with the earth will generally be small compared to V; so that nearly all of 

this energy must be converted to heat before impact occurs. This heat energy 
per unit of weight, expressed in British thermal units per pound, is shown as 
a function of flight range in Fig. 3. Also shown in this figure is the heat 
required to change one pound of ice into steam at 1000°F as a measure of 
the amount of heat per unit weight which a fairly good coolant can absorb. 
It is clear that if even a minor fraction of this heat energy is convected to 
the entry body, a large weight of coolant might be required to be added to 
the. entry body to prevent its destruction. 
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Fig. 3. Ainetic energy of ballistic rockets 

It is the purpose of this paper to discuss the aerodynamic loading and 
heating of such entry bodies. The analyses will purposely be simplified in 
order to indicate more clearly what factors the rocket designer can control 
to improve his design. The discussion is also extended to include the 
atmospheric entry of satellites to indicate the difficulties involved in their 
successful recovery. 

MOTION ANALYSIS FOR THE ENTRY BODY 

Consider the entry body shown on its descent through the atmosphere 
(sketch (b)). For an arbitrary body experiencing both aerodynamic lift (L) 

EARTH CENTER 

Sketch (b): Trajectory during atmospheric entry 

and drag (D) the two equations for vertical and horizontal acceleration are 

A 2 
do _ es cos = sind | 
di r m m 

du_w _D th | ©) 
2 = = = C08 0 4 = sin 0 
dt r m m 
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wherein the resultant velocity V at time ¢ is 

V = V u?+v? 
and 

§ instantaneous flight path angle (positive below the horizontal) 
m the entry body mass. 
Let us restrict our analysis for the moment to the case for which the lift 

force is zero. To simplify the analysis, we shall restrict the region of interest 
to those layers within the atmosphere where the density is sufficiently high 
to make the term wu/r trivial compared to du/dt and D cos 6/m. The equations 
then reduce to 

2 
ae e z sin 0 
di fe m 

(6) 
du Dp | 
—, = —— ¢os 6 | 
di m 

Note that where w? is near satellite speed 

u? oe 
i 

is near zero. Again where D sin 6/m is large this group may also be ignored. 
This suggests that the motion over the important range of the trajectory 
through the atmosphere when aerodynamic loads are large and aero- 
dynamic heating is important may be obtained from 

du De 
ae Sere o—| 

" (7) 
du D | 
= =) — — cos 6 
dt m 

which is to say that in this range 

O == 07 = Constant, (8) 

Thus the trajectory is essentially a straight line inclined at the angle of 
approach to the earth, 6y. 

The drag force may be written 

Si 

wherein 
Cp the drag coefficient 
o the air density 

A the reference area for the entry body. 

At the high supersonic speeds of interest the drag coefficient may be 
considered a constant while the air density may be approximated, as shown 
in Fig. 4, by the exponential variation with altitude » 

= poe”? (10) 

where pe, and @ are constants. 

From equations (7), (8), (9), and (10), then 

du Cpe A 5 
“¢ = os V2e-"2 sin 65. (11) 
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Fig. 4. Atmospheric density variation with altitude 

Moreover, since 

= —V sin Wo = Vsintoy (12) 

Eq. (11) becomes 

ayo Coed Jertray (13) 
v 2m sin OF 

which yields upon integration 

a le = : 14 
aah rae (ee ite) 

This result was originally given in reference 3. The deceleration may be 
found by differentiation to be 

“ed an Cpe Jem 

dV 7 CpeoA Vr? poe. Bm sin Of 

dt 2m 

and it may readily be shown that the deceleration is a maximum when the 
velocity is 

(15) 
/ 

Vre* = 0-610; (16) 
and it has the value 

or BV}? sin Of 

= ] 
os ae 2e uD 

This maximum possible value will generally be attained in flight since 
usually the velocity at impact (y = 0) is much less than given by Eq. (16). 

There is immediately apparent a singularly interesting feature regarding 

this maximum deceleration. It does not depend on the drag coefficient or 

weight of the entry body and therefore is independent of physical charac- 
teristics of the entry body. 

It is instructive, I believe, to consider an example. Suppose a series of 
solid iron spheres having diameters ranging from 1/100 ft to 10 ft entered 
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the atmosphere vertically (0; = 90°) at a speed of 20,000 ft/sec. These 
spheres range in weight from less than 2 grains to over 100 tons. The 
decelerations for each are shown in Fig. 5. It is seen that not only is the 
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Fig. 5. Effect of size on deceleration of iron spheres 

maximum deceleration the same for all, but the functional relation of the 

decelerations with altitude is identical. The deceleration curve is simply 
shifted to higher altitudes the lighter the sphere. Moreover, except for the 
heaviest sphere the maximum deceleration is attained prior to impact with 
earth and the speed at impact is very low. It is therefore not surprising that 
the earth’s surface is seldom struck hard by meteors. 

Since the maximum deceleration depends only on the speed and incidence 
of approach to the atmosphere, this deceleration for entry bodies on the 
minimum energy trajectory may readily be calculated using the values from 
Fig. 1. These maxima are shown in Fig. 6. It is seen that maximum decelera- 
tion is greatest for flight ranges of the order of 4000 nautical miles. At longer 
ranges the maximum values are lower in spite of the fact that the speed at 
atmospheric entry is greater because the angle of approach to the earth 
becomes more flattened and so the time rate of change of density is low 
enough to more than offset the effect of increase in speed. The curve is 

60 

o 
w 
{e) 

2 
a 40 
J 
= 

Zz 
2 

2 HALF 
E 20 AROUND 
ro THE EARTH 
Ww / \ : 
roe \ 
5) Nene 
Ww \-g 
a We 8 

(@) 2 4 6 8 10 \2 

RANGE, THOUSANDS OF NAUTICAL MILES 

Vig. 6. Maximum deceleration for minimum energy flight of ballistic vehicles 



AERODYNAMIC EFFECTS ON LONG-RANGE ROCKET CRAFT 53 

dotted near zero range and near half-earth circumference range since in 
these extremes the assumptions made in the analysis are violated. 

Lastly, it is apparent that while the decelerations are large they are not so 
large that they should require a very substantial increase in structural weight 
if the entry body is reasonably compact. It is thus in order to examine the 
aerodynamic heating to determine what entry body shapes are desirable. 

AERODYNAMIC HEATING OF THE ENTRY BODY 

The rate of heat transferred by convection per unit area to an entry body 
at any time, /, is given by the well-known relation 

BES = fi (T+—Tw)1 (18) 

wherein 
T, the recovery temperature 
T, the wall temperature of the re-entry body 
h convective heat-transfer coefficient 

the subscript / denotes local conditions. The temperature difference is 

(Tr—Tw)1 ——a eat Br, +1 M2T 
(19) 

where TJ is the static temperature in the undisturbed air, M is the Mach 
number, and y the ratio of specific heats (Cp/C»). 

For the high speeds of interest the term (y—1)M?T/2 far overshadows the 
term 7— Tw» so that the latter may be ignored. Now since 

V2 
2 —_ 

ae (y—1)G ae 
then 

2» 
approximates the temperature potential. The heat-transfer coefficient is for 
an assumed Prandtl number of unity 

( dhs aa Tw) l (21) 

] 
hi 9 CnCoreVi (22) 

where Cy is the local skin-friction coefficient based on local values of flow 

conditions. 
The time rate of convective heating given in Eq. (18) may be written 

dq Cou Pl i) Ba ee ee lee: 93 
a= o(E) (EVP) [5 ) 

The heat input to the whole surface, 5, is then 

dQ dq oV3S (=) (2) (7) ds Sea ees fe? [eC 24 
di 5 dé FES Be? MAWES PL) GLa os 

ee 
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which is a mean friction coefficient based on stream conditions rather than 

local conditions; then 

d Co V3S CO Gree (26) 
dt 4 

From this equation it can be shown that the convective rates of heat 

transfer will usually be very great for flight ranges of, say, 1000-8000 nautical 

miles. Accordingly one can only hope to re-radiate a small fraction of the 

heat convected at reasonable values of wall temperature. It is thus most 

important to minimize the total heat convected in order to keep the required 

weight of coolant within reasonable bounds. Fortunately the total heat con- 

vected can be kept small. To show this, note that the time rate of loss in 

kinetic energy is 
dE Cpe V3A 

= DV = ; 7 
dt 2 GD 

From Eqs. (26) and (27) it is evident that 

C,'S 
do = — dé. 

We have shown previously that a typical entry body loses practically all its 
kinetic energy in its descent through the atmosphere. Hence the total 
amount of heat convected to the vehicle is 

Q 
CS WV 

se ) (29) 
| Dea) 

This is a most important result since it shows that the heat convected to 
the vehicle may be minimized by making the frictional force as small as 
possible compared to the drag. In other words, one should employ blunt 
entry bodies which have high pressure drag. In this way the majority of the 
energy appears as heat within the atmosphere (wasted in the shock waves 
and wake) and only a minority must be absorbed by the entry body. The 
use of blunt compact entry shapes, as shown earlier, is also desirable to best 
resist deceleration loads. 

THE RECOVERY OF SPACE VEHICLES 

There is, at the present time, considerable attention being given to the 
problems of space travel. One facet of interest is the recovery of space vehicles 
on to this or other planets. ‘There arise such questions as ““How can recovery 
best be effected?”’, “Do the atmospheric decelerations permit human 
occupancy of the vehicle ?’’, etc. The remainder of this paper will attempt 
to deal with the recovery problem, particularly as it relates to the earth. 

One age-old method proposed for effecting a successful landing on a 
planet is to employ retrograde rockets to decelerate the vehicle during the 
approach to the planet. That such a scheme does not appear to be practicable 
with present rockets is readily apparent. To put a vehicle on an earth satellite 
orbit and recover it in the above manner, for example, would require the 
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ratio of initial weight at take-off to final weight of the recovered vehicle to 
be the square of the values shown for satellite speed in Fig. 2. 

A more attractive scheme is to employ aerodynamic drag to brake the 
vehicle. To illustrate how such a method may be used in the general case, 
consider the trajectory shown in sketch (c). The vehicle here is assumed to 
approach the earth at a speed greater than earth satellite speed along a 
near tangent path. This path is chosen to cause the craft to experience aero- 
dynamic drag and so to decelerate slightly as it cuts across a segment of the 
atmosphere. The craft then préceeds on a near elliptic orbit so that it returns 
to experience a second pass through the atmosphere. On each pass, the axis 
of the ellipse is precessed and the apogee is diminished. Ultimately, the 
speed is reduced to near satellite speed, and the orbit becomes more circular. 

On the craft’s final pass its speed is braked to less than satellite speed. Then, 
as the speed drops, the path becomes inclined more and more steeply toward 
the earth. Eventually the speed becomes a small fraction of satellite speed, 
and the path is nearly vertical. Prior to impact with the earth, a parachute 
may then be deployed to effect the landing. 

Sketch (c): Trajectory with atmospheric braking 

A most interesting phase of these trajectories is the decay from the nearly 
circular satellite orbit to the steep spiral. The previous motion analysis given 
for ballistic entry bodies cannot be used here since the assumption that 
deceleration is large compared to the acceleration of gravity is violated. 
Recently my colleague Dr. Dean Cuapman? has found a transformation of 
variables which permits the basic motion equations (Eqs. (5)) to be reduced 
to a single nonlinear differential equation. He has analyzed the decay from 

satellite orbit and has found results analogous to these previously given for 

the ballistic entry bodies. For nonlifting bodies he has shown that the 

maximum deceleration is independent of entry body shape or weight and 

has the value 

-(S%) = 0278 yore = 0278 ving ee 
which occurs when the speed has dropped to 43 per cent of satellite speed. 

This is a general result for earth and other planets. For the earth the value 

of +/ Bry is about 30, so that the maximum deceleration becomes 8-3g if the 

approach is by decay from a truly circular orbit. If the entry angle, 9, is 
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not zero the deceleration experienced is greater as shown in Fig. 7. As the 
angle is increased the magnitude of the deceleration rapidly approaches the 
value which would be predicted by Eq. (17). For small angle of approach 
Chapman has noted that the decelerations experienced are in magnitude 
and duration not so great as to preclude human occupancy. Moreover, 
Chapman has shown that the maximum deceleration can be reduced by 
using some aerodynamic lift. This result is indicated in Fig. 8. The virtues 
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Fig. 7. Effect of entry angle on maximum deceleration from satellite orbit 
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Fig. 8. Effect of lift-drag ratio on maximum deceleration from satellite orbit 

of employing aerodynamic lift had been proposed earlier by Dr. Alfred 
Eccers® and Dr. Antonio FERRI.°® 

As regards the aerodynamic heating experienced, it should be noted that 
Eq. (29) is a general result for the amount convected. For the satellite case, 
the rates of heat input are considerably less than for the long-range ballistic 
rockets previously discussed. Thus reradiation of an important fraction of 
the convected heat is possible, which should generally serve to minimize the 
importance of the heating problem in the recovery by atmospheric braking 
of space vehicles. 
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DISCUSSION 

J. S. Rinenart: I am wondering if you have made calculations for objects that weigh 

somewhat more than 100 tons? A few years ago I made a number of calculations which 

indicated that there was a very pronounced transition in the deceleration between about 100 

and 1000 tons so that large meteorites, for example, would come in with velocities unchecked. 

H. J. Atien: I think your point is illustrated by my slide which gives the deceleration as 

a function of altitude for solid iron spheres. For all the spheres shown, the speed at impact 

with the earth would be very small compared to the speed at entrance to the atmosphere. 

However, for a one-order larger sphere of 100 ft diameter, the speed at impact would clearly 

be nearly the entrance speed. That is to say, there is a range of weights for which the impact 

speed varies rapidly with weight. Nevertheless, we shall probably not even put a 100 ton 

man-made vehicle in space for some considerable time and hence have little active interest 

in the high-speed impact problem. 

M. A. Srraticakis: What is the ideal trajectory for the final installation of the satellite 

in its orbit around the earth? Is it a semi-elliptical curve, a vertical trace or a ballistic curve 

from the launching point on the earth’s surface? 

H. J. Atien: I do not think one can give the ideal in this case, as it depends upon the 

purpose for which the particular satellite was put in orbit. Moreover, one works with what 

one gets for an orbit, and not what one wants. With a man in the vehicle, a fairly circular 

orbit will be desired and the approach to the atmosphere must be made at a low enough 

angle to prevent excessive deceleration. As I indicated in the talk, if the approach to the 

atmosphere is too steep, the decelerations can easily surpass what a man can withstand. 

I think it is apparent that since the important regions of the atmosphere are only in thickness 

about the order of 1 per cent of the earth’s radius, this trick of bringing a vehicle from outer 

space and employing aerodynamic drag to effect a landing will put considerable demands 

upon guidance systems. I do not know if I have answered your question or not. 

R. Herman: In connexion with the picture in which you showed the planet as a black 

sphere with the vehicle approaching the atmosphere on a hyperbolic path, then leaving the 

atmosphere on an elliptic path; how close must the first approach to the surface be in order 

that one may transform the hyperbolic path into the elliptic one? Would you discuss how 

accurate this approach must be and how the heat problems are changed by a changing path? 

H. J. Aven: I think I can answer your question in this way: as I noted earlier, the 

important regions of the atmosphere are very thin, so that guidance is a particularly severe 

problem. Still, one has some leeway. It does not appear that the accelerations will be too 

large in the first pass to bring, say, an escape vehicle into a suitable elliptic orbit. Man is not 

subjected to too large a load, nor is the heating problem too severe. You should note that 

these two problems are tied together, as heating is directly proportional to deceleration. 

E 
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One has to be careful to be sure that to bring the vehicle to the planet the reduction in speed 

in the first pass is sufficient to guarantee an elliptical orbit for the following trajectory, or 

else the vehicle will be lost forever unless more rocket thrust is available to effect an entry. 

Thus allowance will have to be made for greater accelerations to be sure that the vehicle is 

captured by the atmosphere. In other words, the first pass determines all the remaining 

paths that occur if no additional thrust is available; the initial approach commits the vehicle 

for the remaining paths. 

I. Assott: I think it is only fair to point out that if it is too steep in the earth’s atmosphere 

you do not care what happens. This discussion includes navigation and guidance problems 

and is certainly beyond the scope of this meeting. 

H. J. Atxen: I believe I can add one point of interest. There is a limiting approach to the 

atmosphere in which the vehicle becomes committed to land in the first pass without 

subsequent elliptic orbits. If the deceleration reaches a certain level, the speed will be reduced 

sufficiently to more steeply incline the path to the earth, and the capture is effected in the 

single pass. The maximum deceleration in this case, I believe, need not be any greater than 

the 8g acceleration indicated earlier for the circular decay approach. 
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I. INTRODUCTION 

RECENTLY two satellites, Explorer I and Explorer III, have been placed in 
orbit using the modified Jupiter C as a launching vehicle. It is the purpose 
of this paper to discuss the trajectories used in launching these satellites. Of 
particular interest is the optimization of these trajectories with regard to 
payload weight and lifetime. 

The Explorer rocket is a four-stage vehicle. The first stage or booster is 
used to place the payload at injection altitude but with insufficient speed 
to orbit. The remaining three stages provide the necessary velocity increment. 

The Explorer booster is conventionally guided by an autopilot using jet 
vanes and attitude jets for control. (See Fig. 1.) The last three stages are 
unguided. These stages are rotated prior to launch, and this rotation is 
maintained throughout their operation. 

The payloads for the two satellites that have been placed in orbit contain 

FIRST STAGE 
cUT~ OFF —_ 

Fig. 1. Launch trajectory Explorer £ 
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about 18 1b of useful instrumentation (See Fig. 2). A total of about 30 lb 

was placed in orbit in each case. The experiments were primarily aimed at 

counting the incidence of primary cosmic rays. There were included, how- 

ever, transducers for measuring several temperatures as well as the impact 

of micrometeorites. 
The scientific information is being transmitted from the Explorers by two 

transmitters. Each of the satellites has a low-powered transmitter and a 

HIGH-POWER 
TRANSMITTER 

TURNSTILE 

COSMIC RAY AND 
MICROMETEORITE 
PACKAGE 

LOW-POWER 
TRANSMITTER 

COSMIC RAY EXPERIMENT 
AND HIGH-POWER 
TRANSMITTER 

EXPLORER Ill 

Fig. 2. Explorer satellites 

high-powered one. In Explorer I, the high-powered transmitter lasted about 
two weeks. The low-powered transmitter lasted about two months. In 
Explorer III, because of the purposely intermittent operation of the high- 
powered transmitter, both should last about two months. 

The lifetimes of these experiments are directly proportional to the weight 
of the batteries that can be carried. On the other hand, the lifetimes of the 

orbits are a function of the launching altitude and speed and hence are also 
functions of the total battery weight. The selection then of the proper payload 
weight and trajectory presents an interesting problem in optimization. 

It is desired to obtain as much scientific information as possible. Therefore 
it is important that the orbits at least outlast the batteries. At the same time 
passive satellites may be utilized for tracking purposes so that somewhat 
longer-lived orbits can be useful. 

In selecting these lifetimes, however, there is another important considera- 
tion. There are certain inaccuracies inherent in launching these satellites. 
The orbit is not precisely predetermined. In selecting the payload weight 
and the launching trajectory it is therefore necessary to provide a margin 
of performance for these errors. The selection of the final configuration must 
be such that there is a reasonable probability that orbit will be successfully 
achieved. 

Due to the fact that the last three stages are unguided and spin stabilized, 
the inaccuracies in the final orbits will be strongly a function of the spin 
rate. The structural weight of the high-speed assembly and hence its effi- 
ciency are also strong functions of the spin rate. The efficiency of these 
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stages reflects directly in the payload that can be carried. There exists 
therefore another optimization problem: that of determining the proper 
spi rate. 

In the following discussion sources of trajectory errors will be derived and 
discussed. Consideration will be given both to the choice of thrust and spin 
rate for high-speed stages. These trajectory errors will then be used to deter- 
mine the optimum launching conditions. The criteria used to establish the 
optimum conditions will be discussed at length. Finally, the results of the 
two satellite firings will be reviewed, and these results will be compared with 
the predicted orbits. 

II. SOURCE OF DISPERSIONS 

Trajectory dispersions can be divided into two classes. The first class contains 
those errors contributed by the boost-phase trajectory. The second class 
contains those errors occurring during the burning of the high-speed stages. 

Trajectory errors occurring during the boost phase may be very simply 
treated. Because the booster is controlled by an autopilot, the lateral flight- 
path deviations will be small except in the case of failure. The principal 
error, therefore, will be that resulting from a variation in the total impulse 

delivered by this stage. 
The trajectory quantities of interest are the height, the speed, and the 

pointing direction at ignition of the high-speed stages. Variation of impulse 
of the booster will affect all three of these quantities. Furthermore, the 
variations will be strongly correlated. Any decrease in total impulse will 
decrease the height and the speed at injection. The attitude of the high-speed 
stages is controlled by a gyro referenced to a nominal vertical. Since a 
decrease in impulse will also decrease the range at cluster ignition, a pointing 
error will develop because of the difference in the direction of the local 
vertical. 

In these calculations the speed error at injection (oy = 50 m/sec) was 
assumed proportional to the launching altitude error (o, = 24 km). The 
pointing error due to impulse variation was neglected. As we will see in the 
review of the Explorer III trajectory, this can be a very significant factor. 

Dispersions occurring during the operation of the high-speed stages will 
consist mainly of variations in speed and direction at launch of the satellite. 
Due to the relatively short burning period of the three last stages, contri- 
butions to the error in height at launch will be negligible. 

Variation in the speed increment produced by the last three stages is a 

well-known statistical quantity. This variation arises because of variations in 

the impulse delivered by the rocket motors of the high-speed stages. All of 

these rocket motors are identical. Furthermore, hundreds of them have been 

fired and the impulse measured. With the dispersion in total impulse known 

along the payload weight, the variation in speed increment can be easily 

calculated. The standard deviation of the value used in these calculations 

is 26 m/sec. 
The determination of the dispersion in the flight-path direction is consider- 

ably more difficult. These dispersions arise from a variety of causes. The most 

important contributors are: initial conditions at ignition of the second stage, 

and thrust and dynamic misalignments during burning of the high-speed 
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stages. A precise determination of these dispersions is doubly difficult. First 

of all, the misalignments are not easily measured and are difficult to estimate. 
Second given the misalignments, the precise calculation of the resulting 

errors is a tedious job. 
However, it is possible to make a simplified analysis that is both instructive 

and useful. The misalignments themselves are estimated from the manu- 
facturing tolerances. Experience has taught that this procedure seems to 
slightly overestimate the resulting errors. 

The motions of the principal axis of symmetry resulting from these mis- 
alignments can be estimated from the ordinary equations governing the 
small motions of a gyroscope: 

- GA a 
Cire a. (1) 

V =Gt (2) 
= (1/t) (C—z) + (8/2) &” (3) 

where 
¢ = the complex angle that the principal axis of symmetry makes with 

the nominal aiming direction. 
r~ == the spi rate: 
2% = ratio of the moment of inertia about the principal axis of symmetry 

to the moment of inertia about a transverse axis. 
G = acceleration of a particular stage. 
A = thrust misalignment distance. 
k, = transverse radius of gyration. 
5 = thrust misalignment angle. 
Z = the complex angle between the velocity vector and the initial aiming 

direction. 
V = speed. 

All quantities except € and z are assumed to be constant. 

A solution of Eq. (1), a linearized equation for ¢, is substituted into Eq. (3) 
to produce the dispersion, | z |. This last equation is written for an inertial 
system in which the stage under consideration is initially at rest. The con- 
version to any other reference system is a simple matter of multiplying by 
the appropriate velocity ratio. 

In two cases, the solutions to. these equations are quite simple. Assuming 
an initial forward speed Vo, the response to an initial flight-direction angle 
z, 1s the final flight-direction angle z, given by the following: 

Fit Pe (4) 

With the same initial forward speed, the response to an initial yaw may be 
written 

2, = [(V,—Vo)/V 5] &, (5) 
vio (6) 
t= 0 (7) 

These solutions depend only upon speed and not upon the characteristics of 
any stage nor upon the spin rate. 
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Fig. 3. Effect of spin rate on response to thrust malalignment distance 

The response to a thrust misalignment distance (see Fig. 3) may be written 
as follows: 

Define 0 = i7t/2 (8) 

iG I 8 g* 2ei0/A gt Zp = Scare ]— ane [e’ sin 6 — d2e/4 sin 6/2] (9) 
1 

oe a o st (10) 

This disturbance will also result in a yaw angle and yaw rate at the end of 
burning. This yaw and yaw rate will propagate as a disturbance through 
the subsequent stages. 
An interesting conclusion can be obtained from Eq. (9). Suppose that 

spin rate and velocity at burnout are held constant. Then the previous 
equation becomes 

ork? ] ] ie Eine 
(Aa = ] -fe® sin 6 = 226" sin 0/2 1] fhe = hal mb ay 

This equation is also plotted on Fig. 4. Theta is inversely proportional to G; 

1.2 

0.8 

0.2 

Fig. 4. Effect of accelerations on response to thrust malalignment distance 
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hence this plot represents the effect of acceleration on dispersion due to 

thrust misalignment. It can be seen that, except for very high accelerations, 

a reduction in acceleration reduces dispersion due to this cause. 

The next effect to consider is that of a side force resulting from a nonzero 

thrust misalignment angle, 8. The solutions are: 

C=C = 0 (12) 

ee ie (13) 
rt 2 

The effect of this force is negligible for typical values of 8. 

Fig. 5. Response to initial yaw rate 

The third effect to be considered is that of an initial yaw rate (see Fig. 5). 
The solution for this effect is 

aed ji je® sin o) (14) 

It would appear that a high but practical value of acceleration would 
decrease the dispersion due to this cause. This is true, however, only if the 
initial disturbance is independent of G. 

In the particular case wherein the initial yaw rate arises from a delayed 
ignition of one of the rocket motors in a cluster, such as stage two of the 
Explorer, the magnitude of ¢ is proportional to G. In this case the resulting 
dispersion (see Fig. 6) is proportional to the function shown by 

ba h 0 e: o=5|! ae sin 9. (15) 

Thus a decrease in G is beneficial if variations in ignition delay time are large. 
A summary of the errors in final flight-direction angle due to various 

causes is shown in Table 1. These errors include the effect of thrust variation 
from motor to motor in a cluster as well as a variation in the principal axis 
from the axis of spin and dynamic effects. 
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~e 

Fig. 6. Effect of late ignition in cluster 

Table I. Effects Contributing to the Dispersion of the Flight 29 Configuration 
(Stages 2, 3 and 4) 

Dispersive effect (mils) 

Stage Type of Size of 
effect effect at 20 | at 30 | at40 | at 60 | at 80 | at 100 

rad/sec | rad/sec | rad/sec | rad/sec | rad/sec | rad/sec 

2 A due to mal- | 1-1 x 10-* ft 67 35 18 Be) 3 3 
alignment of 
parts 

A due to un- | 3-0.x 10-3 ft 183 99 50 7 TS 8 
even burning 
| C,; | due to 0-15  mil/sec 9-5 5 10 13 10 10 
malalignment 
of parts 
| C; | due to w + b(w)* mil/sec 0 0 0-5 36 Als 220) 
bending of tub 
base 

3 A due to Neo MOGs 68 ae 14 3 at D 
malalignment ‘ 
of parts 
A due to un- } 1:0 x 10-3 ft 52 26 11 I 3 1:5 
even burning 
| C, | due to 0-08  mil/sec 6 3 325 7 B) 6:5 
malalignment 
of parts 
| C, | due to 0-35 « mil/sec 26 14 16 30 24 26 
launcher-sup- 
port tolerances 

As A due to mal- | 0-7 x 10-° ft 52 30 18 7 4 DED 
alignment of 
parts 
| C, | due to 0-22 « mil/sec 11 14 16 14 13 12 
malalignment 
of parts 
| C, | due to 0-35 w mil/sec 18 23 25 23 zi 20 
launcher-sup- 
port tolerances 

* b(o) = (0/6 1-8)? x 11/40—(c//6 1-8)?. 
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The final dispersion for Explorer is plotted in Fig. 7. The divergence at 

the critical speed of the booster is quite evident. It can be seen from this 

curve that increasing the spin rate beyond 700 rpm will not be profitable. 
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Fig. 7. Radii of circles of equal probability (CEP) for Explorer high-speed stages 

III. OPTIMIZATION OF THE LAUNCHING TRAJECTORY 

Once the various sources of errors have been determined numerically, it is 
possible to consider the selection of the proper trajectory. 

It would appear at first glance that the question of the optimum launching 
altitude has a very simple answer, namely, the higher the better. However, 
the problem is not quite so simple. The launching rockets have a limited 
amount of energy which they can deliver to the satellite at the time it is 
launched. This energy must be divided between potential energy of altitude 
and kinetic energy of launching velocity. Consequently, the first-glance 
solution would be to give the satellite enough kinetic energy to put it into a 
circular orbit and then to use the rest in potential energy to make that circle 
as high as possible. However, it is not at all clear that this is the best solution. 
Suppose that instead of launching.the satellite into the highest possible circle 
it were launched instead at a slightly lower altitude. The extra potential 
energy thus made available could be used to give the satellite a velocity 

greater than that needed for a circular orbit. This would mean that the 

orbit would be elliptical, and, if the launching direction were parallel to the 
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local horizontal, the perigee of the orbit would be at the launching point. 
This perigee would be at a lower altitude than that of the highest possible 
circle, and thus, in the vicinity of the perigee, the satellite would be subjected 
to more atmospheric drag. However, the eccentricity of the orbit would be 
such that the apogee would be at an altitude greater than that of the highest 
possible circle. Thus, in the vicinity of the apogee the satellite would be 
subjected to less drag. It is possible then that the integrated drag around 
this eccentric orbit might be less than that around the highest possible circle. 

Intriguing though this question may be it is actually of secondary impor- 
tance. There is another and more pressing reason which almost necessitates 
an eccentric orbit. The launching direction of the satellite cannot be exactly 
controlled. There will be a small but important aiming error. This error will 
act to decrease the perigeal altitude below that of the launching altitude. 
The extent of this loss in perigeal altitude, for any given error, depends upon 
the eccentricity of the orbit. The greater the eccentricities, the smaller the 
loss for a given aiming error. For the Explorer, these errors have been shown 
to be appreciable (the order of 1°—2°), and a slightly eccentric orbit is highly 
desirable. Of course, it requires extra kinetic energy to produce the 
eccentricity. 

As is the case for the aiming error, so for the performance variations the 
parameters describing the statistical distribution can only be estimated until 
several satellite launchings have been carried out. In the present study the 
variations of both aiming error and of performance will be assumed normally 
distributed. In the numerical calculations various representative values will 
be assumed for the standard deviations of these distributions. 

For this study the concept of an optimum launching altitude (optimum 
for the problem of the longest possible lifetime) will be based on the following 
assumptions. It will be assumed that the most detailed possible study would 
show, as does the present preliminary study, that an eccentric orbit is 
necessary. It will be further assumed that the degree of eccentricity, though 
mathematically small, is large enough so that atmospheric drag is of impor- 
tance only in the close vicinity of perigee. On this basis the optimum 
launching altitude is defined as that one which leads to the maximum 
perigeal altitude. This must be more explicitly defined in a probablistic 
sense. The nominal characteristics of the boosting stage and launching stage 
will be considered constants. The weight of the satellite (i.e. the weight of 
the final payload) will be treated as a variable parameter. For any given 
satellite weight and launching altitude the perigeal altitude will bea statistical 
quantity. A p-per cent confidence limit for this perigeal altitude can be 

established. That is, an altitude limit can be established such that in p-per 

cent of all cases the perigee will lie above this. This altitude limit is a function 

of the confidence level p, the satellite weight, and the launching altitude. 

For any given satellite weight and confidence limit there is a certain launching 

altitude which leads to a maximum value of this limiting altitude. It is this 

particular launching altitude which is the optimum altitude. It is a function 

of the satellite weight and the confidence limit. , 

For the present study, small perturbations such as the oblateness of the 

earth or the gravitational attraction of the moon will be neglected. Further- 

more, inasmuch as only the first cycle of the satellite’s history is important. 
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the effects of atmospheric drag can be neglected. Thus the orbits to be 
considered are pure ellipses described by the polar equation 

T= Sept ly (16) 
l1—ecos 9 

where r is the distance from the center of the earth to a point on the orbit, 

e is the eccentricity, ¢ is the polar angle measured from apogee, and & is a 
constant. 

Eventually a statistical distribution of orbits must be determined, and in 
particular, the distribution of perigeal altitudes. These distributions must be 
described in terms of the statistical parameters which describe the launching 
conditions of the satellite. Thus it will be helpful to obtain a mathematical 
description of the orbit in terms of the three fundamental variables for which 
distributions have been assumed. These variables are as follows: 

(a) the launching speed, V; 
(b) the launching altitude, H; 
(c) the flight-direction angle at the time of launching, 9. 

It will be convenient to expand those characteristics which depend upon 
the orbit as a power series in increasing powers of the eccentricity. It turns 
out that only those orbits whose eccentricity is mathematically small (<0-1) 
are important. So all terms higher than the first order in such a series can 
be neglected. 

If such a linearization is carried out, one obtains for perigeal altitude the 
expression shown as follows: 

ey, Ave 
bm eT — ra +) ne 

Here AV is the launching speed error, and V-(#) is the velocity for circular 
orbit at the altitude H. From the distributions of the three variations, the 

distributions of the perigeal altitudes can be calculated. 

7,000 
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Mg 

Fig. 8. Apex velocity of booster 

In Fig. 8 the velocity contributed by the booster is shown as a function of 
the launching altitude. This speed added to the nominal speed increment 
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of the last three stages gives the nominal launching speed as a function of 
launching altitude. 

Figure 9 shows a plot of payload weight versus launching altitude. Each 
curve represents a perigeal altitude that will occur less than 10 per cent of 
the time. The peaks of these curves represent the optimum payload for that 
minimum guaranteed perigee. The same results are shown in Fig. 10 for 
the 50 per cent probability case. The loci of the maximum are shown in 
Fig. 11. Here the minimum guaranteed perigee is plotted as a function of 

10 ico 150 200 250 300 

Fig. 10. Lsoprobability curve for payload weight for 50 per cent confidence limit 
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payload for two probabilities. The same function is plotted (see Fig. 12) for 

the case wherein all of the probable errors have been doubled, except those 

of the cluster velocity gain. This is done in order to obtain a feeling for the 

sensitivity of the result to the estimation of the errors. 

450 H, = 96 a ee ers 

100 150 200 250 

Fig. 12. Optimum launch conditions for two confidence levels (assumed variations doubled) 

IV. CONCLUSION 
The preceding analysis has been described as one which can be used to 
select optimum launching conditions. The true measure of the success of 
the analysis is the result of the experiment. 
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There have been, as you know, three firings of the Explorer rockets. Two 
of these—the first and the third—have resulted in successful orbits. 

I will now describe the orbits of Explorers I and III. It will be interesting, 
I think, to compare their orbits with the nominal one. It will also be instruc- 
tive to compare the variations with those previously estimated. 

Figure 13 illustrates the nominal orbit as well as those of the two satellites. 
Included in Fig. 13 is a table of orbital parameters for each orbit. Variations 
from the nominal are also indicated. 

In the case of Explorer I, the perigee (hp) varied from the nominal perigee 
by only 11 km. The injection altitude (17), on the other hand, was 14 km 
high. The difference between these two numbers is explained by the velocity 

Fig. 13. Comparison of orbits 

errors of 80 m/sec for the booster velocity (V,) and 40 m/sec for the cluster 

velocity gain (V,) and by the pitch error of 0-63°. 

It is interesting to note that the pitch and yaw errors are almost the same. 

Their value is approximately half the value estimated by the conservative 

methods described in Section II. The error in injection altitude of 14 km 

compares well with the expected standard deviation of 24 km. Also the 

error in first-stage velocity of 80 m/sec is reasonably close to the estimated 

standard deviation of 50 m/sec. In summary, the variations of orbital para- 

meters of Explorer I appear to be consistent with the analysis of this paper. 
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The orbit of Explorer III, however, presents an interesting exception. 
The perigee is considerably lower than expected. In fact, this perigee agrees 
with the 90 per cent probability line for the case when certain of the expected 
errors were doubled. This perigee results in a lifetime not far different than 
that of the batteries. 

Reviewing the variations, it can be seen that the error in yaw of 0-7° is 
about the same as that of Explorer I, 0-8°. The velocity increment of the 
cluster is low, but its variation from nominal has about the same magnitude 
as that for Explorer I. Both compare well with the assumed standard 
deviation of 26 m/sec. The velocity at cluster ignition (velocity of the booster 
nose at its apex) is more than two standard deviations high. 

But the most significant deviation is the 5-05° error in pitch. About 1° of 
this can be explained by the excess booster velocity in combination with the 
method used for commanding second-stage ignition. 

The remaining 4° must be assigned to the high-speed stages. This value 
is about three times as large as the predicted standard deviation derived in 
Section II. It is about six times as great as the average of other observed 
dispersion angles for the high-speed stages. 

The size of this deviation makes the assumption of a purely statistical 
variation doubtful. It is more likely that a structural failure or an unusual 
ignition delay was responsible for this effect. Investigations to determine 
such a cause are currently under way. 

DISCUSSION 

KuTTERER: Have you already calculated the drag coefficient of the Explorer? 

J. E. Froenuicu: The lifetime calculations, most of which were made by the people at 

Huntsville, were based on an estimate of the atmosphere. At the present time the atmosphere 

that is being used is the so-called Jastrow-atmosphere derived from data from Sputnik I. 

J. S. Rinewart: Our observations on the Russian satellites indicate that there is a con- 

siderable variation in the rate of change of period. For Sputnik II, it appears to be almost 

periodic with a period of perhaps 45 days. We were very curious as to what might be causing 

this variation. We considered whether the air density itself were changing or whether the 

satellite were developing a charge which was essential in reaching its height. There are other 

possible explanations and we are continuing observations of this sort. 

H. J. Atten: I should like to ask if you think it is possible that meteoric dust could vary 

in quantity with time as we pass around the sun, or whether there is not a possibility that 

some of these apparent high densities could be in some way evidence of a solar atmosphere ? 

J. E. Froresuicu: I think it is speculative in this regard. Meteoric dust has been much less 

than anticipated. My own feeling is that we are observing very great changes in the air 
density itself. 

C. Trrentus: Have there been any calculations on the influence of the magnetic field of 

the earth on the drag of the satellites within their orbits? 

J.E. Frornzicu: No calculations of this nature that I know of have been made. Calculations 
have been made of the effect of the charge accumulated by the satellite on the drag coefficient 
but none with reference to the magnetic field that I know of. 
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C. Titenrus: In some papers calculations are mentioned in which the air density is 

supposed to be about four to five times as high as shown in former rocket flights carried out, 

I believe, in 1956 from White Sands Proving Grounds. I think there are quite a number of 

other influences affecting the drag as mentioned by Mr. Allen. For example, micrometeorites 

and meteoric dust will probably be expected with greater intensities during the month of 

August with the Perseides. Dr. Rinehart can possibly give more data on this. There are some 

other influences which also combine with the effect of air density. Some believe that air 

density alone causes the drag but in reality other influences also affect the drag. I believe 

that the rocket measurements made previously are correct. I do not know whether it was 

day or night when the rocket ascensions were carried out. I think air density depends upon 

the time of the day: the air density at a certain altitude at night differs from that at the same 

altitude during the day—in other words, more or less depending on the angle of the sun. 
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Ri Ff. HorLneR 

Army Ballistic Missile Agency, Huntsville, Alabama 

INTRODUCTION 

THE présent progress of technical development and achievement is so swift 
that events happening only a few months ago may stir little interest today 
in an audience of scientists actively engaged in this progress. Thus, in 
presenting to you a review of the facts leading to the launching of the first 
satellite of the Western world, I cannot discount a slight fear that you may 
consider this discussion a mere contribution to the history of technology. 

This observation is the more striking as the launching of the first Explorer 
was preceded by the launching of far larger bodies by the Eastern world. 
For an objective observer this must be recognized as an enviable feat. 

While we have learned from Russian publications some facts about the 
Soviet launched satellites we certainly were not offered the opportunity of 
appraising their achievement in full light. This is the case with everything 
that pertains to the launching aspect of the Sputniks. Though technical and 
mathematical considerations indicate the possible mode of ascent for those 
satellites, there is still ample room for speculation. 

Progress in science, however, hinges on unreserved communication of 
technical facts. 

The following description of the launching phase of Explorer I endeavors 
to present all major aspects of interest and in particular to give you an 
appraisal of the actual flight in comparison with the expected flight per- 
formance. This speaker relates and discusses the flight events up to achieving 
the altitude of injection, while the continuation from this point on will be 
discussed by Dr. Froehlich of the California Institute of Technology Jet 
Propulsion Laboratory. 

HISTORICAL DEVELOPMENT 

The launching vehicle that injected Explorer I into its orbit is commonly 
known as the Jupiter C missile. The Jupiter C is a four-stage missile which 
was developed by co-operative efforts of the Army Ballistic Missile Agency 
at Redstone Arsenal near Huntsville, Alabama, and the Jet Propulsion 
Laboratory, California Institute of Technology. 

The development of this missile type was essentially completed in 1955 
and several missiles were available at that time. Although the principal 
objective in developing those missiles was their satellite-carrying capability, 
they were first employed as long-range re-entry test vehicles. For these tests, 
the missiles were not used to their full capacity, the last stage being replaced 
by a re-entry nose cone. The first of the series of these three-stage Jupiter C 
missiles is known to have flown in the fall of 1956 to a range of more than 
3000 miles. The later missiles of this type carried a recovery gear to decelerate 
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the re-entry nose cone after it passed through the region of maximum heating 
and to reduce the water impact shock and facilitate salvaging. 

In November 1957, the Secretary of Defense gave the Army the assign- 
ment of launching a satellite from its Jupiter C missile as a contribution to 
the International Geophysical Year satellite program. Within less than three 
months, the payload was designed and built and the four-stage missile was 
assembled and tested. It is now a matter of history that the first Explorer 
was launched successfully on 31 January 1958. 

To complete the historical data, it may be remarked that the second 
launching of a Jupiter C missile did not succeed in its mission due to an 
ignition failure of its last stage. 

Explorer III, however, was successfully launched on 26 March 1958 and 
was the third man-made satellite set into the orbit by the Western world, 
the second being provided by the Vanguard project. 

MISSILE DESCRIPTION 

The overall configuration of the Jupiter C missile is shown in Fig. 1. The 
long cylindrical part is the modified Redstone booster. The modification 
consisted of lengthening the tanks to increase the propellent capacity and 
lightening the structural weight as much as possible. This is permissible as 
the Jupiter C missiles do not have to withstand the rough handling and 
weather conditions for which the tactical Redstone missile is designed. 

Separation of the booster from the forward part occurs at the point where 
the small protuberances are shown. Forward from this separation point, 
including the conical segment, is the instrument compartment housing 
control and measuring instruments and the electric motors that are used to 

JUPITER-C (EXPLORER 1) 
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spin up and maintain the spin rate of the complete cluster arrangements of 

the high-speed stages. The small cylindrical portion on top of the instrument 

compartment contains the second- and third-stage motors, while the fourth 
stage and payload is visible as the pencil-shaped tip of the missile. 

The second stage is a ring of 11 solid propellant rocket motors; the third 
stage is an assembly of three of the same motors, located inside the second 

stage. 
The cylindrical payload itself is rigidly connected with the fourth-stage 

motor. This arrangement is the actual orbiting satellite and is shown here 
on the right side of the slide. It has a diameter of 6 in. and a length of 
about 80 in. 

The total length of the Jupiter C missile is 823 in. or nearly 21 m. The 
diameter of the Redstone booster is 70 in. or nearly 1-8 m. To convey a 
better idea of the size of the booster, it is shown in Fig. 2 in its assembly 
stage in the hangar of our Fabrication Laboratory. 

PERFORMANCE OF MOTORS 

The performance of the first-stage motor was boosted above that of the 
Redstone missile by using a high energy fuel in combination with the con- 
ventional liquid oxygen. The upper stage-propellents were somewhat lower 
in their specific performance. 

FLIGHT PERFORMANCE 

For the earlier Jupiter C flights, which served as re-entry test vehicles, the 
trajectory was laid out to provide maximum range, which called for firing 
of all stages in direct succession. The shaping of the trajectory for orbital 
flight necessarily follows other considerations. By exchanging potential 
energy against kinetic, various elliptical orbits can be achieved for-a given 
payload. A main aspect in the choice of the final ellipse was the possible 
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maximum lifetime of the orbiter, taking into account possible errors in the 
performance and angular alignment of the various stages. 

This study resulted in the desired orbit injection conditions of 350-km 
altitude and several hundred meters excess velocity above the circular 
velocity. To achieve these conditions the following nominal trajectory was 
established. 

After 10 sec of vertical flight the tilt of the path is initiated by small control 
forces and then continued according to a gravity tilt program till the burnout 
point of the first stage is almost reached. At the depletion point of the first 
stage, which is nearly 157 sec after lift-off and at an altitude of 99 km, the 
path direction is 39° above the horizontal. The nominal velocity at this 
point is sufficient to carry the missile in free flight to the desired altitude of 
350 km and provide at the apex a horizontal velocity which is nearly a 
third of the necessary orbiting velocity. The remaining two-thirds then are 
delivered by the cluster stages, which are fired in quick succession in a 
generally horizontal direction, starting a few seconds before the apex is 
reached. The injection velocity comes up to 7685 m/sec as observed in a 
reference system rotating with the earth. 

The azimuth of firing at 110° east from north at the latitude of Cape 
Canaveral, Florida, increases the velocity to 8089 m/sec, measured with 
reference to a nonrotating system with origin at the earth center. This is 
nearly 390 m/sec excess above the local circular velocity. 

These nominal injection co-ordinates would result in an elliptically shaped 
orbit of 1900 km highest altitude and 352 km altitude for the point of nearest 
approach. 

Before the actual performance of the missile is compared to these nominal 
figures, the mode of controlling attitude and velocity in the Jupiter C missile 
will be discussed. 

CONTROL 

The accuracy requirements for attitude and velocity control of a missile are 
governed exclusively by the mission of the flight. For example, the flight of 
a tactical missile is to be controlled to a very small fraction of a degree at 

cutoff and the velocity to a fraction of a meter per second. 
The injection of a first satellite into its orbit, however, can be called 

successful if a reasonable lifetime is achieved. To quote an example, for the 
injection altitude of 350 km and an excess velocity of 300 m/sec, an error in 
the path direction from the horizontal by 2° decreases the perigee by 50 km, 
and 4° result in a perigee altitude of about 160 km. Though the lifetime of 

the satellite in the last case may only be a matter of weeks or perhaps days, 

its flight is still of considerable scientific value. On the other hand, the 

magnitude of 4° error in the path direction is outside the normal dispersion 

pattern, even with a relatively crude control system, and must be classified 

as system failure. 
The Jupiter C missile in its first-stage flight was controlled only in attitude, 

not in velocity nor in its lateral path motion. For yaw and roll control, a type 

of gyro instrument was used that was developed originally for the V-2 

missile, that is, the LEV-3 type. In pitch direction, a more accurate air- 

bearing type gyro was employed. The missile attitude control is attained in 
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the first stage by the action of jet and air vanes in combination at the base 
of the missile. 
A few seconds before the expected shortest time for depletion, the pitch 

gyro reference discontinues the tilt program to take it up again some seconds 
after the latest expected depletion point. This is done to keep the separation 
event free from programmed transient disturbances. 

Separation of the Jupiter C booster from the instrument compartment 
occurs shortly after burnout of the first-stage engine. 

While both separated bodies coast up to the apex altitude, the booster is 
uncontrolled and follows a general ballistic flight. The instrument compart- 
ment and cluster stages are tilted gradually into an attitude that is calculated 
so as to have horizontal alignment when the last stage is fired. 

Attainment of the attitude in the coasting period is accomplished by 
means of a spatial attitude control system which consists essentially of four 
pairs of compressed-air nozzles around the rear edge of the instrument com- 
partment. One of the four systems is shown in Figs. 3 and 4, first in exploded 
view, and then in assembly. 

The nozzles produce a thrust proportional to the command which in turn 
is composed of the attitude error and its first derivative, amplified by suitable 
gain values. The largest thrust per nozzle is 2:5 kg. 

By analysis it was found that the cross coupling effects between pitch and 
yaw motion that are present from the spinning cluster are sufficiently small 
that any crossing of direction in the circuit could be avoided. 

The active attitude control of the top unit is terminated with the ignition 
of the first solid propellant stage. 

The instrument compartment is separated from the cluster at this instant 
and the attitude of the three solid propellent stages during the combined 
burning time of about 24 sec is maintained by its rotational impulse. 

The spin rate of the cluster was chosen as 750 r.p.m., mainly from con- 
sideration of alignment errors. 

The cluster is not spun up to its full spin rate before launching of the 
missile. In order to avoid possible interference with the first and second 
modes of the missile bending frequency the spin rate at launch is 560 r.p.m., 
which is increased to 650 r.p.m. after 70 sec of flight and to the final rate 
after 115 sec of flight. The speeds are regulated until ignition of the cluster 
stages. 

The design of the overall attitude control system was governed by weight 
economy considerations, trading higher performance capacity against 
extreme control accuracy. ; 

Similar viewpoints also allowed the omission of any control devices for 
accurate thrust, propellents mixture ratio, or cutoff velocity. The propulsion 
periods of the stages were terminated only with exhaustion of the propellents: 

ERROR ANALYSIS : 

It is evident that the lack of closed loop control for a number of missile 
parameters results in a rather wide pattern of possible variation for the 
characteristic flight data. 
A few typical data of expected velocity variation at the burnout-point of 

the first stage may be enumerated. They reflect a two sigma probability level. 
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A variation of the specific impulse may change the velocity by + 90 m/sec; 
an uncertainty in the mixture ratio, which in turn may change the burning 
time, will cause a change by - 62 m/sec, a tail or head wind is responsible 
for a velocity change by + 22 m/sec. 

The overall two sigma velocity variation is near to + 120 m/sec at first- 
stage cutoff. These velocity variations and the associated variations in path 
angle, altitude and range produce in turn variations of the apex co-ordinates 
in the following magnitude: velocity changes of + 80 m/sec, altitude varia- 
tions of + 30 km, range variations of + 55 km, and variations in the time 

when the apex is reached by + 15 sec. 

APEX PREDICTION SCHEME 

These values refer to the summit point of the coasting period and can also 
be taken as representative for the second-stage ignition point. They represent 
no serious effect on the mission of the flight, even if all data in the unfavorable 
direction are combined and a correspondingly low performance value is 
assumed for the high-speed stages. 

In spite of this confidence, it was felt worth while to expend some efforts 
in the improvement of the orbital flight, if this improvement could be 
achieved without any weight penalty on the missile. 

This possibility was considered for the timing problem of the ignition of 
the second stage. 

The problem is of the following nature. The attitude of the upper stages 
is space fixed and optimized to give the largest performance gain if nominal 
conditions are followed in the first-stage flight. The best time for ignition in 
the nominal case was calculated to be about 18 sec before the free flight 
summit would be reached. This would result in exactly horizontal path 
direction at fourth-stage burnout and also the attitude of the fourth stage 
would then be horizontal. 
Any disturbance in the ascending path may at a fixed time result in 

divergence between path direction and missile direction, partly because the 
free flight apex time is shifted, partly because the range that is covered when 
the fixed time is reached is varied. The range variation causes a change of 
the cluster attitude in relation to the local horizon. 

For any particular flight of the first stage, there is exactly one time point 
of second-stage ignition that guarantees horizontal orbit injection. 

The problem of ignition timing can be solved by a number of methods. 
(1) The simplest is the use of a missile-borne timer that operates at a 

preselected time and therefore allows the perigee altitude to vary. This is 
the open loop system in its crudest form. 

(2) Another method, guaranteeing optimum performance, could provide 
cutoff control so that the optimum ignition occurs at a preselected fixed time. 
Here the loop is closed, but to guarantee the optimization any performance 
surplus is lost. 

(3) A computer in the missile could calculate, on the base of performance 

measurements, the optimum ignition time and trigger the command. This 
decision-making device, including the measuring instrument, will require 
development time, is costly in weight and constitutes a reliability problem. 

(4) The decision-making unit can be on the ground together with the 
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flight survey instruments and the ignition triggered from there by radio link. 
This last concept was considered and a procedure developed for the 

launching of Explorer I. 
Three channels were utilized to obtain information about the performance 

of the booster. ‘These include a radar measurement, a Doppler measurement, 
and an accelerometer information. The data from radar provide essentially 
geometrical position co-ordinates which are set in relation to the time the 
measurements are made. From the Doppler system, information is derived 
about the slant velocity and rate of change of elevation angle. Both methods 
are applied during the coasting period. The third method utilizes the tele- 
metered data of an integrating accelerometer which is mounted in the instru- 
ment compartment and measures and integrates the inertial acceleration in 
the direction of the long axis of the missile. 
Though none of these methods gives a full description of the flight 

co-ordinates of the missile, each of them is sufficient for a relatively accurate 
prediction of the ignition time. The triple arrangement, however, was chosen 
to increase the operational reliability of the overall system and eventually 
improve the accuracy by averaging. 

The data as received from the instruments were converted into the desired 
time datum by means of prepared charts or formulas. The charts had to be 
prepared with the human factor in mind, as the total procedure of receiving 
the data, smoothing, converting, appraising for soundness, deciding, and 
signal transmission had to be accomplished within 3—4 min. 

In order to be quite safe, a fixed timer was also carried by the missile; its 
time was set later than the manual trigger time with reasonable probability 

expected, but still early enough to guarantee a relatively healthy orbit if 
the radio link should not work. 

It may be mentioned here that the procedure of triggering ignition of the 
second stage from ground was followed also in the unsuccessful launching 
try of Explorer IT. 

After that it was recognized that the improvement of the orbital shape 
derived from this somewhat cumbersome procedure is only small, when 
compared to an orbit,.that follows the ignition at a preset time by a missile- 
borne instrument. For the launching of Explorer III, the preset timer was 
used exclusively. 

TEMPERATURE 

Coming now to the discussion of the actual launch, I may mention that the 

hour of launch was selected with respect to the heating expected from sun- 

light, averaged over the first 60 days of orbital flight. ete. 

Fig. 5 shows in the different shaded areas the percentage the orbiter is in 

sunlight compared to its total flight period for different launch times. ite 

month appears on the bottom scale and the hour at the left. This diagram 

refers to the inclination of 34-2° of the orbit plane to the equator. We see 

that at the end of January the time before midnight was most favorable as 

then the orbiter spends less than 70 per cent of its flight in sunlight. This 

calculation is applicable only for some weeks, as the orbit does not maintain 

its orientation to the line earth—sun: first, due to the earth’s rotation about 
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Fig. 5 

the sun and secondly (and of larger influence) due to the gravitational 
effects from the oblateness of the earth. 

The temperature level was further regulated by applying stripes of heat 
reflective coatings on the skin of the Explorer. 

LAUNCH 

In the following figures I shall try to re-create for you the events of the firing 
of Explorer I. 

In Fig. 6 the Jupiter C missile is on the tower to be serviced before launch. 
The upper stages are not mounted yet on the booster. For the delicate work 
on the top assembly, the upper portion of the missile is shielded by canyas 
(Fig. 7). After a last minute check, the conical top is attached to the payload 
(Fig. 8). Finally the payload and Se rocket are mounted on top 
of the Jupiter C (Fig. 9). 

In Fig. 10 the missile is ready for ras 
The missile lifts off in a cloud of smoke (Fig. 11) and climbs to altitude 

(Fig.-12). 

ACTUAL PERFORMANCE 

The actual performance of the Jupiter C missile when it launched Explorer I 
was better than expected as far as the propulsion systems are concerned. 
The Jupiter C booster surprised us with delivering 109 m/sec more cutoff 
velocity than was anticipated. This implied a complete burnout of the 
propellents, which was ee as no control system for mixture ratio 
was provided. 

An additional benefit was dened from the wind. The missile passed 
through a jet stream, with wind velocities up to 60 m/sec, coming in a 
direction between tail and lateral left. 

The increased cutoff velocity raised the injection altitude to 366 on 
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Fig. 11 

Fig. 10 
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Fig. 12 

The timing by ground command of the second stage was early by about 
8 sec. This would result in 3/10° path angle above the horizontal for 
injection and a decrease of perigee altitude by | km. 

The upper stages also performed better than expected, giving about 
40 m/sec more velocity than precalculated. 

As to the angular alignment of the high-speed cluster during its burning 
period, certain conclusions can be drawn from the final orbit evaluation. 
However, there is insufficient instrumentation to attribute any angular 

injection error to the two possible sources, that is, the gyro attitude before 
ignition of the cluster and the spin stability of the cluster after ignition. The 
sum of these errors stayed under 1° in either direction: yaw, and pitch. 

The injection velocity was 8205 m/sec, the altitude 366 km and the path 
angle was 0-9° above the horizontal. 

ORBIT 

On the base of these injection coordinates, the orbit values are: altitude of 
360 km at the perigee point and 2551 km at the apogee. The perigee velocity 
is 8216 m/sec, with 521 m/sec excess above circular velocity. The apogee 
velocity is 6200 m/sec. The eccentricity is very near to the value 0-14. The 
nodical period is 114-76 min. The inclination to the equator is 33-43°. 

OBLATENESS 

It may be of interest to mention the effect of the noncentral gravity field, 
caused by the oblateness of the earth, on the flight path of Explorer I. 
During one day the node of ascension travels by about 4:3°. As the orbit is 
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direct, this travel occurs in a westward direction. The line of apsides rotates 
by about 6-3° per day within the plane of flight in the flight direction. 

LIFETIME 

The lifetime is predicted to be between 10 to 20 years. This value, however, 
is to be accepted with caution as air density assumptions are made, which 
may well be proved incorrect later. In fact, one of the scientific tasks of 
Explorer I is improvement ofour knowledge of the density profile at high 
altitudes. 

EXPERIMENTS 

The instrumentation and telemetry in the satellite is gathering and trans- 
mitting four types of information. These are: skin temperature on the surface 
of the projectile, internal temperature, cosmic dust erosion and cosmic ray 
data. The main part of the package is a cosmic radiation experiment, 
designed by Dr. James A. Van Allen of Iowa State University. The major 
element of this experiment is a Geiger counter. 

The data gathered by the instruments are continuously dispatched by 
two transmitters. 

TRANSMISSION 

The more powerful transmitter operates on 108-03 Mc/s, transmitting with 
60 mW. This signal could be received by ham radio operators. The expected 
lifetime of this transmitter was about two weeks. It went silent, however, 
after 11 days of inflight operation and one day of preflight operation. During 
the week-end of 22-23 February, signals have again been received from this 
transmitter. The reasons for this are still unexplained. 

The second of the transmitters is operating on 108-00 Mc/s with 10 mW 
of power. Lifetime of this transmitter is predicted as two to three months. 

CONCLUSION 
A final word may be given to a general appraisal of the design, performance 
and control of the Jupiter C type orbiter launchings. 

The ratio of the orbiting weight to that of the total lift-off weight is 
1: 2000; the ratio of the payload proper, which is 18-13 Ib, to the lift-off 
weight is <1: 3000. 

This ratio for the Vanguard vehicle is better by a factor of 2 to 3. 
It was clear from the beginning of the project that the design of the 

Jupiter C project, especially as to stage ratios, was not an optimum in regard 

to maximum flight performance. The design was chosen rather because the 

basic components had been proven reliable at that time and the design of 

the four-stage arrangement did not involve larger problems. 

Thus the Jupiter C missile was considered an optimum design, so far 

as development time, reliability, simplicity and financial economy are 

concerned. 
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A meteorite enters the earth’s atmosphere at high velocity (11 km|sec to 72 km/sec), 1s 
subjected to powerful aerodynamic forces, suffers rapid loss of material through aero- 
dynamic heating and abrasion, but occasionally survives passage and finally may strike 
the ground, producing an impact crater. The phenomena involved in these encounters of 
a meteorite with our atmosphere and our lithosphere are ones commonly met with in 
ballistic studies. For example, the surface features of a number of aerodynamically 
sculptured meteorites are germane to the complex ballistics problem of ablation of high 
velocity missiles. Meteorites striking the earth have produced the largest known impact 
craters and contribute significantly to the physics and chemistry of high-speed impact. 
This paper discusses our recent studies in the interrelated areas, meteoritics, ballistics, 
and astroballistics, with specific reference to ablation fundamentals, the shapes and 
surface features of various meteorites, and the nature of impact craters. 

INTRODUCTION 

Turis conference is concerned mainly with man’s efforts to project missiles at 
high velocities and to study their flights and impacts. Mother Nature has 
been in the ballistics business a long time—even longer than Professor 
Cranz—and this paper is about her missiles and their vagaries. Meteoritics 
as a recognized science is comparatively young (see BRown?). It was not 
until 1803, when a spectacular fall of stones occurred at |’Aigle, France, that 
scientists in general and the staid French Academy in particular were forced 
to admit officially that stones can, in fact, fall from heaven. 

Extraterrestrial material of three classes reaches the earth. The most 
abundant by far is interplanetary dust, the dust from which the zodiacal 
light (according to vAN DE Hutsr? and FessEnkov?) stems and which very 
likely is a combination of cometary and asteroidal wastage. The intensely 
luminous trail of a meteor streaking through our atmosphere is the visible 
evidence of cometary extraterrestrial material. Occasionally a large chunk 
of asteroidal material will fall, generating a brilliant fireball. The luminous 
phenomenon itself is called a meteor and the body that generates the 
phenomenon is designated a meteoroid. Much uncertainty exists as to 
the precise physical properties of meteoroids. The consensus is that most 

meteoroids are fragile, porous bodies of low gross density (see WuiPPLE4), 
Finally, there are the meteorites, ponderable masses of stone and iron, frag- 

ments of planets that once resided between Mars and Jupiter in our solar 
system. 

The velocity with which a meteorite can enter our atmosphere is much 

higher than laboratory-obtained velocities, ranging from 11 km/sec to 

72 km/sec (see LoveLtt® and Otivier®). The lower limit is the escape 

velocity of a body from the earth, i.e. the velocity that a meteorite would 
acquire in falling toward the earth under gravitational attraction, should 

88 
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the earth and the meteorite suddenly find themselves beside one another 
with zero relative velocity. The upper limit is imposed by the fact that 
meteorites are members of the solar system and therefore cannot have a 
velocity greater than 42 km/sec when their distance from the sun is that 
of the earth. The earth’s velocity about the sun is 30 km/sec. Most 
meteorites (according to WuippLe and Hucues’) enter the earth’s atmo- 
sphere with velocities in the neighborhood of 17 km/sec. The velocities of 
cometary meteoroids cover the complete range from 11 km/sec to 72 km/sec. 
The zodiacal dust will enter the atmosphere with the same velocities, 
11 km/sec to 72 km/sec, but will be quickly decelerated and then drift slowly 
toward the earth. 
How many meteoric bodies are there and how are they distributed in 

time and space? If one goes out on an average clear night to look for meteors 
he will see about 10 per hour. The fall of a meteorite, on the other hand, is 

a relatively rare event but frequently a spectacular one (see Fig. 1). It is 
estimated that only about five per day reach the earth’s surface, with an 
average recovered mass per fall of 20 kg. It is extraordinarily difficult 
to form a realistic idea of the total amount of meteoric material reaching 
the earth. The estimates given in Table I (see Watson’) seem to be about 
as good as we have. Space dust is by far the largest contributor. The earth 
must intercept large amounts of the zodiacal dust, perhaps as much as one 
particle per cubic meter, on the average. 

Studies of a meteorite’s flight through our atmosphere and its subsequent 
interaction with our lithosphere, as well as the interaction of meteorites with 
objects in space, lie in the interrelated areas of meteoritics, ballistics, and 

astroballistics (see THomas and Wuipp.e®: 1°). The present paper will discuss 
recent studies with specific reference to ablation fundamentals, the shapes 
and surface features of various meteorites, and the nature of impact craters. 

Table I. Daily Rate of Meteoritic Infall 

Mass accumulated 

Be balan) 

Crater-producing and other meteorites << 
Fireballs 
Visual meteors 
Faint radio meteors 1-10 
Telescopic meteors 
Very faint telescopic meteors 
Micrometeorites 1,000—10,000 
Interplanetary dust 

GENERAL ASPECTS OF METEORITES 

Meteorites are designated in either of two ways, as falls or finds, and are 

given the name of the post office closest to which they are found (see 

Ninincer"). As falls, they are actually seen in the act of falling and observers 

are able to recover them shortly thereafter. If meteorites are stumbled upon 

in situ, recognized for what they are, and saved, they are designated as finds. 

The total number of falls and finds represented in our museums is listed in 

Table II. A particular fall or find may comprise a number of individual 

meteorites, sometimes as many as 20,000. 
G 
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Meteorites range in size from the Hoba West, a 70-ton massive chunk of 
nickel-iron, which has never been moved from its final resting place in South 
Africa, to stones the size of peppercorns obtained from showers such as that 
at Holbrook, Arizona (see Foorr,!2 MERRILL,!3 RINEHART,!4 Prior and 
Hey,'® Merrity and Fosuac,!@ and Krinov!’). 

The varying shapes of recovered meteorites testify to the rigors of their 
passage through the atmosphere and the nature of impact. Many freshly 
fallen irons and stones show-evidence of intense sculpturing by the air. 
There may be gross breakup of the meteorite during flight, or deformation 
and breakup on impact. 

Meteorites are divided into three general groups on the basis of their 
structure and composition. The irons are dense metallic masses composed 

Table II. Number of Falls and Finds 

Meteorites Falls Finds Total 

Tron 42 503 545 
Stony-iron 12 Oo 67 
Stones 628 304 932 

Total 682 862 1544 

principally of nickel and iron, but contain as minor phases, phosphides, 
sulfides, graphite, etc. (see Perry+’). The most notable inclusions are 
diamonds, and the most abundant are large nodules of iron sulfide. The 
irons have complex structures but they are obviously the descendants, 
remnants, and in some cases aggregates of large single crystals of nickel-iron 
(Fig. 2). Those containing 6 to 12 per cent nickel are characterized by their 
Widmanstatten pattern, shown in Fig. 3, a unique and fascinating metal- 
lurgical curiosity, exhibiting straight intersecting bands which are parallel 
to the faces of an octahedron. The bands consist of wide patches of kamacite 
(nickel-poor iron, body-centered cubic crystal lattice) bounded by thin 

layers of taenite (nickel-rich iron, face-centered cubic lattice). Their genesis 

lies in the extremely: slow cooling rates through the temperature ranges of 

Fig. 2. Etched cross-section of Sandia Mountains, New Mexico, exahedrute. Each area of the con- 

glomerate is a single crystal of body-centered-cubic nickel-tron. Bright scratch-like lines are Neumann 

bands (mechanical twins). (Smithsonian Institution photograph) 
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Fig. 3. Etched cross-section of Briggsdale, Colorado, octahedrite, showing Widmanstdatten pattern. 
Narrow light bands are taenite ( face-centered cubic nickel-iron) and dark areas are kamacite (body- 
centered cubic nickel-iron) (scale in foreground 2-5 cm long). (American Meteorite Museum photograph) 

sclidification and transformation. Irons are subject to weathering after they 
reach the ground; they oxidize and corrode slowly, flaking away with time. 

Stony meteorites, the second group, have an extremely complex structure 
which appears microscopically as a mixture of fragmented crystals that are 
not easily identifiable but whose main constituent is silica (SiO,) (see Fig. 4). 

Every freshly fallen stone is coated with a thin black layer, about 3 in. 
of vitreous material which has undoubtedly been fused during flight (see 
Wigs). 

The meteorites of the third group are made up of approximately equal 
amounts of stone and iron: in some cases they are sponge-like iron masses 
with stony material filling the interstices, and in others, iron particles 

Fig. 4. A slice of the Brenham, Kansas, stony-iron meteorite, a pallasite. Note Widmanstdtten pattern 
Juxtaposed with iron mesh whose interstices are filled with glassy-silica olivine. (Smithsonian Institution 

photograph) 
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Fig. 5. Princetown, Ohio, stony meteorite. Weight 480 g. Black fusion crust has been chipped off in 
several places, exposing light colored stony interior (scale is in centimeters). (American Museum of 

Natural History photograph) 

embedded in a matrix of stone. A fourth type, the tektite, which is a glass- 
like mass, may or may not be of extraterrestrial origin and will not be 
discussed further here (see, however, FENNER,!® BaRNEs,2° and FRIEDMAN 
gal.**),, 

PHENOMENA ATTENDING FLIGHT 

The flight of a meteorite through our atmosphere is a spectacular ballistic 
event fraught with intense visual and aural impressions that are reminiscent 
of a multitude of ballistics problems. Two swarms of large meteorites have 
fallen in recently recorded history. Both were in Russia. The Tunguska fall 
of 1907 levelled trees over an area of a 30-mile radius and produced baro- 
metric effects that were detected around the world (see Krinov!? and 
Wartson8). The Sikhote-Alin fall in 1947 sprayed chunks of meteoritic iron 
in an ellipse covering many square kilometres, and produced some 128 
craters according to FessENKov? and Krinov and Fontron”, 3, 
An eyewitness account of the l’Aigle fall of stony meteorites in 1803 is 

quite typical. Quoting Bror?4: “On Tuesday, 26 April 1802, [sic] about 
one in the afternoon, the weather being serene, there was observed from 
Caen, Pont-Audenen, and the environs of Alencon, Falaise, and Verneuil, 

a fiery globe of a very brilliant splendour, which moved in the atmosphere 
with great rapidity. Some moments after there was heard at Laigle, and in 
the environs of that city to the extent of more than thirty leagues in every 
direction, a violent explosion, which lasted five or six minutes. At first there 

were three or four reports like those of a cannon, followed by a kind of 
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discharge which resembled a firing of musketry ; after which there was heard 

a dreadful rumbling like the beating of a drum . . . a multitude of mineral 

masses . . . were seen to fall. . . . The district in which the stones fell forms 

an elliptical extent of about two leagues and a half in length and nearly one 

in breadth, the greatest dimension being in a direction from south-east to 

north-west. . . . The largest of these stones fell at the southeast extremity of 

the large axis of the ellipse; the middle-sized ones fell in the center, and the 

e <\kilo © Ikilo @ 2kilos @ 4 kilos @ 8kilos 

@ 16kilos @ 32kilos 

Fig. 6. Distribution of the individuals of the Homestead, Iowa, meteorite shower, a typical fall. The 
Shower moved from south to north, the larger individual pieces being carried farther by their greater 

momentum. The squares in.the diagram represent a square mile each (after FARRINGTON?) 

smallest at the other extremity. . . . The largest of all those which fell weighs 
1734 pounds. The smallest I saw weigh about 2 gros, which is the thousandth 
part of the former. The number that fell is certainly about two or three 
thousand.”’ (See Fig. 6.) 

From the number of shock-waves or “explosions’’ felt by the observer in 
this particular fall, the meteorite must have broken into four large pieces on 
striking dense atmosphere at low levels. Breakup is the usual fate, parti- 
cularly of a stony meteorite (see MERRILL!*). Meteorites are fragile bodies 
in the sense that they are rife with weakly bonded aggregates of large 
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crystals, large fragile inclusions, faults, and cracks. The pressure f on the 
nose, tending to crush the meteorites, is given by 

papv? 

where ¢ is the ambient air density and v the velocity. In Fig. 7 log ep has been 
plotted against logv for a large number of meteorites which have been 
observed to break up, according to V. Niesst. and HorrMetsrer.2° Note that 
there appears to be little if any correlation between log 9 and logv. A 

CORRELATION BETWEEN 

AIR DENSITY AND VELOCITY 

AT WHICH METEORITE 

BROKE UP. (DERIVED FROM 

DATA IN NIESSL AND 

HOFFMEISTER CATALOG) 

log v 

Fig. 7. Plot showing lack of correlation between pressure on front surface of meteorite and its likelihood 
of breaking up. e is ambient air density and v velocity of meteorite at time breakup occurred 

straight line would indicate a constant breaking strength. Therefore 
meteorites apparently do not break up when the air pressure reaches some 
value which might be thought of as the crushing strength of a meteorite. 

The dense, persistent trail is also typical of a fall. The trail is partially 
vapor, but mainly a column of debris removed or ablated from the surface 
of the meteorite by the intense heating and violent scouring action of the 
air. And here we come to the most elusive of all ballistics problems: the 
ablation of a high velocity missile. 

ABLATION EFFECTS 

Ablation of a high velocity missile is an exceedingly complex ballistics prob- 

lem, involving a wide diversity of disciplines (THomas and Wuippte,?° 

Tuomas®®), The occasional ablated meteorite which is recovered can, 

through post-mortem examination of its morphology, suggest salient aspects 

important to the solution of the problem (see NININGER,?? RINEHART,?®, ?9 

and FARRINGTON®®). 

First consider the profiles or contours that are characteristic of groups of 
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meteorites. Six typical profiles are shown in Fig. 8. Most ablated meteorites 

are axially symmetrical. The Grant, New Mexico, meteorite with its evident 

conical shape is typical of perhaps a dozen large irons. The cone angle 

— ee | 

GRANT 

31N 
eee) 

CABIN CREEK LIN. : 

LAFAYETTE 

tN . —— oe aan) 

ARCHIE BOOGALDI ESTHERVILLE 

Fig. 8. Profiles of several meteorites. See tables in text for types and weights. Scales are widely different 

usually lies between 80 and 100°. Note particularly the pronounced con- 
cavity of the front ablated surface. Several similar meteorites are listed in 
Table ITT. 

Table II. Large Conical Iron Meteorites 

Name and location ae Location of meteorite Reference 

Grant, New Mexico 480 | U.S. Nat’l. Museum, Washington, | HENDERSON?! 
D.C. 

Charcas, Mexico 780 | Museum d’Hist. Nat’l., Paris DAvuBREE®? 
Hraschina, Yugoslavia 301 National History Museum, Vienna | von HamwincEer®3 
Tamentit, Morocco 510 | Museum d’Hist. Nat’l., Paris Lacrorx®4 
La Caille, France 625 | Museum d’Hist. Nat’l., Paris DAUBREE®? 
Quinn Canyon, Nevada 1450 | Field Museum Nat'l. History, | Farrincron?® 

Chicago 
Goose Lake 1169 | U.S. Nat’l. Museum, Washington, | HENDERSON and 

DIC. Perry 
Murnpeowie, Australia 1145 | Sch. Mines and Indust. Mus., | SpENcER’? 

Adelaide 
Willamette, Oregon 12,247 | Amer. Mus. Nat’l. History, N.Y. | Watson® 
Youndegin, Australia 927 | Museum Geol. Survey, Perth FLETCHER? 

The Cabin Creek iron is flat or discus shape, a shape characteristic of 
another group of smaller iron meteorites listed in Table IV. These meteorites 
were clearly oriented broadside to the air stream during much of their flight. 
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Table IV. Flat Iron Meteorites 
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Name and location ee Location of meteorite Reference 

Cabin Creek, Arkansas 49 Nat'l. Hist. Museum, Vienna Kunz*9 
Algoma, Wisconsin 4 Wisconsin Univ., Madison Hosss*° 
Henbury, Australia 680 Kyancutta Mus., S. Australia; U.S. | ALtpERmaN?!! 

(numerous Nat'l. Mus., Washington, D.C., 
specimens) etc. 

N’Kandhla, S. Africa 17 Cast in Nat'l. Hist. Museum, | Srantey?? 
Vienna 

Arlington, Minn. 9 Minnesota Univ. Hosss?° 

There are several medium-sized chunky irons, weighing 10-20 kg, on 
which abrading action is evident but which has not been so severe as to 
remove completely the angularity of the specimen. Examples are given in 
Table V. 

Table V. Medium Sized Chunky Iron Meteorites 

Name and location ie Location of meteorite Reference 

Bruno, Canada 13 H. H. Nininger’s Collection NININGER?? 
Glorietta, New Mexico | (Numerous speci- | Nat’. Hist. Mus., Vienna, etc. | Kunz‘ 

mens weighing a 
few kilograms 

each) 
Mapleton, Iowa 49 Field Museum of Nat’l. Hist., | W1tson*® 

Chicago 
Quesa, Spain iM Nat’l. Hist. Museum, Vienna | BERWERTH** 
Sikhote-Alin, Russia (Numerous speci- | Meteorite Mus., Moscow Krinov*? 

mens weighing a 
few grams to many 
kilograms each) 

Table VI. Pear Shaped Iron Meteorites 

Name and location Gee Location of meteorite Reference 

Boogaldi, Australia 2 Technol. Mus., Sydney BAKER‘® 

Charlotte, Tennessee 4 Harvard Univ., etc. Troosr?9 

Keen Mountain, Va. 14 U.S. Nat’l. Museum, Washing- | HENDERSON and 
ton, D.C. PEerRRyY*6 

Nedagolla, India 4 Cast in British Museum, London | CoHEen®? 

Rowton, England 3 Cast in British Museum, London | Fricur?? 

San Francisco Mountains, 2 U.S. Museum National Hist., | Perry®? 
Arizona Washington, D.C., etc. 

Several small irons, listed in Table VI, resemble a pear or foot in shape. 

It is not entirely clear whether the pear shape resulted from ablation or 

whether the meteorite existed in this form before its entrance into our 
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atmosphere. Such meteorites, however, exhibit internal evidence of intense 

surface heating. 
Other meteorites of special interest to be discussed later are listed in 

Table VII. 

Table VII. Several Miscellaneous Ablated Meteorites 

Name and location ee Location of meteorite Reference 

Lafayette, Indiana 0-6 Purdue University NININGER*? 
Archie, Missouri 18 U.S. Nat’l. Museum, Washing- — 

ton, D.C. 
Estherville, Iowa (Numerous British Museum, London; Pea- | PeEckHAmM?* 

small specimens body Museum, Yale Univer- 
weighing a few sity 
grams each) 

Long Island, Kansas 564 Field Museum Nat'l. History, | FArRINcTON®? 
Chicago 

Carbo, Mexico 454 Harvard University PALACHE and 
GonyeER*® 

Mazapil, Mexico 4 Field Museum, Nat’l. History, | Hmprn** 
Chicago 

Goalpara, India 3 Cast in British Museum, London | TscHERMAK*® 
Bath Furnace, Ken- 6 Chicago Nat’l. History Museum | Warp*® 

tucky 

One of the smaller stones, Lafayette, is a beautiful and instructive speci- 

men. The plano-convex lenticular shape (large angle, rounded nose, flat 
base) is representative of most of the smaller stones. 

The Archie stony meteorite is an exception. The nose is conical with the 
same concavity of nose surface observed in the large conical irons. Even tiny 
individuals of meteorite showers orient themselves stably during flight and 
become sculptured as evidenced by the very small (15 g) iron fragment of 
the Estherville fall. The surface of a meteorite during ablation has a fairly 
stable geometrical configuration. A question is, does the stable surface shape 
represent a situation in which maximum ablation, minimum ablation, or 
some intermediate rate of ablation takes place? 
Now for a look at the surfaces of some of these meteorites. The front 

surface and the rear surface of the flat Cabin Creek iron, an observed fall, 
are shown in the photograph (Fig. 9). Many large holes have been scoured 
out of the front face, while the rear surface is quite free from holes. The pits 
are fairly deep, averaging 5 cm, and approximately circular with a diameter 
of about 8 cm. The holes are uniformly distributed over the surface. Closer 
examination indicates that the pits are slightly elongated with their long 
axes pointing toward the nose of the meteorite. 

Bruno, a small chunky iron, shown in Fig. 10, is roughly 20 cm in 
diameter. The thumbprint-like depressions are characteristic of irons of this 
size. Little filaments of previously molten metal cover the surfaces of the 
depressions. The filaments are indicative of flow of material along the surface 
and their strong curvature in certain regions suggests intense air eddies. In 
fresh falls, such as the Russian Sikhote-Alin meteorite, small solidified 
droplets as well adhere to the surface. 
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Fig. 9. Front (left) and rear (right) views of Cabin Creek, Arkansas, iron meteorite. Note large scooped 
out pits in front surface and their absence in rear face. (Photographs by E. P. HENDERSON) 

Fig. 10. Photograph of Bruno, Canada, iron, showing thumbprint-like surface markings. (American 
Meteorite Museum photograph) 
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Nedagolla, an iron whose surface is shown in Fig. 11, is intriguing for its 
complex pattern of interlaced ridges of material, reminiscent of the appear- 
ance of water being driven along a solid surface under the action of a strong 
wind. The ridges of material and other flow markings seen in Bruno, 
Lafayette, and Nedagolla suggest that there is a considerable amount of 
this sweeping type of action. 

The ablation of stones proceeds somewhat differently. The large Long 
Island stony meteorite shown in Fig. 12 is about 70 cm in diameter. The 
smooth nose cap extends back for about 20 cm. There is then an abrupt 
change from the smooth cap to a heavily furrowed and pitted surface; the 
furrows are 2—5 cm long, 1—2 cm wide, and 3-5 mm deep. Finally, note the 
great increase in size and depth of the furrows and pits on the rearward 
surface, which lies very obliquely to the direction of air flow. The furrows 
are about twice as long, twice as wide, and twice as deep as those on the 
nose surface. Similar furrows are well developed in the Bath Furnace 
meteorite (Fig. 13). When pits or depressions are deep and large does this 
indicate a rapid loss of mass? Large meteorites have large pits, and large 
pits appear when the surface is inclined greatly to the direction of air 
flow. Once a pit has been formed, will it always remain a pit? The 
furrowed pattern on stones indicates that the surface may be constantly 
changing its contour so that depressions become ridges and ridges become 
depressions. 

Is the air flow about a meteorite laminar or turbulent? Air flow over 
the smooth nose of the Long Island stone may well have been laminar. 
Back of this region it is evident from the furrowing that the flow has been 
turbulent. 

Fig. 13. Surface detail along ablated side surface of the large Bath Furnace, Kentucky, stony meteorite 

(Chicago Natural History Museum photograph) 
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The side view of the Lafayette meteorite, a small stone about 10 cm in 

diameter, is shown in Fig. 14. The surface is smooth and the flow pattern 

that the filaments of molten material have assumed is clearly evident. The 

somewhat different ablated surface of the small stone Goalpara is shown in 

Fig. 14. Side view of small Lafayette, Indiana, stony meteorite. (Chicago Natural History Museum 
photograph) 

Fig. 15. Numerous small pits have been scoured out. The rear surface of a 
small stone like the Lafayette and a large stone like the Long Island is 
blistered from heat but not ablated. 

The physical properties of the material out of which the meteorite is 
made influence strongly the ablation pattern. A small (2:5 cm diameter) 
ablated Estherville iron was cross-sectioned and etched to show details of 
the ablation process. The section is shown in the photograph of Fig. 16, the 
front surface being to the left. Note that the black bands, taenite (nickel- 
rich iron) have in several places been removed to a greater extent than the 
surrounding kamacite (nickel-poor iron). It is interesting in this connexion 
to speculate on whether the ablating surface receded in a continuous or 
intermittent fashion. 
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Finally, in Fig. 17 we look at the effect of large inclusions, both hard and 
soft. The upper figure shows the parent meteorite. The lower left-hand 
drawing illustrates the result when the meteorite contains low melting-point 
brittle inclusions such as troilite (iron sulfide, melting point 1000°F) nodules, 
as in the Cabin Creek, Grant and Carbo meteorites. The inclusions ablate 

rapidly, producing holes, but the holes do not seem to influence appreciably 
the general pattern of ablation (see O’Nem and Rinenart®). The lower 
right-hand drawing illustrates the situation when the meteorite contains 

Fig. 17. Drawing demonstrating the effect of inclusions on ablation. Upper center figure, unablated 
meteorite. Lower left, one containing soft or easily ablated inclusions ; lower right, one containing inclusions 

highly resistant to ablation 

highly resistant graphite as does Mazapil. Here a thin black crust coats the 
surface and exhibits well the striae of flow, but in 11 places nodules of 
graphite, one of which is about an inch in diameter, extrude from the surface. 

Heat does not penetrate any appreciable distance into the meteorite 
beyond the ablating surface. The temperature gradient established within 
the meteorite will depend upon the surface temperature, the thermal con- 
ductivity A of the meteorite material, the rate at which molten material is 
swept away from the surface, and the length of time the surface is at high 
temperature. For steady melting the temperature J at some point x beneath 
the surface is given (see LANpDAU®?!) by 

ee at 
K(In—T») 

Ga ee le al ae 

where x is measured from the interface between molten and solid metal, Q 
is the rate of heat transfer across the interface, Tm is the melting point of the 
material, and YT) is its interior body temperature. The heat altered layer 
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remaining on the large iron Grant meteorite is, for example, only a fraction 
of a millimeter thick. The thinness of this altered layer is due to three 
causes: the rapid removal of melted material, the relative slowness with 
which heat is conducted inward, and the short time of heating. 

Can we tell by looking at the meteorite how much mass has been lost? 
At present it does not appear that we will be able to do so. A more promising 
approach is to study the spatial distribution of cosmogenic rare gases within 
the meteorite remnant as isfow being done on Grant and Carbo. How thick 
a layer of material becomes melted before it is swept along? Does some 
material vaporize? Is some plastically deformed which has not yet reached 
the melting point? Does spallation contribute significantly to loss of mass ? 
These are questions which are difficult to answer because the visible evidence 
we have relates only to the final stages of flight. 

The situation as regards meteors is in a much better state. The basic 
equations for the study of meteors were derived many years ago by LinpE- 
MANN and Dosson®? and Hoppe,®? and an excellent discussion has been 

presented recently by Wurppie,* Hoppe,®* Levin, ®® and Oprx.®6-68 
Three basic assumptions are made: first, loss of mass of the meteoroid is 

proportional to the energy available from the impinging air molecules. The 
details of the aerodynamic processes of heat transfer are neglected in this 
generalized approach. 

The second basic assumption is that the radiant energy (light) observed 
is proportional to the time rate of mass loss multiplied by its kinetic energy 
of motion with respect to still air. Luminosity arises largely from interaction 
of ablated material with surrounding air. 

Third, in regard to the drag on the meteoroid by the resistance of the 
atmosphere, the classical Newtonian “putty-ball’”? model is appropriate. 

The two equations most applicable to meteorites are the drag equation, 
a consequence of the third assumption, 

A 
ES = —T- ev’, 
dt m 

and the mass loss equation, a consequence of the first and third assumptions, 

A 
guia Apv, 
is ee 

where A is the presented area; ¢ density of air; v velocity; A heat transfer 

coefficient; and & is the “‘heat of ablation’’. The value of & for any particular 

material depends upon how the material is removed, whether by vaporization, 

melting or breakage. The quantities I’, ae and ¢ are clearly variables during 
m 

the descent of a meteorite and very likely A and & are also variables. The 

drag coefficient T, about 1/2, will not vary greatly and experiments with 

ultra high-speed pellets suggest that A/m will also be a slowly varying 

function, according to RINEHART,®? ALLEN éf Gin” WHITE Ge al. and 

Rinewarr eft al.” Extensive photographic meteor observations have given 

quite consistent results (see WHIPPLE,* ‘THOMAS and Wutppte®). In this 

case it is the derived quantity A 
————— 

ZiLe 
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which is obtained directly from the reduction of observations. For meteors, 
the mass at any point along its trajectory is given by 

m = Moo EXP. 5 oot, 

By using the value of o obtained from meteors, log s = —11-75, and by 
applying it to the entry of a large meteorite, it was found that for initial 
velocities of 12, 20, and 70 km/sec the ratio, m/ma, equals 0-3, 0-03, and 

1-2 10-19, respectively (see THomas and WuippLe®). This value is not 
inconsistent with observations. The greatest uncertainty lies in the values 
of the heat transfer coefficient A and the energy of ablation & Meteor 
results and high-speed wind tunnel studies indicate values of A as low as 
0-01 (see THomas and Wutppte”). The energy of ablation, &, will depend 
upon how material is removed. If vaporized, as it may be at very high 
velocities, then & is heat of vaporization. Later it will be heat of fusion. 
Occasionally a chunk will be mechanically broken off and in this case & 
will have an exceedingly low value. It is likely that even on the same 
meteorite, £ and A may each simultaneously have several different values, 
depending upon what is happening at a particular point on the surface. 

IMPACTS 

When we consider impact we are concerned, first, with impacts in space of 
the very tiny bits of meteoritic material; and secondly, with impacts on the 
earth of much larger meteorites, so large that they plummet through our 
atmosphere and strike the earth with velocities essentially unchecked. If it 
weighs less than 100 tons, a meteorite will be slowed to its terminal velocity, 
at most a few thousand feet per second, strike the earth at an angle of 
approximately 90°, and simply bury itself. Above 1000 tons a meteorite will 
retain most of its cosmic velocity and on impact produce a large scar. 

First let us consider the impact of micrometeorites. It is only in space, 
where the earth’s mantle of air cannot slow them down, that they have high 
velocities. Some of our rockets and satellites indicate through telemetered 
pulses that such matter is impacting on them. The velocities, 11 km/sec to 
72 km/sec, are considerably higher than any attainable in the laboratory, so 
that there has been no direct observation possible. Presumably on striking 
an object a small meteorite would vaporize, its kinetic energy going into 
vaporization of the particle, vaporization of part of the target material, 
melting, plastic flow, and crushing (see Coox,”*: 74 KinEKE and GEHRING,7® 
RINEHART,’® RosTOKER,’’ BrrxHorr et al’®), The net result will be the 
formation of a damaged region, whose extent will depend upon the momen- 
tum and kinetic energy of the impacting meteorite. 

The failure processes will in most cases be either momentum-absorbing 
ones or energy-absorbing ones. Failure in which the material is simply dis- 
lodged by the impulse of the impact, and offers the inertia of its own mass 
as a resistance to motion, will be a momentum-absorbing one; while the 

formation of a crater in a body which steadily continues to resist application 
of the force, is an energy-absorbing one. 
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Phenomenologically the volume of damage, V, can be expressed by 

V= (5 mo) DK + (mv) YN: 

where A; and NV; are constants which depend upon the mechanical and 
thermodynamic properties of the target and the missile. The constant Ky, 
for example, might refer to that part of the volume resulting from vapori- 
zation, A, to that part resulting from melting, and K; to that part due to 
plastic flow. Generally a high velocity particle fired in the laboratory will 
produce a hemispherically shaped crater (see RINEHART, 76 HELIE,”?® RINEHART 
and PEarson®®) quite reasonably so since the forces are radially acting ones. 
Presumably similar craters would be formed at the exceedingly high-speed 
velocities of impact of micrometeorites. 

The impacts of much larger meteorites give us the great terrestrial 
meteorite craters (GILVARRY and Hix8!). There are 12 thoroughly authen- 
ticated craters or groups of craters listed in Table VIII (see Watson’). 

Table VIII. Characteristics of Terrestrial Meteorite Craters 

. No. of Approx. diameter Depth Name and location Aaes Pp (ft) (ft) 

Arizona, U.S.A. 1 4150 570 
Odessa, Texas, U.S.A. 3 550 14 

70 17 
Brenham, Kansas, U.S.A. 1 36 x 56 10 
Boxhole, Australia 1 600 50 
Campo del Cielo, Gran Chaco, Argen- Many depressions and small lakes 

tine from 20 to 254 ft in diameter. 
One 175 ft diameter crater is 
16 ft deep 

Estonia 6 (1) 300 45* 
(5) 30 to 120 ft in diameter, 

3 to 12 ft deep 
Wabar, Arabia 4 330 

180 x 130 — 
2 Craters buried in sand 

Henbury, Australia 13 ie — 

135 10-18 
135 10-18 
US — 

240 12-25 
660-360 40-50 

175 3-15 
60 — 
45 — 
60 — 
30 

Delgarange, Australia 1 230 a 0le 
S.S.R. 10 to 200 craters ranging in dia- 

ee meter from 30 to 150 ft and up 
to 12 ft in depth 

Sikhote-Alin, U.S.S.R. 106 Largest craters 85 ft across 

Wolf Creek, Australia 1 2800 ea 
Chubb, Canada 1 10,000 a 

* Filled with water. 
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In addition, there is the large crater in northern Canada which many 

believe to be meteoritic in origin. 
The Arizona Crater is a large bowl-like depression lying in a sandy, 

semi arid region of northern Arizona (NININGER,*? BARRINGER®*). In out- 

line (Fig. 18), it is a rough square about 4100 ft across and 600 ft deep, with 

Fig. 18. Aerial photograph of the Arizona Meteorite Crater. (U.S. Air Force photograph) 

an elevated rim rising 160 ft above the surrounding plain. What was the 
event that caused this crater ? How fast was it moving? From what direction 
did it come? How large was it? These questions are largely unanswered in 
spite of numerous surveys and investigations (Oprk84). A survey was con- 
ducted in the summer of 1956 by the Smithsonian Astrophysical Observatory 
(RINEHART®®, 8°), Our objective was to make a systematic investigation of 
the distribution of the minuscule bits and pieces of meteoritic material that 
are scattered through the mantle of soil surrounding the crater, with a view 
to fixing more closely the mass of the meteorite that made the crater and the 
direction of flight. Samples of soil were taken every one-half mile over an 
80 mile? area, and sifted by screen and magnetic separator. Curves of equal 
abundance of meteoric material are shown in Fig. 19. The material is 
distributed over a symmetrical swath running nearly west to east (actually 
16° north of east) with the greater amount of material piled up on the eastern 
side. From these observations we concluded that the direction of approach 
was from southwest to northeast. The total amount of meteoritic material 
in the soil is approximately 12,000 tons, a minimum mass for the meteorite 
that made this crater, and a mass not far different from the mass predicted 
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from small-scale terrestrial experiments (RineHArRT’), Metallurgical exami- 
nation indicates that much of the material was hot and some molten when 
it landed. The meteorite may very likely have exploded on impact, scattering 
into bits and chunks. 

No really large mass of meteorite has ever been found associated with a 
large meteorite crater. The largest mass yet found at the Arizona crater 

Fig. 19. Contours of equal abundance of meteoritic debris around the Arizona Meteorite Crater (after 
RINEHART®®) 

weighed 14001b and it seems unlikely that any sizable portion of the 
meteorite still lies under the floor of the crater. 

It is a mistake to treat the formation of a meteorite crater as a hydro- 
dynamic problem; rather, it is a problem of the strength properties of 
materials. Consider again the Arizona crater. The rim rises above the 
surrounding plain to a uniform height of 160 ft. Gross tilting and faulting 
are about the same all around the rim. When the meteorite struck, the strata 
fragmented; they did not bend in a plastic sense. Uplifts are in the form of 
faulting. No actual plastic flow of rock occurred except perhaps in the 
immediate vicinity of the impact point. The fragmentation or faulting 
probably radiated out from the point of impact and ceased only when the 
stress of impact had decayed to a value less than the fracture strength of the 
rock. The mechanical properties of the strata in sztu are perhaps the dominant 
factors in determining the configuration that the strata assume after impact. 
Any anisotropy in mechanical properties will be reflected in the contour of 

the crater and the distribution of debris. The pattern might therefore bear 

little relation to the direction of impact. 
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Reproduced Hh % negative taken at the Lick Observatory. 

Fig. 20. The moon’s cratered surface. (Lick Observatory photograph) 
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Are the craters on the moon (see Gotp,’? Urey,®* GirBert®®) (Fig. 20) 
meteoric in origin? Many are convinced that they are and Fig. 21 shows a 
relationship between crater diameter and crater depth (BALDWIN). Terres- 
trial impact and explosion craters, meteorite craters, and the moon craters 
all fall neatly on the curve. It seems more likely that of those on the moon 
some are impact craters, others are volcanic in origin, and some may be 
faults. On the moon, small craters which have been partially obliterated by 
large craters are never found, although they would be expected from a 
bombardment of meteorites. Likewise there are no elliptical or asymmetrical 
craters. Many craters form lines reminiscent of volcanic vents lying along 
faults. The central peaks are puzzling (ALTER®!. 92, 93), If we need an excuse 
for going to the moon it lies in our desire to solve this mystery of the origin 
of the craters. 
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REFERENCES 

1Brown H. A Bibliography on Meteorites, University of Chicago Press, 1953 

2 Van pve Hutst H. “‘Zodiacal light in the solar corona” Astrophys. J. 105, 471-488, 

1947 
3 Fessenkov V. G. “O dvizhenii Sikhote-Alinskogo meteorita v atmosfere’”’ (The 

movement of the Sikhote-Alin meteorite in the atmosphere), Meteoritika 9, 

3-26, 1951 



112 J. 8S. RINEHART 

4Wruippte F. L. ‘“Meteoritic phenomena and meteorites’? Physics and Medicine of 
the Upper Atmosphere, 137. University of New Mexico Press, Albuquerque, 1952 

5 Lovett A. C. B. Meteor Astronomy, Oxford Press, London, England, 1954 

6 Oxrvier C. P. Meteors, Williams and Wilkins, Baltimore, Maryland, 1925 
7 Wuippce F. L. and Hucues R. F. “‘On the velocities and orbits of meteors, fire- 

balls, and meteorites”? Special Supplement, 7. atmosph. terr. Phys. 2, 149-156, 

1955 
8 Watson F. G. Between the Planets, Harvard University Press, Cambridge, Mass., 

1956 
®° Tuomas R. N. and Wuiprte F. L. ‘The physical theory of meteors, II. Astro- 

ballistics heat transfer”? Astrophys. 7. 114, 448-465, 1951 

10 Tyomas R. N. and Wurerte F. L. “‘Astroballistics heat transfer’ 7. aeronaut. Sct. 
18, 636-637, 1951 

11 NininceR H. H. Out of the Sky, University of Denver Press, Denver, Colorado, 

1952 
12 Foote W. M. ‘‘Preliminary note on the shower of meteoric stones near Holbrook, 

Navajo County, Arizona, July 19, 1912, including a reference to the Perseid 
swarm of meteors visible from July 11 to August 22” Amer. 7. Sci. 34, 437, 

1912 
13 MERRILL G. P. “A recent meteorite fall near Holbrook, Navajo County, Arizona”’ 

Smithson. Misc. Coll. 60, Publ. 2149, 1912 

14 RINEHART J. S. “Meteorites”? New Horizons in Astronomy, Smithson. Cont. Astrophys. 1, 
81, 1956 

15 Prror G. T. and Hey M. H. Catalogue of Meteorites, British Museum, London, 1953 

16 Merritt G. P. and Fosnac W. F. Minerals from Earth and Sky, The Smithsonian 
Series, Vol. 3, Smithsonian Institution Series, Inc., New York, 1943 

17 Krinov E. L. ““Osnovy meteoritiki” (The principles of meteoritics) Gostekhizdat, 
391, 1955 

18 Perry S: H. “The metallography of meteoric iron” U.S. Nat. Mus. Bull. 184, 1944 

19 FeNNER C. ‘“‘Australites, Part II. Numbers, forms, distribution and origin” Trans. 

Roy. Soc. South Australia 59, 125-140, 1935 

20 Barnes V. E. “North American tektites’? University of Texas Publ. No. 3945, 
477-583, 1940 

21 FRIEDMAN I., KouMAN T. P. and Cassipy W. A. “‘Tektites”’ Science 127, 91-94, 1958 

22 Krinov E, L. and Fonron S. S. ““Obnaruzhenie meteornoi pyli na meste padeniia 
Sikhote-Alinskogo zheleznogo meteoritnogo dozhdia’’ (The discovery of 
meteoric dust at the place of fall of the Sikhote-Alin meteorite shower), Dokl. 
Akad. Nauk USSR 85(6), 1227-1231, 1952 

22 Krinov E. L. and Fonton S. S. “‘Meteornaia pyl’ s mesta padeniia Sikhote- 
Alinskogo meteoritnogo dozhdia’”’ (Meteoric dust from the place of fall of the 
Sikhote-Alin meteorite shower), Meteoritika 11, 122-131, 1954 

24 Bror C. ‘Account of a fireball which fell in the neighborhood of I’Aigle’’ Phil. 
Mag. 16, 224, 1803 

5 NressL G. V. and HorrMeisTer C. Katalog der Bestimmungs-gréssen fur 611 Bahnen 
Grosser Meteore, 1925 

26 Tomas R. N. “‘Astroballistics’? New Horizons in Astronomy, Smithson. Contr. Astrophys. 
1, 53, 1956 

*7 NininceR H. H. “Further studies in the surface features of meteorites’? Amer. 7. 
Sci. 32, 1-20, 1936 

28 Rinenart J. S. “Ablation of meteorites” (Abstract) Bull. Amer. Phys. Soc. Ser. II 
2, 45, 1957 . 

29 RINEHART J. S. ‘““Meteorites’’ Discovery, 336, 1957 

°° FARRINGTON O. C. Meteorites. (Privately published, Chicago, 1915) 



METEORITES AND BALLISTICS 13s 

31 HENDERSON E. P. ““T'wo new meteoric irons from New Mexico: The Grant 
meteorite and the Santa Fe meteorite”’ Pop. Astron. 42, 511-515, 1934 

°° DausrReEE G. A. “Note sur deux grosses masses de fer météorique du musé et 
particuli¢rement sur celle de Charcas (Mexique), récemment parvenue a 
Paris” C. R. Acad. Sci., Paris 64, 633, 636, 1867 

°° HarpinceR W. von. “Der Meteorsteinfall von Hraschina bei Agram am 26. Mai 
1751” S.B. Akad. Wiss Wien, Math-Naturwiss 35, 361, 1859 

*4 Lacrorx A. “La composition et la structure du fer météorique de Tamentit”’ 
GC. R. F. Acad. Sci., Paris 184, 1217, 1927 

8° FARRINGTON O. C. “‘Meteorite studies, III’? Field Mus. Nat. His., Chicago, Geol. 
Ser. 3, 169, 1910 

36 HENDERSON E. P. and Perry S. H. “Studies of seven siderites’? Proc. U.S. Nat. 
Museum 107, 339-403, 1958 

87 SPENCER L. J. ““Murnpeowie (South Australia), a granular type of meteoric iron’”’ 
Min. Mag. 24, 13-20, 1935 

38 FLETCHER L. ““On the Youndegin stone’’ Nature, Lond. 47, 90, 1892 

“On the Youndegin stone”? Nature, Lond. 47, 469, 1893 

89 Kunz G. F. “Description of the meteorite which fell near Cabin Creek, Johnson 
County, Arkansas, March 27, 1886” Trans. N.Y. Acad. Sct. 6, 141-146, 1887 

40 Hops W. H. ‘“‘Meteorite from Algoma, Wisconsin”’ Bull. geol. Soc. Amer. 14, 97-116, 
1903) 

at eee A. R. “The meteorite crater at Henbury, Australia” Min. Mag. 23, 
195 1932 

#2 Srantey G. H. ‘“‘On a meteorite from N’Kandhla District, Zululand” S. Afr. 7. 
Sct. 10, 105, 1914 

43 NintncER H. H. “‘The Bruno meteorite” Amer. F. Sci. Ser. 5, 31, 209-222, 1936 

44 Kunz G. F. “On three masses of meteoric iron from Glorietta Mountain near 
Canoncito, Sante Fe County, New Mexico”? Amer. F. Sci. 20, 235, 1885 

45 Witson B. H. ‘““The Mapleton meteorite” Pop. Astron. 52, 392, 1944 

46 BERWERTH F. ‘‘Das Meteoreisen von Quesa”’ Ann. Naturhist. Hofmus. Wien 23, 318, 

1909 
47 Krinov E. L. ‘‘Forma i poverkhnostnaia struktura kory plavleniia individual’nykh 

ekzenokuariv Sikhote-Alinskogo zheleznogo meteoritnogo dozhdia” (The 

form and surface structure of the melting crust of individual samples of the 

Sikhote-Alin meteorite shower) Meteoritika 8, 78-99, 1950 

48 Baker R. T. “Note on a new meteorite from So. Wales” 7. G Proc. Roy. Soc. 

N.S. Wales 34, 81-83, 1900 

49TRoost G. “Description of a mass of meteoric iron which fell near Charlotte, 

Dickson County, Tennessee, in 1835” Amer. F. Sct. 49, 337-340, 1845 

50 CoueEn E. ‘“‘Meteoreisen-Studien V-VI” Ann. Naturhist. Hofmus. Wien 12, 119, 1897 

51 Fpricut W. “The Rowton siderite”’ Phil. trans. Roy. Soc. 173, 894-897, 1882 

52 Pprry S. H. “The San Francisco Mountains meteorite” Amer. F. Sci. 28, 202, 1934 

53 Ninincer H. H. “The Lafayette meteorite” Pop. Astron. 18, 1, 1935 

54 Pecxuan S. F. “‘Fall of a meteorite on the 10th of May, in Iowa” Amer. 7. Sci. 

18, 77, 1879 

55 FARRINGTON O. C. ‘“‘Meteorite studies, I’? Publ. Field Columbian Mus., Geol. Ser. 1, 

238, 1902 

56 ParacHE C. and Gonyer F. A. ‘‘A new meteoric iron from Carbo, Mexico” 

Amer. Mineral. 15, 388, 1930 

57 Hippen W. E. “On the Mazapil meteoric iron which fell November 27, 1885” 

Amer. J. Sci.13, 223, 1887 

58 TscHERMAK G. “Uber den Meteorstein von Goalpara und, tber die leuchtende 

Spur der Meteore”’ S.B. Akad. Wiss. Wien, Math-Naturwiss. K1 62, 855, 1870 



114 js. RINEHART 

59 Warp H. A. “Notes on the Bath Furnace aerolite”’ Proc. Rochester Acad. Sci. 4, 

193-202, 1905 
600’Neit R. R. and Rinenarr J. S. “Origin of deep ellipsoidal pits in large iron 

meteorites” Technical Report No. 5, Contract AF18(600)-1596, Document 

Nos. AFOSR-TN-57-752 and ASTIA Doc. No. AD 136 741, 1957 
®t Lanpau H. G. “Heat conduction in a melting solid” Quart. Appl. Math. 8, 81-94, 

1950-51 
62 LINDEMANN F. A. and Dosson J. M. B. “A theory of meteors, and the density and 

temperature of the outer atmosphere to which it leads’ Proc. Roy. Soc. A. 102, 

411-437, 1923 
63 Hoppe J. ‘Die physikalischen Vorganger beim Eindrengen meteoritischer Korper 

in die Erdatmosphare”’ (The physical processes connected with the pene- 
tration of meteoritic bodies into the earth’s atmosphere) Astronomisch. 

Nachtrich. 262, 169-198, 1937 
64 Hoppe J. ‘Untersuchungen zur physikalischen Theorie der Sternschnuppen”’ 

(Investigations on the physical theory of shooting stars) Math-natur. Reihe 
3(5)L 503-517, 1954 

65 T.nvin B. ‘‘The physical theory of meteors and meteoric matter in the solar system”’ 
(Translated as ASTIA Document No. AD 110091), 1956 

66 ()pik E. “‘Atomic collisions and radiation of meteors” Estonia. Tartu University, acta 
et commentat., Series A, 26, 2, 1933 

67 Cprk E. “Researches in the physical theory of meteor phenomena. III. Basis of 
the physical theory of meteor phenomena” Tartu astronomical observatory publi- 
cations, 29(5), 67, 1937 

88 pix E. “‘Meteor radiation, ionization and atomic luminous efficiency”’ Proc. Roy. 
Soc. A. 230, 463-501, 1955 

°° RINEHART J. S. ‘“‘Geschosse fliegen mit Hoechstgeschwindigkeiten von 2500 bis 
6000/m sec’ Umschau, Wiss. und Technik, 22, 685-687, 1952 

70 ALLEN W. A., RINEHART J. S. and Wuire W. C. ‘‘Phenomena associated with the 

flight of ultra-speed pellets, Part I. Ballistics” 7. Appl. Phys. 23, 132-137, 1952 
7) WuiteE W. C., Rinenart J. S. and ALLEN W. A. “‘Phenomena associated with the 

flight of ultra-speed pellets, Part II. Spectral character of luminosity” 7. appl. 
Phys. 23, 198-201, 1952 

72 RINEHART J. S., ALLEN W. A. and Wuirte W. C. “‘Phenomena associated with the 
flight of ultra-speed pellets, Part III. General Features of Luminosity” 7. appl. 
Phys. 23, 297-299, 1952 

73 Cook M. A. “Behavior of metals under impact loading and the mechanism of 
cratering’ AF-18-603-100, University of Utah, 1956 

74 Cook M. A. “Mechanism of cratering in ultra-high velocity impact’? AFOSR- 
TN-57-486, AD 136 479, University of Utah, 1957 

75 KinekE J. H. Jr. and Genrinc J. W. Jr. “Preliminary investigations of simulated 
micro-meteorite impact”’ Ballistic Research Laboratories, Aberdeen Proving 
Ground Technical Note No. 1134, 1957 

76 RinewarT J. S. “Some observations on high-speed impact” Pop. Astron. 58, 458, 
1950 

77 RosroxerR N. “The formation of craters by high-speed particles” Meteoritics 1, 
11-27, 1953 

78 BrrkHorFr G., MacDoucatt D. P., Puc E. M. and Taytor G. I. “Explosives 
with lined cavities” 7. Appl. Phys. 19, 563-582, 1948 

79 Hevig, F. Traité de Balistique Experimentale, Dumaine, Paris, 1840 
80 RINEHART J. S. and Pearson J. Behavior of Metals Under Impulsive Loads, American 

Society for Metals, Cleveland, Ohio, 1954 

*) Gitvarry J. J. and Hirt J. E. “The impact of large meteorites” Astrophys. F. 124, 
610-622, 1956 



METEORITES AND BALLISTICS 115 

82 NININGER H. H. Arizona’s Meteorite Crater, American Meteorite Museum, Sedona, 
Arizona, 1956 

** BARRINGER A. M. “Coon Mountain and its crater” Proc. Acad. Nat. Sci. Philadelph. 
57, 861-886, 1905 

4 Opr« E. “Researches on the physical theory of meteor phenomena I. Theory of 
the formation of meteor craters, II. The possible consequences of the collisions 
of meteors in space”’ Publ. L’Observ. Astron. L’ Univ. Tartu, 28, No. 6, 27, 1936 

*° RINEHART J. S. “A soil survey around the Barringer crater” Sky and Telescope 16, 
2957, 

86 RINEHART J. S. “Distribution of meteoritic debris about the Arizona meteorite 
crater’? Smithson. Contr. Astrophys. 2, No. 7, 145-160, 1958 

87 Gotp T. “The lunar surface” Monthly Notices Roy. Astr. Soc. 115, 585-604, 1955 
88 Urey H. C. The Planets. Their Origin and Development, Yale University Press, New 

Haven, 1952 

8° GitBeRT G. K. “The origin of hypotheses” Presidential Address, The Geological 
Society of Washington, 1895, 1896 

°° BALDWIN R. B. The Face of the Moon, Univ. of Chicago Press, 1949 

** AtTeR D. “The nature of the lunar maria” Publ. Astron. Soc. Pacific 68, No. 400, 
1956 

°° Avter D. “The nature of the typical lunar mountain walled plains” Publ. Astron. 
Soc. Pacific 68, No. 404, 1956 

®3 ALTER D. ‘“The nature of the domes and small craters of the moon” Publ. Astron. 
Soc. Pacific 69, No. 409, 1957 

DISCUSSION 

H. J. Avten: I should like to ask the speaker whether or not he believes that this cut-out 

characteristic you see on the front faces of iron meteorites is not due to tensile failure such 

as you might have with hot cast iron thrown into cold water? Are not these spallings of the 

surface as chunks? 

J. S. Rinenart: We have, of course, looked for this spallation and there appears to be 

very little of it. However, in numerous instances mechanical failure occurs which is a direct 

consequence of the weak structure of the meteorites. The highly compressed air impinging 

against the front of the meteorite penetrates into cracks, which are surface manifestations of 

veins of weakness, erodes the material away and pulls the meteorite apart. The Sikhote-Alin 

meteorite which fell in Russia in 1947 was such a weakly bonded iron meteorite and broke 

up in the air into thousands of pieces. Spallation could occur during an early stage of entry 

and then be obscured by subsequent flow of material. 

H. Scuarpin: Dr. Rinehart, if the craters on the moon can be explained by the impact of 

solid objects or items, there is one difficulty in explaining these and that is the many central 

peaks. These cannot be produced right away. There are two ways of explaining these central 

peaks: one, the implosion effect of the energy is so high that the material becomes liquid. 

The hole, which is formed by the impact, is closed by the gravitational forces and during 

this event a central peak can be formed like the jet in the case of a shaped shell explosion. 

But it must be supposed that cooling is fast enough so that a peak of the jet may remain in 

the solid state. Otherwise the implosion effect may be caused by the elasticity of the ground, 

reducing the crater diameter after the impact and forming the central peak, without the 

necessity of a molten interval. I think that I do not have a definite explanation for these 

and I should like to ask if the speaker has anything he could say regarding these phenomena. 
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J. S. Rivenart: The central peak presents very great difficulties. The explanation used 

by some is that it is due to the fact that the moon was in a more or less molten state, but 

not quite molten, when the impact occurred. It is hard for me to see personally how elastic 

rebound can give rise to a central peak. I can see it on a small scale, but not on a large 

one. Professor Gold at Harvard has explained the presence of the central peak on the basis 

of the breaking of the meteorite on impact and the scouring out of the material, but the 

explanation does not seem tenable to me. There are many kinds of craters on the moon. 

One of the things that disturbs me most is that you do not find on the moon a single instance 

in which a small crater has been partially obliterated by a large crater. You would expect 

to find it if all these craters were of impact origin. I have a feeling that many of these craters 

are not of impact origin, but are produced by a bubbling of material. I have wanted to 

plot on Baldwin’s (Fig. 21) curve the cases of bubbling which are produced to see how well 

they fit on this curve. I do not have a clear answer to your question. 

D. Scuuttz: Is it possible by radio observation of the ionization in the trails of meteorites 

to obtain any information on electron density and possibly air density and collision frequencies 

in the upper atmosphere? Is this being done? 

J. S. Rivenart: A number of years ago we performed an experiment with very high-speed 

pellets. This has been followed up by a group at the University of Utah who have been 

making measurements on the products of ablation and the amount of ionization produced 

by these products of ablation. There are, of course, many measurements being made of 

meteors, but so far as the loss of material is concerned for meteor core, the best information 

is obtained from observations made of the light produced by the meteor and its deceleration. 

Many observations have been made by the Harvard group. You are able to deduce a 

quantity o (see text) which involves the heat transfer coefficient and the heat of ablation. 

This quantity can be deduced directly from meteor observations. I think this comes closest 

to telling you how much mass is lost. So far as I know, there have been no measurements 

made on mass loss determinations by ionization measurements. 

C. Tirentus: The speaker states that ten thousand tons of meteorites arrive at the earth 

daily. I do not know if this figure means at the surface of the earth or at an altitude around, 

let us say, 100 km before the meteorites are vaporized because of the frictional heat. If the 

figure refers to the surface of the earth, I believe in the atmosphere above 100 km we will 

have three times or even ten times as much. These may influence the orbits of the satellites 

on account of drag. Dr. Rinehart, could you please discuss how the amount of meteorites 

varies with altitude? 

J.-S. Rinenart: The quantities which I listed are the amounts that appear to be accreted 

by the earth per day. By earth I mean both its lithosphere and its atmosphere—the whole 

earth. We do not know how the meteoric mass is distributed. We have under way now a 

collection of meteoric material at heights of about 50,000 ft using high-flying aircraft. The 

figures which I gave are extraordinarily speculative and are based on the observations of 
meteors and the zodiacal light. Apparently the amount of meteoric material is much less 
than we had thought it to be. The satellites have not encountered any appreciable amount 
of meteoric material so far as we can tell. The grids on the Explorer, I believe, which indicate 
micrometeoric impact have shown that there is very little material. 



PROJECTILE AEROBALLISTICS 

R. SAUER 

Technische Hochschule Miinchen 

A survey is given of practically useful analytical and numerical methods of gasdynamics 
Jor problems in projectile aeroballistics. First, linearized theory of steady supersonic 
flow past projectiles without wings at zero incidence is briefly reviewed. Numerical 
calculation of exact solutions and the slender body approximation are discussed. Then 
analogous methods are dealt with for projectiles at incidence and for winged projectiles ; 
thereafter the wing body interaction problem and the area rule are treated. Finally, 
linear methods for computing the unsteady flow past oscillating projectiles, and non- 
linear methods (theory of characteristics) for computing the flow field between the 
projectile and the attached and detached shock in front of the nose of the projectile are 
reported. 

INTRODUCTION 

Tue flight of a projectile depends on the aerodynamic forces acting on its 
surface, therefore, aerodynamics is a fundamental science for aeroballistics. 
Owing to the high speed of flight of projectiles, the compressibility of air must 
not be neglected and density has to be considered as a function of pressure. 

Thus, one has to deal with gasdynamics (that is, the science of com- 
pressible flow) in the range of supersonic velocities. 

A wide field of gasdynamic problems of aeroballistics duly simplified by 
certain idealizations can be treated theoretically with analytical or numerical 
methods. Other problems are admissible only with the help of measurements 
in wind tunnels or measurements of the flying missile. So far as possible, one 
will use theoretical methods or combinations of theoretical and experimental 
methods in order to save expensive experiments. 

In the following report I shall give a brief survey of useful mathematical 
methods—both analytical methods and numerical methods—established in 
recent years in gasdynamics for computing the pressure distribution on the 
surface of the projectile and the resulting lift and drag forces and moments. 
The phenomena of viscosity and heat-conduction which require experi- 
mental research are neglected. Therefore, boundary layer effects such as 
the wake problem and the base drag problem are excluded in this report. 

1. PROJECTILES AT ZERO INCIDENCE 

The projectile is a slender and pointed body of revolution. We recall the 
classic and basic paper of von KARMAN and Moore (1932). Here the per- 
turbation is assumed to be so small that one has to consider only linear 
perturbation terms. Under this assumption, the projectile is replaced by a 
distribution of singularities (supersonic sources and sinks) along the axis of 
the projectile (x-axis). The perturbation velocity potential is given by the 

expression xr 
2 Taceas 

%o0 (x, r) a ( x— €)2— B27? 
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(r = distance from the axis, 1 = Mach-number of the parallel flow, and 

@ = ctg x, « being the Mach-angle.) 
The function f,(£), representing the singularities, has to be determined 

with the help of the boundary condition prescribing tangential flow on the 
surface r=R(x) of the projectile. 

There are two ways of solving the problem: 
1.1. the exact solution in linearized theory; and 

1.2. the slender body approach. 

1.1. Exact solution 
von KArmAn developed a numerical method for the exact solution. The 

basic idea is the following one: by putting /)(£) = a& (a = constant), one 
obtains the flow past a cone of revolution with the origin at = 0. By 
superposing such conical fields with origins &; = 0, & > &, & > &, etc., 
or in other words by replacing the curve /o(&) by a polygon, one gets a flow 
field which fulfils the boundary conditions at a set of cross-sections %, %2, 
x3, etc., of the projectile; & = «—®re. The numerical work consists in 

resolving a set of linear algebraic equations for the constants a, b,c, etc. 

This resolution is almost trivial since one gets a from the first equation 
containing only a, then 6 from the second equation containing only a and 6, 
and so on. 

Hetnz (1953) and Muencu (1955) generalized von KARMAN’s method to 
projectiles whose meridian profiles « = R(x) have discontinuities of slope: 

ily = R'(x) is discontinuous at the point x,, r;=R(x,), one has to add a 

ToS) aye Gy TON 6 ae ere 

So, it is possible to fulfil the boundary condition on both sides of the 
discontinuity x, + 0. 

1.2. Slender body approximation 

The slender body approach is described in detail in the excellent book 
by Warp (1955) Linearized Theory of Steady High-Speed Flow. The result of 
the slender body theory can be interpreted as the first term of an expansion 
in powers of a thickness parameter ¢ (defined as the ratio of the maximum 
thickness, max {2R(x)}, to the length / of the body). Since the projectiles 
are very elongated bodies of revolution, ¢ is small compared with unity, and 
therefore the slender body approach is very useful in aeroballistics. 

S(x) = 7R*(x) being the cross-section area and / = | being the length of 
the projectile, the perturbation velocity potential on and near the body (for 
small r) is given by 

] Fol #) = Aglw)ler + By(x) + 0(04) 

Ase) = 59s) 
with : 

By(x) = | SWles =| S*(Elele— ae]. 
0 

(U = velocity of the parallel undisturbed flow.) 
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The pressure follows from the quadratic approximation to BERNOULLI’s 
equation in the form 

Po Ox 2 

the terms neglected are 0(¢4/g22). 

b—ho _ _ 17 90 (2) 

2. PROJECTILES AYP SMALL INCIDENCE AND MORE 
GENERAL BODIES 

In order to compute the supersonic flow past a projectile at incidence or 
past a projectile with wings, it is necessary to generalize the theory for flows 
past more general bodies whose cross-sections are not circles. 

Since there is no more axial symmetry, solutions are required which 
depend not only upon x and r but also upon the polar angle o in cylindrical 
polar co-ordinates x, r, o. The solution can be written as a formal Fourter- 
expansion 

oe) 

p(x, 7,@) ~ X ox(x, 17) cos ka; 
k=0 

where symmetry with respect to w is supposed. The coefficients ox are 
x-@r 

ies | fel®) (az 

ee ae Nala 
with the CHEBYsHEV polynomials Tx 

ee E + felt + (e— vel 
2 

This form of the solution is given in Warp’s book; another form using 
LEGENDRE functions of the second kind was given by SuscHowk (1957). 

The special case k = 0 (J) = 1) 1s the solution of von KArmAN and 
Moore for bodies of revolution without incidence; the special case k = 1 
CT, = 2) gives the solution of TstEn (1938) 

Sie 
for bodies of revolution at nes 

The higher terms k = 2, 3,... characterize deformations of the body of 

revolution and, therefore, correspond to pointed slender bodies of more 
general shape whose cross-sections are no longer circles. 

The physical meaning of the solution is the following one: The functions 
fi(®) correspond to distributions of singularities along the x-axis, namely 

sources and sinks for k = 0, dipoles for k = | and, generally, 2k- HOES for 

any k= 2, 3, 
Again there; are two procedures: exact solution and slender body approach. 

=p 

2.1. Exact solution 
Recently we have generalized the numerical method of von KARMAN 

in the following way: By putting /o(&) = 4% Ai(é) = 426 fo(&) = a3, etc., 

one gets a conical flow field corresponding to a flow past a cone with the 
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origin & = 0 and of arbitrary cross-section. We superpose such flow fields 

with the origins &, = 0, &, &, etc., and we try to fulfil the boundary 

conditions for a set of “‘cross-sections”’ at m points in each cross-section. 
Then we use finite FourtrR-expansions where the terms run up to a finite 

value of the index, and so we get a system of linear equations for the 

coefficients, 
Gary Ging to BireaClnakyh U5) D ope tees LUoG NC 5 lO aye emtet Orr DUC: 

This system is of the ‘“‘elliptic’”? type with regard to the sets of m points in 
each cross-section and of the “hyperbolic” type with regard to the sub- 
sequent cross-sections x, X2, etc. Thus, the boundary conditions of the m 
points of the first cross-section x, give m linear equations for the m coefh- 
cients a. In the same way the next cross-section x, gives m linear equations 
for the m coefficients 6, and so on. 

Using an electronic computer, one can solve this linear system without 
difficulty. 

2.2. Slender body approximation 
The perturbation velocity potential 9(x, 7, ) simplifies on and near the 

body to 

] 28) os k 
p = Ag(x)ler + Bo(x) + E Ae(x) -—— 

U k=A te 

with A,(x) and By(x) as before and 

Ae(s) = (Zk | 9) Yi(2)48 {14017}. 

cos ko 
S(x) is the area of the non-circular cross-section. /gr and are harmonic 

functions satisfying the Laplacian equation 

yy + P22 = 0. 

This equation results from the linearized potential equation 

(M?—1) ozx—@yy—G ez = O 

by neglecting the first term. In this way, Munk (1924) and Jonzs (1946) 
had established the slender body approach but they did not give the term 
B(x) which is essential for the further development of the theory. 

It is convenient to use the complex variable £ = y-+iz. Then, ¢ is the 
real part of an analytic function, ®(&; x) of the complex variable £ with the 
real variable x as parameter: 

co 

@(E5 x) = Ay(x)le® + Bole) + E An(x)e* 
=] 

A(x) and B(x) are given aboye; they depend only upon the cross-section 
area function S(«). The last term can be found from two-dimensional incom- 
pressible flow in each cross-section plane, «x = const, with the boundary 
condition of tangential flow on the body and the boundary condition of 
vanishing velocity at | €| = ©. 

As an important result for aeroballistics, one obtains the lateral forces 
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F = Fy, ip iF, and the moment M = M, + iM, for the part of the projectile 
which lies upstream from the plane x: 

P(x) 
Po U® sy 

2m A,(x) + S’(x) E(x) + S(x) &'o(x), 

x 

M(x) = | ER!(£) d & = iF (x)i— [ree z. 

F(1) and M(1) are lateral forces and moments for the whole length of the 
projectile. &(x) = y9(x) + iz9(x) is the centre of area of $(x). 

Under the additional assumption that the projectile be of cylindrical 
form near x = 1, the drag of the body at zero incidence is given by 

et 

D 1 
Ss lg ———— $"(x)S”(€)dx d& + O(¢®/g%t). 

80 Ze es 
2 00 

As mentioned before, the research is restricted to wave drag; the wake 

(base drag) and the drag due to friction forces is omitted. 

3. WINGED PROJECTILES AND THE AREA RULE 

3.1. Slender body approximation 

In the slender body theory, wing body combinations occurring as winged 
projectiles can be treated easily. One obtains for 

2 4 

hit force, L = Pz = ompyl/*b* (1- ae ole si) 

and for 

drag force, D = Dy + ae cr liitan ( 

® = incidence, 26:= maximum span, A, = radius of the base, D) = drag 
at zero incidence. 

From these equations the following formula results 
2 

Lwe = Lp a (: +3) Ly [~ Lz + 4 Ly for small wings (b—R,) < 1)] 

for estimating the lift of the wing-body combination in terms of the lifts of 
each component by itself. Ly is the lift of the wing alone of maximum span 

2(b—R,). 
The formula for the drag force D, at zero incidence shows that Dy depends 

only upon the cross-section area S(x). Therefore, all slender bodies with the 
same cross-area function S(x) involve the same drag Do, thus Dy can be 

obtained from an “equivalent”? body of revolution. This result may be 

called “‘area rule of slender body theory’. 
3.2. Exact solution 

In the exact linearized theory, the wing-body interaction problem is 

rather troublesome. It has been attacked by many authors, such as FERRARI 

(1948), Morikawa (1949), Nretsen (1952), and Srerrer (1955). The most 

convenient procedure seems to be the following one: 
I 
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Under the assumption that the leading edge of the wing be supersonic, 

we solve the problem in three steps: 
Step (a) concerns the flow past the body alone and the calculation of the 

normal velocity components produced by the flow around the body on 
the wing surface. We interpret these normal velocities as deformation of the 
original shape of the wing (i.e. we change the local incidence along the 

wing). 
Step (b) concerns the flow past the wing alone after having changed the 

local incidence in step (a), and thus the calculation of the normal velocity 
components produced by the flow around the wing on the body surface. In 
the same way as above, we interpret these normal velocities as a deformation 
of the original shape of the body (i.e. we change the local incidence along 
the body). 

Step (c) concerns the flow past the body alone after having changed the 
local incidence according to step (b) with the additional boundary condition 
that no normal velocity components occur on the wing surface. 

The problem of step (a) is a pure ‘“‘body of revolution problem’’; the 
problem of step (b) is a pure “‘wing-problem’’. The problem of step (c) is a 
“body of more general shape problem”’ like those we have dealt with before. 
We are at the point of using our Munich electronic computer PERM for 
treating some practical examples.* 

Another research problem concerns the validity of the area rule in the 
domain of the exact linear theory. First, the area rule had been initiated by 
experimental results. Later on, KEUNE and OswatirscH (1955) discussed 
the area rule and the equivalence of bodies with respect to the area rule 
theoretically. Our present research carried out by assistants of mine 
(PENZLIN, WERNER) seems to verify the area rule if the definition of equi- 
valent bodies is restricted by appropriate conditions and if the flow approaches 
transonic flow 

It is not possible to mention all the authors who dealt successfully with linear 
theory problems. I shall restrict myself to quoting the extensive and impor- 
tant research work of M. Germam, and the two excellent notes of M. AurRIoL, 

Ingénieur Militaire Principal des Fabrications d’Armement, with the title 
“Elements d’ Aérodynamique Supersonique Appliquée’. 

4. QSCIELATING PROJECTILES 

A very important aeroballistic problem is the calculation of the additional 
aerodynamic forces and moments due to the oscillation of the flying pro- 
jectile round its centre of gravity. This problem of unsteady flow can be 
reduced formally to linearized steady flow problems under the assumption 
that the angular velocity of oscillation is so small that one may neglect 
second and higher powers. In this way, one can apply the steady flow 
methods reported above. Several authors, e.g., myself (1948) and Hernz 
(1954), dealt with this problem. Recently Murencu (1957), in research spon- 
sored by the ARDG, established programs for the practical calculation by 
use of our electronic compter PERM. 

* Sponsored by the Air Research and Development Command, United States Air Force. 
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5. ATTACHED AND DETACHED SHOCKS 

Till now, we have dealt with linearized methods since these methods are 
satisfactory in most cases. Nevertheless, there are problems which require a 
more exact knowledge of the flow field past the projectile. A fundamental 
problem of this kind is the determination of the shock in front of the nose of 
the projectile since the shock produces a strong additional drag force. Let 
me finish my report with some remarks on this question. 

The main mathematical tool for such problems is the theory of charac- 
teristics. These methods are well known and described in many text-books 
and other publications, e.g. in an excellent note of M. CARRIERE (ONERA). 
I shall restrict myself to mentioning only some new results. 
5.1. Attached shock 

Let us first consider a pointed projectile at zero incidence. The speed of 
flight may be so high that the front shock is attached. Then the velocity is 
supersonic in the whole field, and one can use the classic methods of charac- 
teristics with the two independent variables x and r. 

The flow pattern in the neighbourhood of the pointed nose is nearly 
conical, and it is convenient to start with the determination of the conical 

flow past the tangential cone at the pointed nose and then add linear 
corrections with respect to the curvature of the projectile at the pointed nose. 
In this way, one gets first the tangent and then the curvature of the shock 
front of the pointed nose, as a function of tangent and curvature of the 
projectile at the nose. 

In a similar way, one can determine linear corrections for computing the 
flow field past the projectile at small incidence or with oscillations. The 
computation is rather troublesome and requires the use of an electronic 
computer. 
5.2. Detached shock 
A crucial problem for theoretical research is the determination of flow 

patterns with detached shock since behind the shock front there is a subsonic 
region, and therefore one has to deal with a so-called Tricomi-problem, 
which means a problem of mixed type. The method of characteristics in the 
classic form is applicable only in the supersonic region and the difference 
methods applicable in the subsonic region cannot be used in the supersonic 
part of the flow field. 

It was not until the recent work of GARABEDIAN (1957) that substantial 
progress was made. His essential idea is: One can use the classic method of 
characteristics also in subsonic regions by considering the co-ordinates x and 
r as complex variables and by constructing characteristic grids in the two- 

dimensional x-plane and the two-dimensional r-plane. M. Garabedian 

started with an analytic curve as shock front and obtained a corresponding 

shape of the projectile. The computation is not too troublesome and can 

easily be done by use of an electronic computer. But, naturally, this method 

gives only analytical solutions of our problem. 

In summary ays 
We have reported some aeroballistic problems that are admissible on a 

purely theoretical treatment. We emphasized that the use of electronic com- 

puters essentially enlarges the field where numerical methods are successful. 

But computers cannot replace the work of thinking men; they are not 
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electronic brains, they are only useful tools. Therefore, successful use of 
computers requires a good and broad mathematical knowledge by the people 
using such machines and a reasonable combination of analytical and 

numerical methods. 
It was not possible to give a complete survey. Several interesting results 

such as similarity rules in transonic flow or the problems of hypersonic flow 

have been omitted. 
Finally, I want to repeat that there are many problems that are not, or at 

least not yet, admissible in purely theoretical research. Therefore, a good 
combination of theoretical and experimental work is the best way for further 
progress. 

DISCUSSION 

ScHuLtz-Grunow: Professor Sauer has mentioned a method of Garabedian who succeeded 

in calculating the flow pattern with a detached shock by employing the method of charac- 

teristics to the subsonic region. Here the solution for the characteristics gives two sets which 

are conjugate complex: 

E= s+ it, n= s—it 

& and 7 being the characteristic coordinates. Contrary to Garabedian, who constructs the 

characteristic grid in two complex planes, Professor M. Schaefer has developed a method by 

introducing a new set of characteristics 

$= E+nandi= E—n 
2 24 

which are real functions. With this method Schaefer obtained a solution for the case of steady 

transition from supersonic to subsonic flow (and the opposite) and calculated the special 

case of subsonic flow along half-bodies with embedded supersonic regions. 

I should like to suggest an application of this method to the case of a detached shock, which 

seems to be possible by introducing the necessary limiting conditions, and ask Professor Sauer 

for his opinion. 

R. Saver: I know Schaefer’s method well. At the moment, I do not remember 

details, but I am sure that the basic ideas of both methods are quite different. The essential 

point of Garabedian’s method is the introduction of complex variables while Schaefer deals 

only with real variables. Nevertheless, the suggestion of Mr. Schultz-Grunow seems to be 

very useful. Possibly, Schaefer’s method which has been applied to subsonic flows with an 

embedded supersonic region is applicable also to the important aeroballistic problem of 
detached shocks. 



THE CALGULATION OF STABILITY AND 
DAMPING OF SPIN-STABILIZED PROJECTILES 

WOLFGANG Haack 

Berlin 

SINCE the invention of gunpowder, efforts have been made to increase the 
range and shorten the flight time for projectiles. While at first only the initial 
energy of the projectile was increased, the drag of the projectile has gradually 
diminished by suitable shaping. In his lecture on ‘“The Importance of Gas 
Dynamics in Ballistics” in Saint Louis, October 1946, ScHaRDIN gave an 
instructive and illustrative survey of this development, in which he compiled 
the drag coefficients of numerous projectiles in a combined c,-diagram 
Fig. 1). Wied. 4 
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8 —-—--.10°5 cm flak— shell 
9g —--— 8:8 cm flak—shell 41 ZS30 
10 —-— 88 cm flak projectile K L 8:8/5-27(Haack) 

20° 30° 40° cone flaw (theoretical) 
20° 30° 40° half angle of aperture 

Fig. 1 
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In Fig. 1 cw-graphs are given for cylinder projectiles. The graphs 4 and 4’ 
correspond to Krupp’s 10 cm standard projectile, from which the form- 
factor 1 = 0-896 of Siacci’s drag rule was derived. Such was the state of the 
standard projectile at the beginning of the First World War. Graphs 6 to 8 
correspond to the best projectiles at the beginning of the Second World War. 
It may be seen that the different developments finally led to almost the same 
Cw-Curve. 

A substantial reduction of the drag is shown by graph 10 which corre- 
sponds to the 8-8 cm (anti-aircraft) A.A. shell (KL 8-8/5-27) under develop- 
ment in 1943 by myself. 

I completed Schardin’s classification with the graph 10a. It shows the 
drag of a 2-cm projectile having the same shape as the 8-8 cm one. ‘This 
projectile had no guide ring and received its spin by means of a propellent 
reflector (‘“Treibspiegel’’). 

So far as I know the ¢»-value of 0-18 at Mach number 2:5 is the minimum 
drag coefficient that was hitherto produced with spinning projectiles. 

Figure. 2 shows two serial A.A. shells of the type KL 8-8/5-27. At the top 
you see the long fuse cap with the fuse adjusting ring for the time fuse. The 
whole projectile has a streamlined form, a cylindrical conducting link has 
been discarded. The centering in the gun barrel is accomplished by the 
centering collar. This collar is cut in six places. Because of these cuts its 

Fig. 2 
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strength is reduced in such a way that when it leaves the barrel the centri- 
fugal force causes it to break. 

These shells are two models for the A.A. gun 41 (two guiding straps; 
V,) = 1080 m/sec) and A.A. gun 36. Because of the smaller capacity of the 
latter gun, only one guiding strap is needed. 

In Fig. 3 you see a 2-cm model projectile of the same shape, which was 
constructed during the development of the shells discussed above. Since the 
projectile was to be fired with a 7° twist, the conical stern could be extended 
and the projectile length could be increased to 5-93 calibre. The taper angle 
of the stern shown here is 7°; later—in the 8-8-cm projectile—it was reduced 
to 5°. In the case of this model centering was accomplished in the same way 
as with the large projectile. The mass distribution responsible for good flying 
qualities was achieved in this model by means of light metal tips and 
appropriate boring in the projectile body. 

Finally, in Fig. 4 you see the 2-cm projectile without guide straps in an 
arrangement ready to fire. Here one readily recognizes the shape of the 
projectile. The projectile tip, i.e. the whole part in front of the maximum 
cross-section, is calculated as a meridian of minimum wave-resistance for a 

given calibre and length according to the method which was introduced in 
1935 by von KArmAN in Rome and which was later further developed by 
the author.! The ‘‘treibspiegel’’ frees itself at the time the projectile leaves 

the gun barrel. 

Figa3 
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In Fig. 5 you see the projectile in flying condition and next to it the 
“treibspiegel”’. Because of the centrifugal forces the “treibspiegel’’, too, falls 
apart. The construction was not satisfactory and was later replaced by 
another one. As is well known, the flying qualities of the projectile are of 
decisive importance for the dispersion and the resulting drag. In the case of 
extremely slender projectiles, for which the drag is very small, each projectile 
oscillation is noticeable by a relatively large increase in the projectile flight 
time. Besides, owing to the dropping off of the centering collar and eventually 
of the “‘treibspiegel’’, it should’be noted that such a projectile is exposed to 
larger initial disturbances than a cylindrical projectile. Therefore, one will 
find that the small drag coefficients, which were previously calculated, are 
only verified by the firing in which the discharge disturbances diminish 
rapidly enough. 

Figure. 6 confirms that the mass distribution in the 2-cm model projectile 
has been chosen very favorably. The picture shows some c,-measurements 

KL 5:93/TS 

rae 600 650 700 750 800 v 

Fig. 6 

for the ‘“‘treibspiegel’’ projectile displayed in Fig. 5 (executed in Volkenrode). 
As already mentioned, during the loosening the “‘treibspiegel’’ generates 
pitching moments which from several shots were leading to strong initial 
oscillations. In the upper graph on the left the initial drag is exceptionally 
strong, which points to a wide angle of attack. The drag decreases very fast 
and approaches the average value of that for the ideal flying projectile after 
about 200 m of flight. After about 200 m of flight the strong oscillations 
have almost entirely died down. A similar picture is shown by the upper 
graph on the right; here the measurement could not be carried out over the 
whole trajectory because the projectile brushed against a measuring frame. 
Also on the other graphs one can see the disappearing of the initial disturb- 

ances. The lower graph on the right shows a shot with c, = 0-18 which was 

perfectly fired. 
The flight qualities of the 8-8-cm pointed projectiles and their models 

were studied in detail. In the Aeronautical Research Institute in Volkenrode 

the projectile shown in Fig. 2 was fired in the 400 m firing tunnel. Then— 

at a distance of 27, 38, 49, 60 m from the muzzle—three photographs were 

taken at each station in two mutually perpendicular planes. In this manner 

the direction of the projectile axis was found. From these photographs the 
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precession movement of the projectile could be reconstructed. Such a pre- 
cession curve is shown in Fig. 7. The groups of measured points are shown 
at the four measuring stations through which the precession curve passes 
satisfactorily. To interpret the picture we point out the following: the center 
of gravity must be thought of as arrested in the initial co-ordinate point, and 
the projectile must be looked at from the front; then the projectile tip 
describes the curve as drawn. 

Let us now turn to the question of the extent to which the observed pre- 
cession curve can be calculated in advance. In 1932 von Karman and Moore, 

and in 1939 von Karman and Tsien, developed the source-sink method for 

the calculation of the pressure distribution and the lift distribution for slender 
bodies of revolution by means of the linearization of the partial differential 
equation for the steady flow of an ideal gas. W. H. DorrANcE? extended the 
linearized theory to unsteady oscillation and precession motion. I should like 
to show from an example of the KL 8-8 projectile how far the linearized 
theory of an ideal gas can reproduce the observed precession movement. 

B=100n 

B=-On 

n= Neugrad 
8-300 n 

The numbers on the curve 
indicate the flight times 
calculated from the time 
of departure from the 
muzzle (of gun) [msec] 

Fig. 7 
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Together with Mr. Gerhard Bruhn I have concerned myself for some 
time with the calculation of the frequencies and damping coefficients 
occurring in the motion of a projectile. 

THE CALCULATION OF THE FREQUENCIES AND DAMPING 
COEFFICIENTS 

In order to determine the spinning motion of a projectile some knowledge 
of the aerodynamic forces affecting the projectile is needed. The differential 

yy > 

a ae d(®-u Se, Sy (1) 
dim dt 

where 
=> ‘ : vy = velocity vector of the center of gravity 

m = mass of the projectile 
= 2 
y = angular velocity vector 

® = inertia tensor corresponding to the center of gravity 
Kk = resultant air force through the center of gravity 

M = resultant moment around the center of gravity. 

For the study of the initial part of a horizontal trajectory—corresponding 
closely to the Braunschweig measurements—some simplifications may be 
made. To give rigorous proof for the admissibility of these simplifications 
would be too detailed. I shall merely enumerate them. 

(a) The angle of attack of the projectile measured from the direction of 
the motion of the center of gravity is supposed to be small, therefore 
the axial component of the velocity may be taken as the value of the 
velocity vector. 

(b) Along the distance to be measured the value v of the velocity vector 
as well as the spin (i.e. the axial component of the angular velocity 
vector) are supposed to be small. 

(c) The effect of gravity is neglected. 

Corresponding assumptions in these investigations are generally customary. 
In the following we take a co-ordinate system fixed to a body with the 

x,-axis along the projectile axis, the x.- and x,-axes perpendicular to it. For 
the components of the resultant aerodynamic force AK we assume that the 

coefficients can be calculated only by the linearized theory: 

Kk, = —Cvv, 
K, = —Avv,—Boug (2) 
K, = —Avv, + Bou, 

and for the moment Jl: 

1 = Du) 
a = x4 Avvg—xp Bou, (3) 

—x4 Avvg—xp Boug s I 
Fi — 

where v=], and 

A = lift in steady motion 
B = lift due to unsteady oscillation. 
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The steady flow of air around a body of revolution at an angle of attack 

has been investigated in detail in the past by several investigators. By placing 

the projectile at an angle «, a nonsymmetrical flow is generated, which was 

first determined for supersonic speeds by von Karman and Tsien by means 

of a source-sink distribution. The calculated values for the lift and the 
moment of lift correspond well with experiments. R. Sauer has improved 
this method by taking into consideration the exact contribution due to the 
rotational symmetry. As an especially simple but also rough approximation 

formula, the Munk airship formula is known as being the limiting value of 

the source-sink distribution. 
The non-steady supersonic flow which is formed by the pitching and 

regular precession of the projectile in flight was treated in 1951 by W. H. 
Dorrance2 using the source-sink method. Dorrance’s formulas for the 
moments require the computation of four unpleasant integrals. Upon closer 
investigation it may be shown that three of these integrals approach a 
continuous value as r - 0, but not the fourth one. Therefore, within the 

linearized theory Dorrance’s formula can be simplified. 
The quantity «gB in Eq. (3) consists of the pitching moment and the 

moment of the regular precession. One gets 

xpB = ¢[xtQe) + 2X geom. - Vol. 

PT. IN QUESTION 

a. b—Po (4) = M2 x) +x += dx F 
: Qa) e/2 v2 [ke.sec?] 

STERN 
where: 

X7 = distance from the stern to the center of mass 

Xgeom, = distance from the geometrical center to the center of mass 

Q = cross-section of projectile 
M = Mach number 

Vol. = projectile volume 
p = pressure. 

In Eq. (4) 4, 42 are two constants. If the precession curve has loops, then 
Ay © A, & 1/2; if it has none then 4, = 1, A, ~ 0. 

In the case of damping, the quantity xgB is of decisive importance. The 
second term on the right-hand side in Eq. (4) is approximately proportional 

to the Mach number, since on decreases with the Mach number. 
ig 

Furthermore, it is to be noted that Q(x) can be replaced by Q(x + 8. r) 

where 8 = 1/M?—1, as the sink-center is situated in the apex of the Mach 
cone. 

The differential equations of the motion of the projectile are transformed 
with the simplifications mentioned above in the usual way. In order to be 
able to compare more easily the results with the observations, it is helpful to 
introduce a new co-ordinate system which is fixed to the projectile, but does 
not take part in the spinning motion of the projectile. If we denote the 
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velocity components with respect to this co-ordinate system by dashed letters 
and combine the components using complex notation in the usual way 

V =, + ids, U = iy + it, (5) 
we obtain for the gyroscopic motion of the projectile the following two linear 
complex differential equations: 

fae spelen lea i(e +=) U 
m m 

ty — ix 4Av Vv a xpBu i ia uv 

(6) 

To 
where: 

Ta = axial moment of inertia 

T» = moment of inertia around transverse axis through the center of 
gravity. 

The solution of the above system of equations can be expressed by the 
formula 

Yo = FP el + ip) t te Ps eX + tLe) t (7) 

For U we have a similar expression only with different constants of inte- 
gration. 

The quantities y4, u, are the frequencies, x,, x. the damping coefficients 
of the gyroscopic motion. As is customary in ballistics, we will co-ordinate 
the larger frequency (y,) with the nutation and the smaller frequency (p,) 
with the precession. 

If the function V(t) is plotted as a curve in the complex plane then one 
obtains a picture that corresponds to Fig. 7. By measuring the angles of 
attack of the projectile in flight at a minimum of four different stations one 
can experimentally define the frequencies and dampings and compare them 
with the values resulting from the system of differential equations. 

It should be mentioned that this comparison is not exactly valid. While 
the measurement defines the projectile’s angle of attack in a space-fixed 
direction, Eq. (7) represents the angle of the velocity vector with respect to 
the projectile-fixed, non-spinning co-ordinate system. However, within the 
previous simplifications, the quantities are comparable in the initial part of 
the trajectory. 

From the differential equations one obtains the frequencies and damping 
coefficients by examining a complex quadratic equation. 

Putting § = x +1, then 

#2 af xpBv Av : cat (8) 

To m To 

Av? B TAOS eon acagae 
Let us consider the coefficient of & Clearly, this coefficient is equal to the 

sum of the roots of the quadratic equation. Therefore the imaginary part of 

this term must be equal to the sum of the frequencics. Hence, 

Tatty 
FT," (9) My + Pe = 
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The sum of the frequencies depends only on the ratio of the moments of 

inertia to the spin and is independent of the aerodynamic forces, at least of 

those aerodynamic forces which had been taken into consideration in this 

investigation. This knowledge is useful as a check of the experimental results. 

Considering Magnus effects, an additional term would appear in Eq. (9). 

In order to obtain simple terms for the roots of the complex quadratic 

equation we will presume that the frequencies 4, v2 were already calculated. 

Then the damping coefficients may be expressed by the following formulas: 

uw, xpBo/ To —  Av/m wis 
: yu (10) 

Uy XpBu/ Ty — w, Av/m one 

: Pile tte 

For some applications the following equations are more useful: 

v (xpp . A | v nz | 
se = = 

tT 2 Ty || | oy Tae 

me v "s me | v \ =F (10a) 

i To m DAP Wi m 

The exact expressions for the frequencies are somewhat difficult to sum- 
marize. However, we see that the influence of the pitching moment on the 
frequencies is extremely small. Therefore, I shall restrict myself to giving only 
the approximate values for the frequencies. If the Cranz stability number is 
denoted by 

co) lets yy ee (11) 

4AxagT ov? Ay eo 

then the frequencies are 

ty \ 2 Latty ee 
H} oat =: vI=Te. (12) 

We now have the necessary formulae to compare theory with experiment. 
Unfortunately, little experimental data are available to me. Before I compare 
the Volkenrode experimental results with the calculated values, I should like 
to point out the necessity of introducing the pitching moment. If one puts 
B = 0 in the damping formulas, one of the numbers would certainly be 
positive, while the other one would be negative. If the projectile’s center 
of gravity lies behind the point of application of the aerodynamic force, 
then with B= 0 the precessions would be damped (x, <0), and the 
nutations increased (x, > 0); this contradicts the usual experimental data. 
By the introduction of the pitching moment conformity with the experi- 
mental results becomes essentially better. 

In conclusion I will show a tabulated summary of the frequencies and 
dampings of the A.A. shell KL 8-8 measured in Volkenrode (Table 1). It is 
readily seen that for all test shots the nutations are decreased and the pre- 
cessions are increased. While the frequencies for all shots show relatively 
uniform values, the damping values exhibit a strong scattering. The table 
contains the average values of the measurements and at the bottom the 
calculated frequencies and dampings. 
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Table I. Precession KL 8-8/5-27 

Spin 6° Uy Us Ba an 
Vy = 850 m/sec millisec-? millisec-+ millisec~? millisec-1 % 

Firing Nr. 1 0-2084 0-0575 —0-0058 0-0054 1-49 
2 0-1901 0-0385 —0-0167 0-0059 29 
3 0-2086 0-0589 —0-0042 0-0007 1-46 
4 0-2015 0-0525 —0-0055 0-0005 1-56 
5 0-2139 _0-0487 —0-0028 0-0062 1-69 
6 0-2108 0-0548 —0-0189 0-0199 1-53 
il 0-2147 0-0540 —0-0098 0-0110 1-56 

Average values 
from Nr. 1-7 0-2069 0-:0521 —0-0091 0-0071 ite 

Theory: 
Q(x) 0-200 0-056 —0-0028 —0-0006 1:47 

Q(x,,+ 6r,,) 0-200 0-056 —0-0034 —0-0004 1-47 

The calculated frequencies agree very well with the measurements; the 
possibility of their calculation was known for a long time. In the case of the 
damping, the agreement is not as good, but considering the scattering of 
the experimental data it could not be expected to be better. 

Figure. 6 also gives some information. According to the theory for this 
projectile, the nutation must diminish to 10 per cent after a flight distance 
of 200 m, the precession to about 45 per cent. Consequently, the maximum 
angle of attack must be damped to a quarter of the initial value. The distance 
used in the c~-measurements shown in Fig. 6 is approximately 250 m. 

CALCULATION OF THE PROJECTILE MOVEMENT 

Today, electronic computers make possible an extremely accurate calcu- 
lation of the solution of differential equations for the projectile movement, 
Eq. (1), if the forces and the initial values are known. Referred to a pro- 
jectile-fixed, non-spinning co-ordinate system, Eq. (1) leads—considering 
gravity—to a system of 10 differential equations of first order. This system 
had been programmed for the computer ‘“‘Zuse Z 22” by my assistants, 
G. Bruhn and F. R.-Guntsch. The air forces A, B, as well as the moments 

x4A and «gB, which appear in the Eqs. (2) and (3), were described pre- 
viously. The quantity C determines the air resistance in the direction of the 
projectile axis. C consists of frictional resistance, stern drag, and wave 
resistance. In the initial part of the trajectory the decrease of the spin has 
been neglected (D = 0). 

With respect to the initial conditions of discharge, the following has been 
assumed: the gun barrel is vibrationless and the projectile guidance intro- 
duces no disturbances. Therefore at time ¢t = 0 the velocity vector coincides 

with the projectile axis; the initial velocity is 850 m/sec. In leaving the 

barrel the projectile receives a pitching moment in such a way that the first 

pitching maximum is approximately equal to the one of the Braunschweig 

test. 

The calculations have been carried out over 2000 msec. By distributing 

the components v,, v, in a suitable scale, a precession curve results which, as 

already mentioned, must be comparable with the Braunschweig curve. 
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Figure 8 shows the result in the first 110 msec. The conformity with the 
Braunschweig precession curve (Fig. 7) is surprisingly excellent. The Figs. 9, 
10, 11 describe the projectile movement after 500, 1000 and 1500 msec. 
One recognizes distinctly the strong dampings of the nutations. In Fig. 11 
the nutations have nearly disappeared. 

One also recognizes the increase of the precession period. Owing to the 
decrease of the projectile speed, the aerodynamic forces grow smaller with 
Increasing time. 

V3 5 m/sec 
t 

4 

Fig. 8. Precession from theory (KL 8-8) 

V3 9 m/sec 

50 i 

Vos m/sec 
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V3, m/sec 
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Fig. 11 
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DISCUSSION 
C. H. Murrpuy: I should like to make a comment and I wonder if I might show two slides ? 

Dr. Haack eliminated the Magnus moment in free flight. We think that this moment is quite 

important. We have measured linear values of the Magnus moment for bodies of revolution! 

from the damping of their pitching and yawing motion. In fact, we have succeeded in 

determining cubic Magnus moments from a series of free flight tests at fixed Mach numbers.? 

I, therefore, should be a little reluctant to deal with data in which the Magnus moment had 

been left out of consideration. 

Magnus moments have a very strong effect on the stability of what appears to be very 

simply shaped shells and I think my first slide shows such an example. This shows the 

comparison between a standard square base shell and a hemispherical base shell. The only 

difference between the two projectiles is the bases. The behavior of these shells is very different. 

The shell on the right, the hemispherical base shell, is dynamically unstable, and, as a matter 

of fact, cannot be stabilized. In other words, it is not possible to spin it fast enough for it to 

K 
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Ba. S51 = Lat Me 1,65 

Slide 1 

be dynamically stable. This is due to a very strong negative Magnus force acting on the 

hemispherical base.* 

The second slide shows the Magnus moment coefficient. For linear Magnus moments, the 

Magnus moment coefficient is the result of dividing the Magnus moment by the product of 
d 

the dimensional factor (e V2d?), the dimensionless spin (+) and angle between missile’s axis 

and the flight path. A positive Magnus moment will cause a missile with positive spin and 

nose up to rotate so that its nose moves to the left as viewed from behind. 

The top curve, then, shows the Magnus moment coefficient for this hemispherical base 

shell. There are two different lengths. The second curve shows this coefficient for the square 

MAGNUS MOMENT COEFFICIENT 
vs. 

MACH NUMBER 

SHORT, SQUARE BASE 

SHORT, HEMISPHERICAL BASE 

f@ LONG, SQUARE BASE 

LONG, HEMISPHERICAL BASE 

MACH NUMBER 
Slide 2 
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base missile. We see that at a Mach number of 1-8 there is a very strong difference in the 
Magnus moment coefficient. It is negative for the conventional case and it is fairly strongly 
positive for the hemispherical case.* The linearized theory of stability should indicate that 
for the positive Magnus moment coefficient it would be impossible to stabilize by spin. 
Therefore, we feel it is quite important to consider the Magnus moment coefficient. 

I have one other comment on the Magnus moment. I think Professor Haack left it out 

because he has not computed it by the linearized theory. There are some published theories 

using linearized theory but restricted to laminar boundary layers. Two papers are from the 

Ballistic Research Laboratories by Martin* and Sedney® and there is also a paper by Howard 

Kelly® of the Naval Ordnance Test Station. These papers allow calculation of the Magnus 

moment and force coefficients on the basis of linearized theory and a coupling with the 

boundary layer. 

As one last comment, I noticed in Professor Haack’s force and moment explanation he 

defined damping moment and damping force in the rotating co-ordinate system. This would 

seem to imply to me that if we had a missile at a constant angle of attack and spinning there 

would be angular velocity components measured in the rotating co-ordinate system and we 

would have a damping moment acting.®: 7 I think this is unlikely. 

W. Haack: As to the reference made to Mr. Martin, I should like to mention that I did 

not know of any satisfactory procedure for calculating Magnus forces. However, I should 

like to have the reference. As to the second, in the precession, we get a damping effect and 

this is on mathematical computational results. I can only say that we have reckoned these 

with great care and I do not believe we have made erroneous calculations. In the forces we 

have considered, the pitching moment and the others give these results but only in this 

projectile. It may be different in a different projectile. This projectile has been selected 

because the center of gravity is very far behind and we had a very large distance from the 

center of gravity to the center of the aerodynamic forces. The relation of the inertia moments— 

that is the axial inertia moment to the cross moment—is about one to nine or ten. This is 

a very good proportion because normally the relation is smaller. In other projectiles you 

would not have it, and therefore with other projectiles you may have much worse results. 
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CONTROLLABILITY OF GROSS-WINGED 

GUIDED MISSILES 

S. F. ERDMANN 

National Aeronautical Laboratory, Amsterdam 

CERTAIN types of guided missiles, ground-to-air rockets for instance, must 
conform to very high requirements regarding their controllability and 
possible path-curvature. A typical example is presented by the “Wasserfall” 
ground-to-air rocket which was developed from-1943 to 1945 in Peene- 
miinde (Germany). In order to be able to satisfy the tactical requirements, 
two principally different configurations were considered. One configuration 
used a ringwing as the principal lift-generating device, the other used a 
crosswing. Both solutions were intended to give completely identical control- 
lability in all directions. 

The ringwing configuration, as proposed by the author, was rejected after 
the completion of tests on two configurations. This was mainly due to the 
fact that at the time of the development of the ‘“Wasserfall’”? rocket no 
theoretical methods were available to solve the fuselage-wing interference 
problems that are extremely critical with ringwings. 

Since then several characteristics methods have been developed by Haack 
and Zierep, Sauer and Heinz, and Oswatitsch and Erdmann. These methods 
do not take much time to apply and give a good physical insight in the inter- 
ference problems. As a consequence it is now possible to find aerodynamically 
favourable applications for ringwings. In spite of these possibilities, not yet 
fully exploited, the cross-winged guided missile still attracts a large amount 
of general interest. Therefore some of the controllability problems of cross- 
winged missiles will be discussed here. 

CONTROLLABILITY PROBLEMS 

When two geometrically identical wings are placed normal to each other, it 
will be necessary in general to apply two identical tailplanes also normal to 
each other. 

It is desirable that every rudder angle 7 correspond to only one angle of 
attack « for static equilibrium corresponds, or in other words that increasing 
values of « correspond to monotonously increasing values of 7. 

Furthermore it is desirable that the rudder forces and the hinge-moments 
under manoeuvring are small. The hinge-moment can be reduced by suitable 
shaping of the rudder and the correct positioning of the pivot-axis. The 
necessity of large rudder forces can be prevented by designing the con- 
figuration without rudder for a small or even zero stability-margin. 

An effective limitation of the in-flight generated rudder forces can be 
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attained by a limitation of the available hinge-moments. Thus the control- 
lability problem can be formulated as follows: 

(a) The configuration without rudders has to be as near to aerodynamic 
indifference as possible. (The distance between neutral point and 
center of gravity as small as possible.) This means that in practice 
slightly stable, indifferent, and slightly unstable conditions can occur. 

(6) The rudders have to be designed such that the total configuration 
with rudders is always stable. An eventual unstable tendency of the 
fuselage and wing thus has to be more than compensated by the 
rudders. 

How this is accomplished for different characteristics of the missile-configura- 
tion will be discussed now in an elementary way. 

With cross-wing configurations two possibilities exist with respect to the 
position of the tailplane. Either the tailplanes lie in the same planes as those 
of the wings (Ag = 0°) or the planes of wing and tailplane make angles of 
45° with each other (Ag = 45°). In the first case (Ap = 0°) it will be found 
in general that due to the wakes and vortex sheets originating from the wing 
trailing edges, the neutral point of the configuration without rudders moves 
backward when « is increased. 

In the second case (Ag = 45°) the wakes and vortex sheets pass between 
the tailplanes at « = 0°. At intermediate angles of attack the wakes and 
vortex sheets do contact the tailplane; however, if the angle of attack is 
increased even more the vortex sheets do not contact the tailplane again. 
This effect causes the neutral point to be relatively far aft for « = 0°, to 
move forward with increasing « at intermediate angles of attack and to 
move backward again with increasing « at large angles of attack. 

For Ag = 0° it is possible that the neutral point passes the center of 
gravity only once whereas for Ag = 45° this can happen twice (see Fig. 1). 
In this figure the possible positions of the center of gravity, the neutral 
point with and without rudders and the neutral point of the rudders alone, 
are indicated. 

In Fig. 2 the normal force contributions are given as a function of the 

angle of attack. 

POINT NEUTRAL POINT WITH RUDDERS 

———— NEUTRAL POINT WITHOUT RUDDERS 

ee RUDDER NEUTRAL POINT 

CENTER OF GRAVITY 

Fig. 1. Position of neutral point 
as a function of angle of attack for 

two tailplane positions 

& 
—=—> 

© POSITION OF NEUTRAL 

WITH RUDDERS 
a 
AEN Mas MIN a Fig. 2. Normal force as a 

A function of angle of attack 

> 

-~—~<RUDDER ALONE 
-_——— 

© NORMAL FORCE N 
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The resulting moment about c.g. is given in Fig. 3 for the configuration 

without rudder. 
For static equilibrium it is necessary that the rudder develops a moment 

of equal size but of opposite sign. It is evident from Fig. 3 that the Ag = 45° 

—_ 

MOME NT M 

Fig. 3. Moment about c.g. as a function of angle of attack for configuration without rudder 

configuration results in the smallest requirement for the rudder force at 
large angles of attack. 

In Fig. 4 the moment about c.g. and the normal force of the rudder are 
given as a function of the angle of attack « and the rudder angle ». 

Figures 3 and 4 can be combined to Fig. 5(a) for the Ag = 0° con- 
figuration and Fig. 5(b) for Ag = 45°. 

MOMENT M 

o NORMAL FORCE N 

Fig. 4. Moment about c.g. and normal force of rudder alone as a function of angle of attack « and 
rudder angle 1 

From Figs. 5(a) and 5(b) it is possible to deduce the relationship between 
angle of attack « and rudder angle 7 for static equilibrium (zero moment 
about c.g.). The results are plotted in the Figs. 6(a) (for Ag = 0°) and 6(b) 
(for Ap = 45°). 

From these figures it can be concluded that in the Ag = 0° case (tailplane 

© MOMENT M 

Fig. 5. Moment about c.g. for complete configuration as a function of angle of attack « and rudder angle 7 
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a Ay-O A= 4 5y Bat Bede ae _——_— 

4 UNSTABLE REGION 

Fig. 6, The angle of attack « as a function of rudder angle y at static equilibrium 

and wing in same planes) there are no unstable regions, whereas in the 
Ag = 45° case the configuration is unstable at intermediate angles of attack. 

As was remarked already, the required rudder forces at large angles of 
attack are smaller for the Ag = 45° case (see Fig. 3). Therefore it is worth 
while to try to modify the Ag = 45° configuration in such a way that the 
rudder forces retain their favourable values whereas the unstable tendency 
at the intermediate angles of attack is removed. 

The unstable tendency can be removed by moving the neutral point 
backward. However, this has the result that the required rudder forces are 
increased. 

A second possibility is an enlargement of the rudder-area. 
For three rudder-areas the moments about the center of gravity are shown 

in Fig. 7 as a function of the angle of attack. The smallest rudder-area 5} is 
the same as has been considered in Fig. 4. 

Fig. 7. Moment about c.g. as a function of angle of attack for different rudder-areas S 

The influence of the rudder angle 7 is a parallel displacement of the 
moments-line in Fig. 7, just as is shown in Fig. 4. 

Figures. 7 and 3 can be combined to give the moment curves for the 

Ag = 45° configurations for the three considered rudder-areas (see Fig. 8). 

M:O FOR 7)=-10° 

> a 

Fig. 8. Moment about c.g. as a function of « for complete configuration for three rudder-areas 
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From Fig. 8 it is possible to deduce the relationships between « and 7 for 
the three rudder-areas. The result is shown in Fig. 9. It is clear that the 
unstable region can be removed by the choice of a sufficient large rudder- 
area. 

Ap=45° { 
nn” 

Lo} eS Al 

Fig. 9. The angle of attack « as a function of rudder angle 1 at static equilibrium 

CONCLUSION 

This discussion has shown that the rotation of the tailplane with respect to 
the crosswing from Ag = 0° to Ag = 45° can result in appreciable difficulties 
with respect to the controllability. In principle; however, through an 
enlargement of the rudder-area it is possible to eliminate these difficulties. 
This conclusion has been confirmed by experiments. 



Pita OnE, OF FREE FLIGHT RANGES 
IN BALLISTIC AND AERODYNAMIC 

RESEARCH 

C.An. Murpuy, Jr. 
Ballistic Research Laboratories, Aberdeen Proving Ground, Maryland 

The three BRL free flight ranges are described in some detail together with some 
associated research programs. The influence of range measurement on the development 
of a theory to describe the effect of nonlinear aerodynamic forces and moments is indicated. 

1. INTRODUCTION 

THE use of free flight ranges to measure the aerodynamic forces acting on a 
missile dates back to early yaw-card experiments of CRANz,! CHARBONNIER,2 
and FOwLer ef al.? Indeed the experimental results of reference 3 differ 
little from those presently available for shell.4 The first modern precision 
free flight range was put into operation at the National Physical Laboratory 
in England during the 1920s. ‘This range is no longer in existence. The only 
ranges presently being operated in North America are: 

(1) A yaw-card range at the Canadian Armament Research and Develop- 
ment Establishment, near Quebec city.®: ® 

(2) A wind tunnel range at the NACA Ames Aeronautical Laboratory, 
Moffett Field, California, U.S.A.7) ® 

(3) A multiple-image silhouette range at the U.S. Naval Ordnance Test 
Station, China Lake, California, U.S.A.°: 1° 

(4) Two spark photography ranges—one pressurized and one atmospheric 
—plus several smaller ranges at the U.S. Naval Ordnance Laboratory, 
Silver Spring, Maryland, U.S.A.11: 12 

(5) A pressure and temperature controlled range and two atmospheric 
spark photography ranges at the Ballistic Research Laboratories, 
Aberdeen Proving Ground, Maryland, U.S.A.13. 14, 39 

Recent studies at these facilities were described in papers presented at an 
Aerodynamics Range Symposium which was sponsored by the Ballistic 
Research Laboratories in January, 1957.1° 

The basic dynamic data provided by free flight ranges are the spatial 
location and direction cosines of a model at various points on its flight path. 
These data together with a time history of the missile’s flight can first be 
used to provide very accurate values of the drag coefficient (Cp + 0-5 per 
cent). Next these data may be analysed by a somewhat laborious curve 

fitting process*: 16 to yield values of the static moment coefficient (Cv, + 

2 per cent), the damping moment coefficients (Caz, +Cy,) + 10 per 

cent), the Magnus moment coefficient (CN, +10 per cent) and their 

associated force coefficients. This process is usually based on the assumption 

of rotational symmetry and linear aerodynamic force and moment. In 
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recent work, however, both the symmetry assumption and linearity assump- 
tion have been relaxed.17, 18, 19 

Aerodynamic data on gas properties can be obtained by means of inter- 
ferograms, schlieren pictures, and shadowgraphs. Some work on the develop- 
ment of telemetering for measurement of heat transfer and surface pressures 
is in progress but the high accelerations necessary to attain the required 
velocities make this work quite difficult. 

It is felt that with the advent of hypervelocity guns the aerodynamics 
range will make significant contributions to the field of hypersonic aero- 
dynamics. In this Mach number region it is possible to achieve much higher 
Reynolds numbers and stagnation temperatures than are available in wind 
tunnels. The problems of strut interference and background turbulence are, 
of course, not present. Ranges are, however, gravely limited by the need for 
indirect measurements and the fact that it is not possible to control the 
attitude of the models. Ranges and wind tunnels, therefore, are not com- 

petitive facilities but are complementary ones. 
This paper will be divided into three parts. The first part will describe 

the BRL Controlled-Temperature-Pressure Range and some work done with 
this facility. The second part will describe the two BRL atmospheric ranges 
and some of the programs fired in their facilities. The final part will describe 
a significant contribution of the range technique to the field of exterior 
ballistics—namely the prediction of motion of missiles acted on by nonlinear 
forces and moments. 

2. THE BRL CONTROLLED-TEMPERATURE-PRESSURE RANGE 

Figure | is a schematic diagram of the CTP Range. Its three principal parts 
are a 28 ft long gun chamber, a 45 ft long test section, and a 10 ft long 
stopping section. The dark frame in the center represents the external 
housing of a 10in. Mach-Zehnder interferometer. The cutaway section 
reveals both the annular evacuated space between the 30in. inner and 
66 in. outer cylinders and the cooling and heating coils wrapped around the 
inner chamber. The maximum gun caliber which has been used in the CTP 
Range is -75 in. Figure 2 is a photograph of the range. 

Test conditions can be varied in four ways: 

(1) any reasonable gas can be used in the range; 
(2) muzzle velocities up to 7000 ft/sec can be obtained from powder guns 

and up to 12,000 ft/sec from a light gas gun; 
(3) pressure can be varied from essentially zero up to 10 atm. ; and 
(4) the range can be cooled to 85°K by circulating liquid nitrogen and 

heated to 400°K by the use of hot oil. 

An important use of the temperature control characteristics of the CTP 

Range lies in the fact that ambient Mach numbers can be doubled by firing 

at the lowest available temperature. Thus Mach numbers in excess of 11 

have been obtained by the use of conventional guns and it is expected that 

a Mach number of 20 will be reached by means of a light gas gun. 

The range instrumentation consists of five spark shadowgraph stations 

and the 10 in. Mach-Zehnder interferometer located over a distance of 38 ft. 

Reference marks in the shadowgraph stations are surveyed to an accuracy 
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SMOKING PROHIBITED 4” 
BEYOND THIS POINT 

3 ve 

Fig. 2. Photograph of controlled-temperature-pressure range 

of 0-001 ft and time of flight between stations is measured to + 0-1 usec by 

Hewlitt-Packard 10 Mc/sec counters. The interferometer is equipped with an 
exploding wire light source,” a liquid-prism monochromator,?! and rotating- 
mirror camera (see Fig. 3). Figure 4 is a shadowgraph of a } in. sphere at 
M = 9-6 and Fig. 5 is an interferogram of a 4 in. sphere at M = 5-3. 

Fig. 3. Schematic of Mach-Zehnder interferometer 
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9-6 in. Sphere at M= 2 of Fig. 4. Shadowgraph 

4-in. sphere at M=5-3 Fig. 5. Interferogram of 
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The completed research programs making use of the CTP Range include 
measurements of drag coefficients for various flight conditions, ??, 2? measure- 
ments of density fields around bodies of revolution,?* 25. 26 an investigation 
of N-wave flows,2”? and a study of shock-wave curvature for hypersonic 
flow.28 Current work in progress includes: (1) the measurement of density 
fields about blunt shapes at hypersonic Mach numbers; (2) a joint investi- 
gation with the Naval Ordnance Laboratory to study the effect of stagnation 
temperature on drag at hypersonic Mach numbers; and (3) the proof 
testing of a light gas gun. 

3. THE BRL ATMOSPHERIC FREE FLIGHT RANGES 

3.1. Facilities 
The two atmospheric ranges at the Ballistic Research Laboratories are the 
285 ft Aerodynamics Range and the 680 ft Transonic Range. Both of the 
ranges were designed and built under the direction of A. C. Charters?®, 3° 
and both are instrumented primarily with spark shadowgraphic stations. 

The Aerodynamics Range*® consists of 50 precision survey spark stations. 
Figure 6 shows this range as seen from near the gun. The cylinders on the 
left are spark boxes which provide a spark of less than 1 usec duration. The 
missiles will normally pass inside the brass frames on the right and trigger 
the spark either electrostatically or electromagnetically. Photographic plates 
(11 in. by 14 in.) placed on the steel supports of each station then record the 
shadow of the missile directly, and indirectly by means of the mirrors. At 
up to 12 stations, the time intervals between spark discharges can be 
recorded to a least count of 5/8 ysec. By careful measurements of the plates 
the position of models may be determined to 0-01 in. and the angular 
orientation to.4 min of arc. Models with fin spans up to 60 mm have been 
successfully launched in this range. 

Fig. 6. Photograph of the aerodynamics range 
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The Transonic Range?* was designed with a very large test section area 
(22 ft by 22 ft) so that studies at transonic velocities could be made without 
fear of choking effects. An exterior view of this range is provided by Fig. 7. 
Models with maximum fin span of 6 in. have been launched through this 
range. Although the range building is 1000 ft long, only 680 ft are com- 
pletely instrumented. Figure 8 is an interior view of the range from the end 
of the third group of stations looking toward the gun. There are a total of 
five groups of five stations each. The large black boxes on either side of the 
cameras on the wall and on the left of the cameras in the pit are spark boxes. 
When a model passes a given station it interrupts a light beam and is sensed 
by a photocell. This causes the short duration sparks at that station to fire. 
The open cameras then record the shadow which is cast on 12 ft by 15 ft 
beaded motion-picture type screens. From these photographic plates and 
the precision survey it is possible to locate the model in space to + 0-01 ft 

Fig. 8. Interior view of transonic range 



152 Cc. H. MURPHY, JR. 

and determine angular orientation to 4min of arc. The timing accuracy is the 

same as that of the Aerodynamics Range. 

3.2. Dynamic and Aerodynamic Studtes 

Although most of the programs fired on these ranges have been essentially 

dynamic in nature, examination of the spark shadowgraphs usually provides 

valuable qualitative information on the boundary layer characteristics and 

shock-wave configurations. An interesting application* of this aerodynamic 

information is shown in Fig. 9. 

Fig. 9. ~ in. sphere fired under plate with +s in. holes 4 in. apart 

This shows a ;’5 in. sphere flying at a Mach number of three under a plate 
with 7g in. holes drilled every } in. in the direction of the trajectory. The 
shock configuration on the top side of the plate could be used as an illustration 
of Huygens’ principle applied to a diffraction grating. In this case the optical 
grating with up to 15,000 lines to an inch is replaced by a grating with four 
holes to an inch and the electromagnetic light wave is replaced by a density 
wave. Since the angle which the envelope of the spherical waves makes with 
the plate is approximately the Mach angle, the velocity of the sphere can be 
computed from this single photograph.*! With the introduction of a small 
correction for the strength of this diffracted wave, the sphere velocity has 
been obtained with an accuracy of about one per cent. 

The first dynamic investigations were made of drag characteristics of 
bodies of revolution,” 9° but later work was quickly extended to study all 
of the linear aerodynamic coefficients of missiles with rotational symmetry. 
A special gun with cruciform bore was constructed for launching finned 
missiles (Fig. 10). Figure 11 is°a shadowgraph of an early missile-configu- 
ration®? (Dragonfly) which was fired from this special gun. 

*Another such application was the verification of A. H. Stone’s prediction of the relatio 
between the yaw of a cone and the yaw of its associated shock wave.37: 38 
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Fig. 11. Model of Dragonfly (MX802) in supersonic fight 
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Another research program? which made use of this gun was the flight 
test of the NACA Research Model 10. The Reynolds numbers and a number 
of interesting shadoweraphs of transition were obtained. For example, a 
close examination of Fig. 12 would reveal a spot of isolated turbulence on 
the upper surface of the model 5°] diameters to the rear of the nose. A 
close-up of this turbulent spot is given in Fig. 13. 

Fig. 12. Model of NACA RM-10 at Re=12~x 10° 

Fig. 13. Close-up of turbulent spot 
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Another technique for launching finned models involves the use of sabots 
and smooth-bore guns. Figure 14 shows a swept cruciform plastic configu- 
ration** beside a rather simple plastic sabot®®. This sabot supports the model 
in the gun and separates rapidly under the influence of aerodynamic drag. 
Figure 15 shows this unusual configuration in flight. 

Recently interest has grown with regard to range tests of current airplane 
designs.1® Plastic models of the F84 Thunderjet have been successfully 

Fig. 14. Swept cruciform configuration with plastic sabot 

Fig. 15. Swept cruciform configuration in flight at M=1 8 
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launched at supersonic Mach numbers (Fig. 16). As part of a joint program 
with the Canadian Armament Research and Development Establishment, 
1/126th models of the CF-105 (Avro Arrow) have been fired at the Transonic 
Range. Figure 17 shows a model of the CF-105 model in its aluminum 

Fig. 17. 1/120 Model of CF105 from its Sabot 
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sabot. (The sabot was designed by Carper.) Figure 18 is a photograph of the 
sabot separation process. 
The analysis of flight results can be difficult but reasonable progress on 

this problem is being made. . 

Fig. 18. Separation of CF 105 from its Sabot 

4. MEASUREMENT AND PREDICTION OF NONLINEAR 

FORCES AND MOMENTS 

The aerodynamic stability derivatives which have a measurable effect on 
the pitching and yawing motion of a missile with an angle of rotational 
symmetry less than 180° may be defined by the following equation: 

X = (1/2)e V2 SCp (1) 

¥ +i = —(1/2)p V?SCy (8 + 2a) (2) 

& . 
M + iN = (1/2)e V2 SI a, C40 | B+ =| 

+t] _, [@+idl , ple tix) 
+6] 25] — iou,| § ae (3) 

The symbols have the usual aerodynamic meanings and are defined in 

reference 36. 
In Eqs. (1-3) both the angles and the angular velocities are measured in 
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missile-fixed co-ordinates. Since non-rolling co-ordinates give rise to slightly 
less complex differential equation, we will make use of a non-rolling 
co-ordinate system. Quantities in this co-ordinate system will be distinguished 

by tilde superscripts (Fig. 19). 

PITCHING & YAWING MOTION 

PLANE NORMAL TO FLIGHT PATH 

Fig. 19. Co-ordinate system for pitching and yawing motion 

If the effect of gravity is neglected, the aerodynamic force assumed to be 
linear, and the mass distribution assumed to be symmetric (Jy = J), the 
following differential equation for the complex angle of attack, , can be 
derived: 

e" + (H—iP) &’—(M + iPT)&==0 (4) 

where 

B= 6 + ia = (8 + ia) ef Joe 

Ip bs | 20h (Cu, + ex) 

Vi est ke? Cu 
2m o 

__ pSl 

2m 
if lex, Cp } kg Cu, 

ke = ap transverse radius of gyration 

I; : 3 : 
ka = | — axial radius of gyration 

ml? , 

I, = axial moment of inertia 

I, = I, transverse moment of inertia 
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and primes denote differentiation with respect to dimensionless arc length 

s= {+ dt. For constant spin to velocity ratio and constant moment 

coefficients, Eq. (4) can be easily solved: 

bak, *; 4 he, (5) 
where 

Pate Aes et 

i he) and 

Ae 1p. wl |—# +7P + /4M + H*—P? + 2iP ar—7)]. 

The pitching and yawing motion is described in a complex plane by the 
sum of two two-dimensional vectors which are exponentially damped in 
magnitude and rotating with angular velocities 9;. For a statically stable 
missile with zero spin (M < 0, P = 0) the motion is described by a damped 
ellipse (Fig. 20). If the missile is allowed to spin, the ellipse will precess and 
become an epicycle (Fig. 21). A statically unstable missile which is spin- 
stabilized (MM > 0, 4M—P? < 0), has an epicyclic motion with the nodes 
on the inside (Fig. 22). 

The basic procedure in range tests is to fit observed pitching and yawing 
motion by Eq. (5) and to infer from the measured damping factors and 
frequencies the actual aerodynamic moments which act on the missile. In a 
similar fashion the center of mass motion can be used for measurements of 
the normal force derivative C. Ny 

GENERAL MOTION PLANAR MOTION 

Fig. 20. Angular motion of non-rolling statically stable symmetric missile 

yy 

Fig. 21. Angular motion of rolling statically stable symmetric missile 
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~ 
a 

Fig. 22. Angular motion of rolling statically unstable symmetric missile 

Although this analysis for range tests is clearly restricted to linear forces 
and moments, missiles with known nonlinear characteristics have been 

studied in free flight. An examination of their pitching and yawing motion 
revealed the fact that this motion is not qualitatively different from that 
associated with linear forces and moments. 

In other words, it was not possible to determine the presence of non- 
linearities from the angular motion of individual models over the relatively 
short observed trajectories. On comparing fitted damping exponents and 
frequencies from different firings of the same configuration at the same 
Mach number, it was found that they varied with the amplitude of the 
motion. Hence, the nonlinear motion over short trajectories can be approxi- 
mated by the linear epicycles but the epicyclic parameters are functions of 
some “‘effective’? magnitude of the motion. 

The precise way in which these effective epicyclic parameters should be 
computed was described in reference 36. For example, if it is assumed that 
the static moment is cubic, then the corresponding moment coefficient can 
be written in the form 

Co, == W + ag 3? (6) 

where 
82 = | 2[2? = a2 + Be 

For this form of C M,? it can be shown that the frequencies must satisfy the 
equation: 

C 9'1 92 = a + a, 8? (7) 
where sai 

el? 
Ky? oy 2 es 



RANGES IN BALLISTIG AND AERODYNAMIG RESEARCH 161 

If we call the left side of Eq. (7) the “effective” static moment coefficient, 
this equation states that pairs of effective static moment coefficients and 
effective angles of attack squared as obtained from different tests of the 
same configuration should fall on a line. The slope of this line is a, and the 
intercept is dp. 

Values of a) and a, have been obtained for a number of programs by this 
technique.'* The results possess excellent internal consistency and compare 
well with direct wind tunnel measurements. Similar relations have been 
used to measure cubic Magnus moments (C M,,)° 

In view of this success attention was turned to the problem of predicting 
the motion of a missile over long portions of its trajectory. Since the growth 
or decay of the motion is of essential importance, the problem reduces to a 
study of the behavior of the modal amplitudes (Ki). By means of the equi- 
valent linearization process which yielded Eq. (7) it is possible to calculate 
the time history of this quantity for any known nonlinear moments. 

The results of this calculation may be displayed in an amplitude plane in 
which one modal amplitude is plotted against the other. The amplitude 
plane for a quintic Magnus moment is shown in Fig. 23. 

Fig. 23. Example of an amplitude plane 

For given initial conditions the initial values of the amplitudes may be 

computed. These values then identify the particular curve in Fig. 23 which 

describes the subsequent motion of the missile. We note from the figure that 

if the initial amplitudes lie to the left of the dotted line the motion is bounded. 

If they lie to the right, it is unbounded. This dependence of the motion on 

initial conditions is an important nonlinear property. The use of amplitude 

planes has proven to be important for the proper design of current missiles. 
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CONCLUDING REMARKS 

(1) The general characteristics of the range technique have been outlined. 

(2) The three BRL ranges as well as associated research programs have 

been described. 
(3) An important contribution of range work to aerodynamic design has 

been indicated. 
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DISCUSSION 

W. Mutter: I should like to know the spark duration you have applied in your shadow 

photographs. 

C. H. Murruy: The spark duration for our small range is 3 usec and in the larger range 

where we have a much larger cross-section the duration is about 2} usec. For further details 

of the spark there is a report by Professor Kovasznay of John Hopkins University. The paper 

was published in the Review of Scientific Instruments, Vol. 20, page 696. 

B. Kocu: En vue des applications pratiques sur les champs, et dans les tunnels de tir 

ainsi qu’en soufflerie nous avons cherché au Laboratoire de Recherches Techniques de 

Saint-Louis (France) a définir la précision avec laquelle on peut déterminer et fixer la 

position et la vitesse instantanée ainsi que la perte de vitesse, donc le coefficient balistique, 

des projectiles normaux ou des maquettes de projectiles a Vaide de Veffet DoppLer-FizEAu 

d’une onde électromagnétique réfléchie par le dit objet. Dans ce but nous avons combiné 



164 CG. Hy MURPRYG alee 

cette méthode radio-interférométrique avec la technique des compteurs-chronographes et 

de la photographie ultrarapide par étincelles. Nous avons essayé de réaliser ces mesures sur 

une base aussi petite que possible avec un maximum de précision. Cette combinaison pourrait 

éviter, dans certains cas, l’emploi de souffleries supersoniques 4 condition que la photographie 

ultrarapide synchronis¢e automatiquement par le procédé lui-méme fournisse une indication 

sur la stabilité du projectile et sur 1’écoulement autour de ce dernier. 

La Fig. 1 représente le dispositif expérimental: Le projectile se déplace avec la vitesse v 

dans le faisceau d’une téte HF. (longueur d’onde 4 = 3,2 cm) qui fonctionne en régime 
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entretenu. Il est bien évident que l’intervalle de temps entre deux crétes de la fréquence de 

battement fp = 2;v de. l’onde émise avec l’onde réfléchie par le projectile (phénomene se 

produisant dans le cristal-mélangeur ‘“‘cohérent”’ de la téte HF) est rigoureusement équivalent 
a un parcours de 2/2 du projectile sur sa trajectoire, 4 condition que celle-ci soit sensiblement 

paralléle 4 la direction de propagation de l’onde électromagnétique. L’amplificateur de fp 

débite alors vers un démultiplicateur de fréquence qui, 4 son tour, asservit un répartiteur 

d’impulsions avec une série d’impulsions se succédant a la cadence fp/100. L’apparition des 
impulsions successives a la sortie de ce répartiteur est verrouillée strictement aux multiples 

de 100’4/2 4 compter de la sortie du projectile de la bouche ou d’un contact de rupture.en un 

point déterminé de la trajectoire. Ainsi les éclateurs ponctuels espacés exactement de 100’2/2 

lun de l’autre le long d’une paralléle a la trajectoire marquent la silhouette du projectile 

sur des plaques photographiques installées en face ce qui permet de déterminer la position 

du projectile par rapport 4 des repéres espacés également de 100’A/2 avec une précision de 

Pordre de + 0,1 mm. On obtient alors pour chaque tir une série de clichés (voir fig. 2) qui 

permettent une évaluation précise de la dispersion statistique de la position dans le temps 

des impulsions d’amorcgage par rapport aux positions du projectile dans l’espace. En se 

basant sur plusieurs séries on a trouvé une dispersion moyenne de la position de + 0,3 mm 

ou une dispersion du moment de l’amorgage de + 0,8 s (pour v 400 m/s) resp. + 0,4 (pour 

v 800 m/s) par rapport aux positions ou moments “idéaux’’ (la dispersion propre des 

éclateurs étant de ordre de 0,1 a 0,2). Ce résultat est équivalent 4 une précision de la 

position relative a la base de mesure (1600 mm) de l’ordre de + 0,2-10-%. En se servant d’une 

telle base pour une mesure de vitesse en combinaison avec un compteur-chronométre A 

temps de résolution assez réduit, il s’en suit une précision relative de l’ordre de + O;3 10-2 

pour la vitesse sur une base de l’ordre de 1600 mm. Cette mesure (qui constitue en méme 

temps une mesure de la perte de vitesse) se fait en branchant trois compteurs sur le répartiteur, 

dont les impulsions de sortie fournissent successivement les impulsions ‘‘Départ”’ et ‘“Arrét” 
aux compteurs selon la Fig. 3. 
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Fig. 2 
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Le cliché suivant (4) contient le résultat d’une série de tels essais. Les colonnes 5 et 6 
indiquent les différences des temps de parcours entre les bases I et II resp. II et III avec 
lerreur quadratique moyenne de chaque essai. La précision est donc limitée ici par le temps 
de résolution des compteurs-disponibles (1,6 MHz) en moyenne égal a + 0,51 us pour le At 
entre deux bases. De ce fait la précision de mesure du coefficient balistique pour un seul tir 
est actuellement limitée par les compteurs 4 7-8%, tandis que le résultat obtenu par la 
photographie synchronisée laisse attendre, pour une longueur totale de 8 métres (5 fois 
1600 mm), une précision de 1-2% pour chaque essai, si le dispositif de mesure du temps 
permet d’exploiter la précision propre du procédé. Ce résultat a été confirmé récemment a 
l’aide d’un appareillage modifié; le résultat de ces expériences sera publié ultérieurement. 

C. L. Poor: I should like to ask the last speaker one question and make some statements 

about the techniques that he proposes. We have been using similar short-wave interferometer 

techniques for observing the accelerations of projectiles inside the bore of guns. This radio 

interferometer technique has proved extremely useful, essentially because the attitude of the 
projectile’s nose is constrained while it goes down the tube. In free flight high precision 

interferometer measurements have, for us, proved of little use. The essential reason for this 

is that in most cases one wishes to determine the drag coefficient for zero yaw and separately 

determine the effects of the lateral motion of the shell on the drag coefficient. This no single 
deceleration system can do. One has to measure the attitude as well as the deceleration itself. 
Therefore, for high precision shell measurements we have found it always necessary to take 

photographs, whether or not the deceleration is measured by radar interferometric techniques. 

I should like to ask the last speaker what is the dispersion in practical drag measurements he 

has experienced. 

B. Kocu: In 1948, we also took measurements of projectiles inside the bore of guns by 

means of 30 mm and 60 mm radiations. The results again are contained in a report. We 
carried the method no further for purely technical reasons because we had difficulties of 

interference with shock waves and ionized gases, but we are now at the stage of taking up 

this method again with improvements. In the meantime I know that you have used the same 

method with good results. So far as the application of these methods in free flight is con- 

cerned, I can confirm essentially that, as you say, the dispersion of the drag coefficient by 

ballistic influence is considerably higher than the corresponding measurement accuracy of 

the Doppler method. For this reason we have just combined the method with conventional 
spark photography techniques as a simultaneous time measurement and spark initiation 

system in order to determine the attitude of the projectile in flight. On the other hand, I 

believe that for finding out ballistic irregularities on the trajectory we should have measure- 
ment procedures with greater accuracy than the integral influence of aerodynamic effects 

being examined. 

H. H. Kurzwec: What is the maximum velocity of the projectile which you have 

measured within the barrel? 

B. Kocu: As I remember, it was about 600 m/sec. At that time (1948) we were restricted 

by the technical means at our disposal. The highest speed we have measured so far was 

7000 m/sec (detonation speeds). 

H. H. Kurzwec: We have had very good success with this method up to 5000 ft/sec; 

that is, about 1500 m. Above this speed it does not work any more. First, we get so much 

disturbance by the beginning of the ionization behind the shock in front of the projectile 

that the wave reflection is erratic. At speeds above 2000 m/sec, we get good readings again, 

but this is the speed of the shock front. Have you found the same thing ? 

B. Kocn: I can say from previous measurements within the barrel we have not attained 

the accuracy attained in free flight measurements, especially on account of the effect of the 

shock wave and ionized gases; therefore at that time we tried to get down to shorter wave 

lengths. We were a little bit disappointed as we got only accuracies of the order of $ per cent, 

and therefore we have not gone on with the same method but we think we can attain better 

results now. 
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INTRODUCTION 

WueN the U.S. Army Ordnance planned the first firing of its guided missile 
program for the fall of 1944 it became apparent that the problem of instru- 
mentation of a ballistic missile program would be an enterprise of an entirely 
different magnitude from that then in use for conventional artillery rocket 
program. As in the case of the Peenemiinde program before, there was 
insufficient time to develop an adequate instrumentation system for those 
early firings and consequently instrumentation then in use was hastily 
adapted and installed at Leach Lake in the California desert. This instru- 
mentation was very simple, but fortunately so were the first firings which 
were planned as a training program for the guided missile work to 
come. 

Similarities with the Peenemiinde program ended here, however, for two 
reasons. First, the American Army missile program was a long-range 
program not intended for World War II which was then nearly over, and 
second, clear desert weather conditions made it possible to use much more 
elaborate optical instruments than were usable at Peenemiinde where 
weather puts severe restrictions on seeing conditions. In the following dis- 
cussion, typical solutions for instrumentation problems arising in the guided 
missile program will be discussed. The problems here discussed are not to 
be considered as all-inclusive by any means but rather to be representative 
of the field and will be largely restricted to work done by Army Ordnance 
about which the author is most familiar. Finally, a brief discussion of the 
adaptation of the guided missile instrumentation techniques to the satellite 
tracking problems will be discussed. 

RADAR TECHNIQUES 

As is usual in programs of this nature adaptation of existing techniques is 
the first step. This was the case of radar application to the guided missile 
program. Microwave, fire-control radar were developed and in use by the 
latter part of World War II. Modification of these instruments for missile 
tracking constituted most of the radar work in the early part of the program, 
later missile guidance radars were modified for instrumentation use. Finally, 
very recently the first radar developed especially for instrumentation purposes 
has been finished. Since radar fire-control techniques are well known in 
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general, little time will be spent on this phase of guided missile instrumen- 
tation, except to enumerate some of the more important modifications. 
Responder beacons carried by the missile to increase the range of tracking 
and eliminate spurious signals is one of the most important of the contri- 
butions. Another one is the development of automatic plotting boards that 
give real time presentation of the data acquired by the radar; these have 
proved extremely useful even though of limited accuracy. And finally, one 
should mention the chain radar system which makes it possible to pass the 
tracking ofa missile from one radar to another and thus extend tracking ranges 
as much as is needed. 

TELEMETERING 

Another important field that has had great effort expended on it and has 
developed to a very advanced state is telemetering. This too can hardly be 
covered adequately in a limited presentation. Again, about all that can be 
done is to enumerate the general types that are in use and even then not all 
of those. Fortunately, many people are reasonably familiar with this subject. 

In general, telemetering systems divide themselves into two main cate- 
gories. First, frequency division multiplex where each intelligence channel 
is allocated a different frequency band. Examples of this are: 

The second classification is a time division multiplex where each infor- 
mation channel is allocated a time interval and the entire frequency spectrum 
is utilized by each channel. Examples of time division multiplexing are: 

(1) PWM/FM_ Pulse Width Modulation 
(2) PPM/AM Pulse Position Modulation 
(3) PCM/AM Pulse Code Modulation 
(4) PAM/FM Pulse Amplitude Modulation 

Finally, the two systems can be combined for greater flexibility. 
Of the many possible combinations two have been standardized in the 

United States, that is, an FM/FM system and the PWM/FM system. 
Standardized FM/FM system is characterized as follows: 

(1) Maximum number of continuous independent data channels that 

may be telemetered is 18. 

(2) Frequency response of the channels is graduated from 6 c/s to 2100 c/s. 

Frequency response of each channel may be increased at expense of 

channel signal-to-noise ratio. 

(3) Each of the 18 channels may be time division multiplexed to provide 

a great number of data channels at the expense of a lower frequency 

response. ’ 

(4) Relatively large radio frequency bandwidth is required for data 

transmission. 
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The PWM/FM time division multiplex is characterized as follows: 
(1) Maximum number of data samples that can be telemetered is 900 

samples per second in one of the following sequences: 

Channel No. Sample Rate 
(a) 30 30 
(b) 45 20 
(c) 60 15 
(d) 90 10 

) Frequency response of a channel is a function of the sampling rate. 
) Small radio frequency bandwidths are required. 
) System is simple in operation and is self-calibrating. 
) High numerical accuracy of the data can be obtained. 

RADIO DOPPLER 

One other electronic instrumentation is the radio doppler system. This was 
not an adaptation of an existing system but rather was developed for the 
missile tracking program. It was developed at Peenemiinde and inde- 
pendently in the United States. Radio doppler measurements for short 
ranges can be accomplished by reflection techniques where the signal is 
reflected from a target and the reflected signal is received on the ground 
and compared with the original signal. Figure 1 shows an example of this 
type of equipment. This equipment operating at 10 cm wavelengths was in 
use on conventional rocket firings previous to the advent of the U.S. guided 
missile program. 

For longer ranges a beacon in the missile is necessary. The beacon doppler 
system in the most general form involves transmitting a radio frequency wave 

Fig. 1. Radio interferometer operating on a 10 cm wavelength 



OBSERVATION OF GUIDED MISSILES AND SATELLITES 171 

from the ground to the missile, receiving and amplifying the signal and 
transmitting back to the ground a second signal which bears a constant 
phase relationship to the signal received at the missile. Heterodyning of the 
transmitted and received signals yields the magnitude of the radio frequency 
doppler effect. In this system instead of depending upon the energy reflected 
from the missile body as is the case when using any of the so-called reflection 
doppler systems, a signal of many times greater amplitude is radiated by a 
beacon in the missile, thus greatly extending the range of the system. The 
above system goes by the name of DOVAP, derived from Doppler Velocity 
and Position Instrumentation. 

Basically, DOVAP provides for transmitting a stabilized continuous radio 
frequency wave from a fixed ground station to the missile, doubling the 
frequency of this transmitted wave in the missile receiver and transmitting 
the doubled frequency from the missile to three or more fixed ground 
receivers. By amplifying and doubling the received reference frequency and 
transmitting the signal, fixed phase relationship is obtained and the technical 
difficulties encountered in attempting to receive and transmit on a common 
frequency are eliminated. 

The frequency of the missile signal as received at each ground station is 
heterodyned with twice the frequency of the original transmitted ground 
signal. This is accomplished by receiving this reference frequency on a 
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separate receiver at each ground station and doubling the frequency by the 
same method used in the missile receiver. The beat or doppler frequency is 
produced by mixing the radio frequency output from the two receivers. Land 
wires are used to transmit the doppler signals to a common point for the 
purpose of making permanent and continuous records of the signal. In 
Fig. 2 a typical DOVAP field setup is depicted. Each doppler frequency 
cycle represents a change in path length from the transmitter to the missile 
to the ground receiver of one-half wavelength of the reference frequency. 
From the differences in the change in path length of three or more receivers 
the spatial co-ordinates of the missile at any instant may be computed by 
solving a group of equations representing the intersection of three or more 
ellipsoids. The data obtained by the DOVAP system in their recorded form 
consists of a long and continuous series of doppler cycle sine waves from each 
receiver station and a time calibration on the record. A common starting 
point on the three records is necessary to obtain the absolute co-ordinates of 
the trajectory. Usually, a point determined by optical means is used as a 
starting point, although with enough stations a starting point may be deter- 
mined from the station records alone. The DOVAP system is still one of the 
principal instrumentation systems at White Sands Proving Ground and at 
other ranges in the United States and is the principal instrumentation 
system used at the Fort Churchill I.G.Y. Rocket Firing Range. The cumber- 
some problem of data reduction is largely overcome by automation of the 
process. In its present form, the data is recorded on magnetic tapes which 
are then fed into equipment that transforms the data to a form that the 
automatic computers can handle. The accuracies obtained with this system 
are quite comparable to the best results obtained from the ballistic camera 
methods to be discussed later. Figure 3 shows a velocity record for a V2 firing. 

450 
Round No 17 

fired Dec.17 1946 

ea aan er 
400 

Doppler cycles [le sec 

nN (e) (Ss) 

Time, sec 

Fig. 3. Radial velocity curves obtained by DOVAP on a V2 flight 
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OPTICAL METHODS 

The following example of optical systems are illustrative of the development 

in this field. 

BRL-NGF-Askania 

Figure 4 shows an adaptation of an instrument originally designed to 
evaluate anti-aircraft fire, namely, Askania Cinetheodolite. However, only 

the azimuth and elevation mechanism remained of the original instrument. 
The optical system, the camera, the dial system and the timing system are 
all new. The important characteristics of the instruments are as follows: 

Purpose: Medium accuracy trajectory determination 

Optics: Cassegrain 
Aperture: 8 in. 
Focal lengths: 60 in., 96 in., 120 in., 180 in. 

Camera: Mitchell 35 mm film transport and shutter 
Frame rates: 16, 32, and 64/sec 

Shutter: disc shutter with variable slit from 5° to 170° 

Mount: Altazimuth 
Two-man tracking, manual control 

Accuracy: 20 sec of arc (1/10,000) (relative) 

In this field, of course, there are other instruments that serve similar 

functions; for example, to mention only one, the Contraves cinetheodolite 

developed by the Contraves Company of Switzerland. 

Tracking telescopes 

Figure 5 shows one of the family of tracking telescopes. The purpose of 
this instrument is to record the attitude of the missile in flight; it has the 
following characteristics: 

Purpose: Attitude determination and events recording 

Optics: | Cassegrain, twin 
Aperture: 10 in. (16 in. alternate) 
Focal lengths: 175 in., 300 in. 

Camera: Mitchell 35 mm high speed 
Frame rate: 60/sec (maximum) 
Shutter: variable disc, 5° to 170° 

Film capacity: 400 ft 

Mount: Altazimuth, modified SCR 547 radar mount 

One man tracking, ball control, separate visual tracking scope 
and tracking through main optical system by means of beam 
distributor 
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Fig. 6. Example of measurements obtained with the tracking telescope 

Usable images from missiles as far away as 50-75 miles distance have 
been recorded with this instrument. Figure 6 shows an example of the 
information that can be obtained from this type of instrument. 

Intercept telescope 

Figure 7 shows one of the intercept ground optical range instruments. 
This instrument is designed to record encounters of missiles and aerial 
targets; they are used in groups, two instruments forming a baseline. Each 

_ instrument tracks the target and records the passage of the missile. By 
photographing the target and the missile on the single photographic frame, 
the differential distance can be obtained with high accuracy, and with a 
minimum of two instruments a complete encounter can be recorded. 
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Fig. 7. Igor intercept telescope 

Figure 8 illustrates such an encounter. The upper frame shows a missile 
approaching a B-17 drone, the lower frame records the explosion. The 
important characteristics of instrument follow: 

Purpose: Guided missile-target intercept measurements 
Optics: Newtonian (modified) 

Aperture: 16 in. 
Focal length: 96 in. 

Camera: Mitchell high-speed 35 mm 
Frame rate: 60/sec maximum 
Shutter: variable slit shutter, from 5° to 170° 

Exposure time (minimum): 1/4000 sec approximately 
Film capacity: 400 ft 

Mount: Altazimuth, 5 in. Navy gun mount, modified 
Tracking: manual, two-man : 

Note: Recent IGOR instruments have BRL mount, similar 
to SMT 

Accuracy: + 1 ft, within 200 ft intercept radius, at 40,000 ft height of 
encounter 

Auxiliary Fastax high-speed 16mm camera, at 1000 frames/sec. 
equipment: Records time of warhead functioning to 0-001 sec. 

a  . 
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Fig. 8. Results obtained with Igor instrument. Upper frame shows missile approaching target. Lower 
Srame shows explosion 

Ballistic camera 

Figure 9 shows a BC-4 ballistic camera (phototheodolite). This particular 
design is a result of combining and modifying two standard instruments 
produced by Wild Heerbrugg Company of Switzerland. The modification 
was suggested to the company by the Ballistic Research Laboratories and 
carried out by the company. This instrument has since become very popular 
on United States ranges, and at least one other Government is procuring 
instruments of this type for their ballistic missile work. The instruments are 
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Fig. 9. BC-4 ballistic camera 

Fig. 10. Tracking ballistic telescope used for satellite observation 
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used in pairs forming baselines with carefully synchronized shutters. The 
elaborate synchronization system is not shown on this picture. The charac- 
teristics of the BC-4 are given below: 

Purpose: Precision trajectory determination 
Optics: Aviogon F.A. = 90°, focal length 115 mm, aperture 21 mm 

Aviotar F.A. = 60°, focal length 210 mm, aperture 50 mm 
Astrotar F.A. = 43°, focal length 304 mm, aperture 117 mm 
Infragon and Infratar corrected for near infrared 
Note: Lenses are nearly free of distortion 

Camera: Field size: 18 x 18cm 
Photographic plate: 6 mm thick, 6 fringes 
Rates of exposure: Primary rotating disc rates: 40, 30, 20, 

and 10/sec. Capping ratio with third rotating disc: 1/2, 1/3, 1/4 
Length of exposure: 1/300 sec/min 
Shutter: Rotating shutter, between the lens; accuracy: 

50 psec +, capping shutter, external; accuracy: 10 usec ++ 
Mount: Modified Wild T-4 astronomical theodolite 
Accuracy Aviogon (Infragon): 2” (1/100,000) 
(absolute): Aviotar (Infratar): 2” (1/100,000) 

Astrotar: 1” (1/200,000) 

To obtain the absolute accuracies quoted above the instruments are oriented 
by means of stars. This is done by recording interrupted star trails on the 
photographic plates. The time of interruption is carefully recorded. Thus. 
given known position on the trail from which the orientation of the instru- 
ments can be determined. 

DATA PROCESSING 

All of the instrumentation systems mentioned above result in the accumu- 
lation of vast amounts of data. Making data processing by anything but 
automatic or at least semi-automatic means an impossible task, if useful 
information is to be gleaned from these data in time to be useful to the 
programs. 

No attempt can be made here to cover the subject of data reduction 
adequately except to say that most new developments in this field use as a 
basic unit a universal high-speed electronic computer. Auxiliary equipment 
merely transforms the raw data to a form that can be handled by the 
automatic computer. 

SATELLITE TRACKING 

In 1955 the Ballistic Research Laboratories published report No. 956 
entitled, Scientific Objectives and Observation Methods for a Minimum Artificial 
Earth Satellite. In this report both electronic and optical observation methods 

were proposed, These proposals were merely extensions of techniques 

developed by the Ballistic Research Laboratories for long-range tracking 

of ballistic missiles. 

Electronic tracking — 

The electronic tracking system in use on the satellite problem is similar 

to the DOVAP system previously described, only in this case the transponder 

is replaced by the transmitter in the satellite, and no ground transmitter is 
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necessary. However, because of the weak signals (approximately 10 mW) 
and the large distances over which these signals are received, the receiver 
must be of a special design. 

The capability of this receiving system to detect signals at very great 
ranges is dependent upon the use of the phase-locked narrow bandwidth 
tracking filter which is associated with the receiver. This filter is the direct 
result of the proposal made in 1955 for a method of tracking very low energy 
signals. The doppler signal derived from the satellite carrier frequency is 
frequency biased to a mean value of about 5 ke/s. The tracking filter is capable 
of tracking audio frequency ranges from 2 kc/s to 8 kc/s. Bandwidths of 
0-5, 1, 2:5, 5, 10, 25, and 50 cycles are available and may be selected at will. 

Without going into any great technical detail, it will be sufficient to say 
that by the use of this equipment with a bandwidth of 10 cycles the 10 mW 
transmitter in the satellite has been tracked for distances of about 7000 miles 
with a useful signal. 

These receivers_can be used on a short baseline (approximately 50 
wavelengths) and by employing two crossed baselines a pointing direction 
to the satellite can be obtained. 

Another method of using these receivers is at the ends of long baselines, 
say approximately 2000 miles. In this case, one records the doppler fre- 
quency as a function of time as the satellite approaches and recedes from 
the point of closest approach to the receiving station. By a study of the shape 
of the curve of frequency versus time, it is possible to obtain a slant range 
distance from the receiver to the satellite at the point of minimum approach. 
By doing this from at least three stations, a satellite position can be obtained. 
At the present time one such station exists at Aberdeen Proving Ground, 
Maryland, a second one is going in at White Sands Proving Ground, New 
Mexico, and there are plans for putting in a third station at Quito, Ecuador. 
As soon as these three stations are installed, complete satellite position 
determination can be obtained by this method. 

Optical tracking 

Like the electronic method described above the optical tracking system is 
a straightforward adaptation of equipment developed for ballistic missile 
instrumentation. This equipment makes use of two separate optical systems, 
one for tracking the satellite and one for obtaining simultaneously star trails 
for calibration purposes. Figure 10 shows the tracking ballistic telescope. 
Its characteristics are as follows: 

Purpose: High accuracy position measurements of artificial earth 
satellites 

Optics: — For satellites 
Modified Cassegrain 
Aperture: 30 in. 
Focal length: 108 in. 
For stars 

RC-5 (Wild) high-precision lens cone 
Field diameter: 60° or 90° 
Aperture: 5 mm or 21 mm 
Focal length: 210 mm or 115 mm 

i 
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Camera: For satellites 

High-speed 70 mm full frame 
Frame rate: 60 frames 1 sec max 
Shutter: rotating disc shutter, variable slit, from 10° to 170° 
Film capacity: 400 ft 
For stars 

Plate: 180 x 180 mm Flat to 7 fringes 
Mount: Altazimuth, BRL 

Tracking: One-man, servo-controller hydraulic aided system 
Accuracy: 2” (1/100,000) 

Figure 11 shows some photographs taken of Sputnik II in the insert with 
the corresponding star trails taken simultaneously. 

Both the electronic and the optical tracking techniques described above 
have justified the proposals made in 1955. 

Fig. 11. Shows photographs of Sputnik IT in the inserts. The calibrating star trails are shown in the 

main frame 

CONCLUSION 

At the beginning it was stated that this presentation did not propose to be an 

all inclusive discussion of this field but rather that it was a somewhat random 

sampling in an attempt to give some feeling of the development that has 

occurred in this field in the United States since 1944. It is hoped that it has 

done that. 
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DISCUSSION 
T. von KArmAn: I only want to mention an historical fact which Dr. Delsasso brought up. 

In the early beginnings of guided missiles, the Armed Services were engaged in the develop- 

ment of so-called guided bombs. I remember that they were called “Azon” and “Razon’’. 

Azon was controlled in azimuth only, and Razon was controlled in both range and azimuth. 

They were tested at Aberdeen. The first measure the Aberdeen command took was to double 

the danger zone where you were not allowed to walk. I asked Leslie Simon why this was 

necessary. He said that if a bomb is not guided, you can calculate approximately where it 

will fall, whereas if it is guided, only the good Lord knows where it will go. I think he was 

right. I hope that all our efforts in the guided missiles field will change this situation. From 

this point of view, it is highly interesting to see what degree of accuracy has already been 

reached. 
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1. SPECIAL BALLISTIC RANGES 
Introduction 

THE performance of ballistic vehicles, such as projectiles, missiles, bombs, 
rockets, etc., is not only an image of the engineering ability of their designers 
but shows also to a great extent the status of theoretical aerodynamic and 
ballistic knowledge available at the particular time of their inception. This 
knowledge has been considerably advanced during the last few decades, 
resulting in the well-known accomplishments in present engineering. Among 
the tools which contributed substantially to this progress are the experi- 
mental research and development facilities developed for the check of 
theoretical concepts and the testing of full-scale behavior on correctly 
scaled models of the vehicles under consideration. This procedure is com- 
monly known in aeronautics where the subsonic wind tunnels played an 
essential part in the remarkable progress during this century. 

The use of wind tunnels in ballistics was of interest for very few people 
until two decades ago when the big missiles were born and the supersonic 
wind tunnels obtained the necessary size and power. Before that time 
quantitative results on projectiles from subsonic wind tunnels, which usually 
did not agree with free-flight data, were practically ignored by hardware 
ballisticians. 

Also the tests in supersonic wind tunnels where, in general, only similarity 
in Mach number was established showed results which sometimes did not 
agree at all with free-flight data. Because of viscous flow effects, such as 
boundary layer, separation, base pressure, and heat transfer, discrepancies 
occurred in the coefficients so that the developers of projectiles preferred 
their testing in field firings. 

With the development of the large-scale missiles, however, trial-and-error 
methods in field firings became impossible because they were too expensive 
and time-consuming. The solution of this problem came with the advance- 
ment in theoretical understanding of the supersonic flow processes and 
correct application of the similarity laws in model testing. At this time also 
the supersonic wind tunnels became a recognized experimental tool for 
the science of ballistics. 

On the other side, of course, the people who subscribed to free-flight tests 

also made use of the similarity rules by revising their test techniques. They 

realized that results from firings in the blue sky showed considerable scatter 

because of Reynolds number effects, irregular atmospheric conditions, and 

other unexplained phenomena. To eliminate such sources of error, firing 

ranges protected from atmospheric disturbances were designed. In these 
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ranges projectiles could be fired under reproducible conditions and drag 

and attitude measurements could be made from spark photographs. Depend- 
ing on their particular purpose these ranges assumed individually different 

features. 
In the following talk some of such special types of ranges will be discussed. 

These are facilities which have been designed to study specifically theoretical 
concepts of similarity on scaled models or full-scale projectiles, or in which 
certain phases of flow, in particular at hypersonic speeds, can be investigated 
on specially designed projectiles. Experience has shown that these ranges 
together with the supersonic and hypersonic wind tunnels and their modern 
modifications have advanced experimental ballistics considerably during the 
last decade. In spite of the objections that some of the investigations can be 
made in wind tunnels faster and more economically, the ranges offer in many 
cases more realistic results with respect to dynamic stability, exact tem- 
perature conditions at hypersonic speeds, and the possibility of very large 
Reynolds number variation. Results from conventional supersonic wind 
tunnels with relatively low supply temperatures need, at least in the hyper- 
sonic region, checking and corrections. These can only be obtained in 
facilities where the flow passes the model with the true speed of the real 
full-scale flight conditions. These special ranges are one link more in the 
increasing chain of experimental tools needed for the exact prediction of 
full-scale behavior. 

A. Pressurized Ballistic Ranges—Experimental studies of Reynolds number 
effects in air in a firing range at atmospheric pressure are restricted to 
changes in model size. Viscous flow investigations over large Reynolds 
number regions are, therefore, practically impossible in such ranges. For 
example, fast projectiles fired from airplanes in varying altitudes or models 
of large-scale missiles, which accelerate from sea level to very high speed at 
large altitudes, travel through a large interval of Reynolds numbers, which 
can amount to several orders of magnitude. 

Twenty years ago the first approach, to the best of my knowledge, was 
made in Braunschweig to fire projectiles successfully in a concrete range of 
considerable length at variable pressures. Immediately after the war NOL 
decided to enter such free-flight Reynolds number investigations and a 
pressurized ballistics range was designed to simulate the flight conditions 
by varying Reynolds numbers in the ratio 1: 1000. The limits were set to 
somewhat less than 0-01 atm to approximately 6 atm. This factor of 1000, 
of course, could be extended still more by varying the model size by a factor 
of two or three, a ratio which could hardly be produced by conventional 
wind tunnels. 

Since a flying time of 1/10th or 1/20th of a second was considered to 

be of sufficient length for observation of oscillations and measuring time, a 
length of 300 ft (100 m) was selected based on the available speeds from 
guns at that time. 

The diameter of the projectile-model was limited to about 40 or 50 mm 
for which shadowgraph pictures were to show sufficient definition of the 
flow field; in particular, of details in the boundary layer. The diameter of 
the range was set at 3 ft to avoid wall influences at low supersonic Mach 
numbers. Low subsonic shots were to be fired through only part of the range 
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length by changing the sand butt position. The steel tube with l-in. wall 
thickness can be seen on Fig. 1 with the gun chamber on one side and the 
sand butt on the other. Twenty-five stations with two perpendicular photo- 
plates for direct spark shadowgrams are distributed with varying distances 

Fig. 1. The NOL 300-ft pressurized ballistics range 

over the whole length. Times are measured on digital counters to approxi- 
mately two-tenths of a microsecond and the distance is read from the plates 
to 0-001 ft (~ 0-3 mm). 

Figures 2a and 2b are typical pictures obtained at 5 and 6 atm respectively. 
Fine density changes can be easily detected, whereas large gradients distort 
the picture considerably. Figure 3 shows a typical graph of the drag coefficient 
of a spin-stabilized, cone-cylinder projectile fired under various pressures.* 
Such a graph shows very clearly why many of the results from free-flight 
observations, in particular anti-aircraft shells, resembled a pile of stars when 
plotted versus Mach number. The systematic study of these results shows 
the substantial Reynolds number influence in this case. Figure 4 gives a 
cross plot of these drag coefficients versus Reynolds number. The Mach 
number is a parameter here. One easily can detect the viscous effects, in 
particular the effect of transition from laminar to turbulent boundary layer 
and its variation with Mach number. 

During the last 10 years much effort has been spent to increase the projectile 
velocity in this range.2 NOL has now developed a gas gun which when 
operated with helium more than doubles the velocity range. It has a 40-mm 

bore and fires 40-g projectiles up to 11,500 ft/sec. The results with this gun 

were so successful that a big step to a new 100-mm gun seemed to be 

N 
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Fig. 2a. Shadowgraph of a 50-mm cone model at 5 atm 

3900 FT/SEC; M=3.45 

p= 6.0 ATM; Re = 36.4 MILLION 

Fig. 2b. Shadowgraph of a 20-mm finned projectile 
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Fig. 4. Cross plot of data on Fig. 3, cq versus R, with M as parameter 

permissible. For such a gun, however, the present range was too small. 
Therefore another range with scaled-up dimensions had to be built. Figures 5 
and 6 show some stages of the construction work. The new NOL pressurized 
range which has just been completed is 1000 ft long and can be evacuated 
at present to 0-01 atm with the future possibility of 0-001 atm corresponding 
to conditions at altitudes of 100,000—150,000 ft. The range consists of a 10-ft 

diameter steel tube with l-in. wall thickness. It is connected with the 
vacuum wind-tunnel sphere and its vacuum pumps for fast evacuation. It 
also has its own pumping system for independent operation. Each shot 
dumps approximately 2000 ft® of gas (nitrogen, or helium mixed with steam, 
the combined hydrogen-oxygen mixture) into the range which after each 
shot is flushed out with dry air. Twenty-five observation stations contain 
optical equipment outside the range tube. Pictures are taken through win- 
dows. The gun is located outside the range with the barrel sealed by an 
O-ring sticking through the front plate of the tube. 
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Fig. 5. Construction of the 1000-ft pressurized range 

Fig. 6. Construction of the observation stations for the 1000-ft pressurized range 
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The use of the high-speed gas gun in the first pressurized ballistics range 
was somewhat delayed because of some difficulties with the existing instru- 
mentation. For example, the 1/2 usec sparks which gave very sharp pictures 
of the lower speed projectiles were too long for 10,000 ft/sec, the flash of the 
gun was much brighter than that of the powder gun which blackened 
the photoplates, and the luminescence of the compressed air in front of the 
projectile triggered the sparks prematurely by activating the light screen. 
Furthermore, breaks of the photoplates were frequent when blunt projectiles 
were fired at high speed and high pressure. 

B. Aerophysics Range-—Velocities above 5000 ft/sec are connected with 
molecular changes of the gas which passes the missile. Basic experimental 
studies of the effects of vibration, dissociation, electronic excitation, and 
ionization on the aerodynamic characteristics are made at many places in 
shocktubes and shock tunnels at high stagnation temperatures of the gas. 
Such studies have been carried out also at NOL during the past years. For 
comparison, however, parallel investigations of these real-gas effects were 
made on free-flight projectiles in a special range. 

Years ago when hypersonic speed guns were not available conventional 
guns were used to fire projectiles in gases other than air. Also very deeply 
cooled air was used occasionally. Figure 7 shows this single-station range 
(the test chamber is 5 x 10 11 in.) in which Mach numbers up to 21 have 
been obtained by firing in gases with low sonic speed.* The heavy gas freon 
which had been used before was eliminated because of its complex molecular 
structure. Monatomic or diatomic gases are better suited for theoretical and 
experimental studies. Diatomic molecules such as chlorine and bromine are 

of similar structure as nitrogen and oxygen, but their internal molecular 
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forces are different. Since the excitations of the molecules or electrons follow 
exponential functions, a characteristic state of the gas is defined, for example, 
when during the heating process 1/e of the molecules are excited in an 
additional degree of freedom. This is the case of 7=3300°K for the vibra- 
tional excitation of N, or at T=2300°K of O,. With hv/kT in the exponent 
the equivalent values for bromine and chlorine gas are JT = 470°K and 
810°K respectively. In such gases stagnation temperatures of this sort can 
be obtained without any difficulty with conventional guns. Nylon spheres of 
7-5mm were fired and photographed and the flow pattern analyzed for 
real gas effects. The distance of the front shockwave of spheres was used 
especially as an indicator for the degree of molecular changes and their 
relaxation times. Calculations showed how this distance varies with Mach 
number and the specific heats in front and behind the shock.* Results like 
those in Fig. 8 were obtained.® The gas in this case was a mixture of 60 per 
cent xenon and 40 per cent nitrogen (7 = 0-4). Xenon which produces the 
high Mach numbers is, in general, electronically excited at these speeds. 
However, its relaxation time is larger than that for the dissociation of 
nitrogen which reduces the temperature. The various diatomic molecules 
show qualitatively the same behavior. They are quantitatively dependent 
on pressures and temperatures. 

The photographs of the shock position were taken via a rotating mirror 
having up to 2000 r.p.m. Pictures like those in Figs. 9 and 10 can be obtained 
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Fig. 8. Dissociation of nitrogen determined from shockwave distance of spheres 
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c) 

Fig. 9. Real gas effects on the wake formation. (a) pure nitrogen, (b) pure oxygen, (c) air 
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with excellent definition. The gas in the pure xenon case is electronically 
excited, that of the mixture is not. Other observations on the wake flow of 
spheres in different diatomic gases clearly show differences in the flow pattern 
(see Fig. 11). In Fig. 9 the picture (a) is pure nitrogen, (b) is oxygen, and 
(c) is air. The speed is approximately 10,000 ft/sec and the ambient pressure 
500 mm. The interpretation and evaluation of such pictures is difficult, how- 
ever. The wake shape is dependent on the base pressure, the base pressure 
depends on the mixing mechanism along the wake boundaries, and the 
mixing depends on the gas properties. No successful quantitative evaluation of 
such wake patterns with respect to real gas effects has been achieved so far. 

C. Other Special Ranges —There are several other ideas on firing ranges for 
special investigations. For example, to obtain higher Mach numbers the 
Aberdeen Proving Ground designed and constructed a special range in 
which not only pressure but also temperature can be varied within large 
intervals. ® 

Other examples are the various combinations of wind tunnels and guns. 
Projectiles which are fired against the air stream in the wind-tunnel nozzles 
can obtain high Mach numbers with relatively low speeds because the static 
temperature, and therefore the sonic speed, in the test section is very low. 
In spite of the fact that the stagnation temperatures for high Mach number 
projectiles are restricted this way, friction and heat-transfer coefficients have 
been determined as function of Mach number in NACA tests.’ 

Useful results have been obtained by a simple method in the French 
Army wind tunnel at Vernon where they fired, with moderate speed, fin- 

stabilized projectiles against a vertical, downward directed supersonic air 
stream. The speed of the projectile was so selected that the projectile went 
up to the test section and then returned. The time the model was visible in 
the test section window was comparable with the time it would travel, for 
example, along the NOL pressurized ballistics range. During this time a 
stationary film camera could take any desirable amount of pictures, and 
drag and dynamic stability characteristics could be evaluated. 

2. GAS GUNS 

The building of guris and projectiles has been the great incentive of the 
ballisticians at all times. Muzzle velocities have been pushed continuously 
higher by using more efficient powder and better gun materials together 
with scientific projectile design. Muzzle velocities up to 4000 or 5000 ft/sec 
had been obtained with practical powder guns. For a while this speed seemed 

to be a practical limit. The modern work in aeroballistic facilities, however, 

needed higher speed for the simulation of the much faster rocket-propelled 

missiles. Therefore all theoretical possibilities to accelerate projectiles in a 

given gun barrel above this limit were explored. 

Using the method of characteristics and unsteady flow equations, the 

process of gas expansion, the influence of chambrage, molecular covolume, 

etc., on muzzle velocity could theoretically be explained and so limits of gun 

performance established.® 

The sketch below shows the pressure distribution in the gun barrel with 

the projectile at the end of the tube. It is clear that with higher average 
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pressure, fz, higher kinetic energy would be developed by the projectile 

since: 

Po 

Px 

le 
. . 

; m = mass of projectile 

an X L A = bore area 

The unsteady gas expansion for ideal gas connects px with fy as 

2y 

fae (1- 2) Keo) 
Po 2 a 

with the well-known limit, vy... = 5ap. 

Therefore 

gee: 
vdv = Zap ( — ed Se: dx 

m Dae 

or integrating over the barrel length, L, 
Uo if; 

vdv A A 
2 = g= I=) D= U2 
li y—l v)\-2y cop mies u 

( 2° a} y=l 
0 

where U is highest muzzle velocity under the fictitious assumption that fp is 
constant along the barrel. 

Making this equation dimensionless by U, 

9 udu 1 

| 1 v—l u ‘ os 

2 ait) y—1 
0 

with 

“u=—, 
U 

the curve on Fig. 12 can be obtained where v/U is plotted versus ay/¥U. 
With y in the denominator practically a single curve can be drawn for y 

ranging from | to 1-5. This curve can be used for any gun and any ideal 
gas propellant whose properties are known. It can be seen that for a gun 
with given dimensions and pressure the only factor which determines the 
muzzle velocity is the initial sonic speed of the propellant. That is, the 
temperature of the gas must be High and the molecular weight low. 

Since the propellants are non-ideal the real gas effects on the derived 
equations must be investigated. Furthermore these considerations do not 
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Fig. 12. Dimensionless nozzle velocity versus highest sonic speed of the ideal gas propellant 

take into account the influence of the chambrage, that is the diameter ratio 
of combustion chamber and barrel. The calculations? show that to a certain 
degree the muzzle velocity can be increased; that is, the fz in the previous 
sketch decreases slower. 

At very high initial pressure the intermolecular van der Waals’ forces and 
covolumes of a non-ideal gas propellant cannot be neglected. These forces 
are first—under very high pressure—repulsive, then they become attractive 
during the expansion, and finally disappear in the state of ideal gas. 
Figure 13 shows the surprising difference in the influence of the molecular 

Po (Vo- Bs R To 

p(v—b)!*4= CONSTANT 

Fig. 13. The effect of the covolume on the pressure-velocity curve 
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forces. With straight barrel, D, = D,, that is without chambrage, no 
influence at all can be noticed. For infinite chambrage ratio, however, the 

performance of the non-ideal gas is remarkable. The complete calculation 
shows that for practical guns with diameter ratio of 3 or 4 almost the full 
advantage of an infinite chamber is obtained. 

The NOL 4-in. gas gun has a 60-ft long barrel and a combustion 
chamber 12 ft long with a diameter of 10 in. The weight is 40 tons. The 
loading is being done from high-pressure steel bottles. The mixture in the 
chamber consists of 21 lb of helium, 4 lb of hydrogen, and 22 lb of oxygen, 
with the molar ratio of 8: 3: 1. For speeds below 8000 ft/sec nitrogen is used 
instead of helium for economical reasons. The loading pressure is 800 Ib/in.” 
(55 atm), the stainless steel sealing disc ruptures at approximately 
10,000 Ib/in.? (700 atm), and the pressure /, reaches its peak at 40,000 Ib/in.? 
(2600 atm). Figure 14 shows the performance curve. 
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Fig. 14. Expected speed versus the projectile weight in the 1000-ft pressurized range 

The smaller version of this gun with 40-mm barrel which is now in constant 
use in the smaller pressurized ballistics range shows a performance which 
is very close to the theoretically calculated values. The difficulty of designing 
suitable sabots for intricate models is still a serious problem. The acceleration 
of several hundred thousand g is very high. 

The present method-of heating the driver gas by hydrogen and oxygen 
does not allow taking full advantage of the low molecular weight of helium 
because of the relative heavy content of oxygen. Increasing the temperature 
of the propellant by the combustion process would make the molecular 
weight even higher. 

Increasing the temperature by adiabatic compression has been tried at 
several places where a powder gas-driven piston is rammed into hydrogen 
or helium. NOL made use of the adiabatic heat by compressing the gas in 
the combustion chamber by means of a shockwave produced in an additional 
chamber separated by a diaphragm from the first one.!° Moving parts are 
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avoided. Figure 15 shows the sequence of firing this gun. The dimensions 
are 12-5: 30: 70 mm for barrel, first and second combustion chamber. The 
first chamber is loaded with 1200 lb/in.2 of the usual helium-hydrogen- 
oxygen mixture. After ignition the pressure is 8000 Ibvine? She second 
chamber is loaded with 8500 Ib/in.? of the same mixture which rises to 

CONTACT 
SHOCK GUN GUN SURFACE 

CHAMBER CHAMBER BARREL S| 

A D 

CHAMBER GUN PROJECTILE P, 
DIAPHRAGM DIAPHRAGM pees Te 

BEFORE IGNITION 

8 | Pa | wtih Se E 
Za 

Fordo AFTER IGNITING GUN CHAMBER 

SS 

Ss 

So 
F 

B,a Py,a 
AFTER IGNITING SHOCK CHAMBER ere 33 

Fig. 15. The NOL light-gas shock gun 

45,000 lb/in.? after combustion. The shock increases the pressure to 30,000 

Ib/in.? and 54,000 Ib/in.” after its reflection at the diaphragm. The tem- 
perature is 2700°K before and 5400°K behind the reflected shock. 

In spite of the simple arrangements of this gun, the first shots did not show 
the theoretically expected increases in speed which should be in the order 
of 30 per cent. Fourteen thousand two hundred ft/sec have been obtained 
with the $-in. gun which is about 20 per cent higher than the single-stage 
gun. The project had to be interrupted during the last six months, but it 
will soon be revived with a 20-mm, 200-caliber long barrel. Another possi- 
bility, to heat the propellant by electric arcs, will be discussed in the following 
paper by Perry and-STOLLENWERK. 

CONCLUSION 

During their relatively short time of existence the special ranges and high- 
speed gas guns have assumed an important place among the aeroballistic 

tools. 
With the existing, widespread interest in hypersonic work, and the possi- 

bility of carrying out experimental similarity studies and investigations at 

true stagnation temperatures, valuable information can be expected from 

such facilities in the future. 
The guns operating on the theoretically and practically established 

principle of low molecular weight and high temperature propellants will 

undoubtedly appear in other designs of a great variety according to their 

varying purposes. 
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It should be mentioned that speeds much higher than the gas gun speeds 

have been obtained by shaped charges and similar arrangements of explosives. 

The acceleration in these cases, however, is so terrific that only very small 

parts can be fired without being torn apart or deformed. NOL concentrated 

on larger guns where aeroballistic studies of viscous and real gas effects can 

be made on sizable projectiles by optical means and possible telemetering 

of local temperatures and pressures. The highest speed obtainable at present 

and in the near future will allow the investigation of the most urgent problems 

now encountered in the design of hypersonic vehicles. 
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DISCUSSION 
H. Scuaropin: I think we all got the impression that this is a completely new field in 

which many fruitful results can be obtained in the future. You mentioned the Braunschweig 

wind tunnel as the first which could change the pressure. That is correct. It was the first 

favorably constructed firing range which was used continually. In 1934 we had in Berlin a 

range of 25 cm diameter and 35 or 45 m long. This range was sponsored by the Notgemeinschaft 

but it was not properly used. We did not utilize it to the full extent but I wanted to mention 

it for historical reasons. In 1934-1935, Professor Cranz was in China and I was with him. 

After that, during the war, there were other problems so we could not develop the research 
possibilities. However, the range existed. The temperature and the pressure could be 
regulated. 

ScuuLtz-Grunow: Dr. Kurzweg, you mentioned the internal ballistics equation which 
you put in, and I should like to ask whether you had ‘infinite transmission of the pressure 
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waves? Did you calculate the non-stationary case regarding the finite velocity of propagation 

of pressure waves? I had such a calculation made during the war for a newly developed big 

gun and I found a considerable influence of these pressure waves. 

H. H. Kurzwec: The equation which you have seen is non-steady. However, for a large 

diameter ratio of combustion chamber to barrel, the flow into the barrel is steady for a certain 

length of time. 

H. J. ALLEN: Dr. Kurzweg and I have compared notes for a long period of time on this 

business of trying to drive guns to higher speeds. Of course we keep one another well 

acquainted with the progress. Our own gun developments have been along somewhat different 

lines from those employed at the Naval Ordnance Laboratory. In principle, I believe, our 

method is more complicated than the ingenious scheme that the Naval Ordnance Laboratory 

used, wherein they employed an explosive mixture of hydrogen and oxygen in helium. In 

our guns, we have used a piston which acts as a single stage pump. The piston itself, driven 

by a powder charge, compresses low pressure helium to very high pressures at the breech-end 

of the launch tube. The compression ratio is very high so that the final helium temperature 

is accordingly great. The high velocities are achieved by pushing the model with this high 

pressure, high temperature light-gas. As Dr. Kurzweg has pointed out, the principal diffi- 

culties associated with these guns arise from the difficulty of finding a barrel material which 

can stand the high heat input without melting the inner surfaces. For example, in the first 

firing of one of our new guns, while we managed to get over 20,000 ft/sec velocity, with a 

breech pressure in the launch tube of only 40,000 Ib/in.?, a considerable amount of the metal 

in the bore at the breech-end was melted out on the first shot. We need to go to better 

materials than steel to avoid these heating problems. 
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Results of preliminary experiments aimed at defining the design of a hypervelocity aero- 
ballistic range for the AEDC are reported and future possibilities discussed. As a first 
step toward telemetering from a projectile, an oscillator capable of withstanding a 
200,000 g acceleration has been developed. Scale-up of a hypervelocity gun using spark- 
heated hydrogen or helium as the propellant is also in progress. Ten million joules of 
electric energy storage are presently available for this work, and air has already been 
heated to temperatures beyond 20,000°K by such constant-volume spark-heating. 

INTRODUCTION 

ALTHOUGH new types of hypervelocity wind tunnels which reproduce the 
relative velocities of flight are now in operation, they still seem to possess 
certain disadvantages for aerodynamic studies when compared to an idealized 
ballistic range. For example, the “Hotshot’’ tunnels at the Gas Dynamics 
Facility of the Arnold Engineering Development Center,! in which air is 
heated and pressurized at constant volume by a very powerful electric spark 
and then expanded as in a conventional blowdown tunnel, are capable of 
reproducing flight speeds even exceeding the escape velocity (11 km/sec). 
However, neither the exact velocity of the gas stream impinging upon the 
model, nor its density and composition, is directly measured. In contrast, 
the latter variables can be very accurately controlled in a range, and the 
velocity of the missile can be readily measured. “a 

The principal limitation of the ballistic range as a hypervelocity test 
facility seems to be the inherent restriction to relatively small models. On 
the other hand, it does not appear difficult to build a wind tunnel of the 
“Hotshot”? type for very high Mach numbers which can test full-scale 
vehicles, since the required mass flow of heated air remains reasonable. Just 
as in the study of combustion, no theory has apparently yet been established 
which will permit the simultaneous scaling of the numerous chemical and 
physical reactions which are expected to result from the high velocity air- 
body interactions, so the ability to test full-scale is expected to be an 
important feature of a hypervelocity test facility. 

Since neither the wind tunnel nor the ballistic range alone seems to have 
potential as the ideal tool for the study of hypervelocity aerodynamics, 
perhaps judicious use of both techniques in combination, with the advantages 
of each device complementing the other, might best serve for the study of 
most of the important phenomena of this new flight régime. This is indeed 

200 
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our present thinking at AEDC. The electrically heated wind tunnel has 
been developed at AEDC to the point where essentially all of the steady 
phenomena such as pressure distributions, heat transfer distributions, and 
forces which can normally be measured in a conventional wind tunnel are 
accurately recorded during the fraction of a second of steady high-speed 
gas flow past the model. Our interest in the ballistic range is more recent; 
hence this phase of our effort is in a much earlier state. It is planned that 
the same type of detailed quantitative information will be obtained during 
free flight in the range through suitable improvements to present radio 
telemetering techniques. In addition, the ballistic range could also provide 
certain dynamic information which appears to be unobtainable in a short 
duration wind tunnel test. 

Our work, thus far, on the design of a suitable ballistic range has been 
restricted to the seemingly most important problems: first, the development 
of a sufficiently small, rugged, multi-channel telemeter and the associated 
transducer or sensing elements; and second, the development of a hyper- 
velocity gun capable of accelerating larger and heavier projectiles than 
previously accomplished elsewhere. No particular attention is being devoted 
yet to the problem of catching or decelerating the models without damage, 
a factor of great economic significance, but not necessarily vital to an other- 
wise successful design. 

TELEMETER DEVELOPMENT 

By using transistors and other miniaturized electronic components, it is not 
difficult to build radio telemeters to fit within relatively small projectiles. 
However, a practical hypervelocity gun is expected to impose an initial 
acceleration of the order of a million times gravity, and this has apparently 
been considered the basic obstacle to the accomplishment of telemetering 
from a projectile in flight. Fortunately, there is no need for the telemeter to 
function during the period of acceleration. It will be sufficient if the electronic 
circuitry is not permanently affected by the tremendous inertial forces and 
can satisfactorily commence broadcasting useful information soon after 
emerging from the muzzle. Even certain types of permanent after-effect 
might be tolerable if some scheme for in-flight recalibration upon emergence 
from the barrel would prove feasible. 

As a first step in the development of such a telemeter, we have selected 
an oscillator as a typical circuit element for the study of its tolerance to 
extreme accelerations. Presumably, all other necessary circuit elements, 
except the transducers, would be similarly affected. Thus, experimental 

work to date has concentrated upon the transistorized 20 Mc/s oscillator 

shown in Fig. 1. No particular attempt has been made to miniaturize this 

package, but the case has been removed from the transistor to permit potting 

of the transistor in epoxy resin. The grease-filled case would undoubtedly 

provide poor support for the transistor and result in low acceleration 

tolerance. Then, the entire oscillator is permanently imbedded in Fiberglas 

reinforced epoxy compound which is molded to the desired projectile shapes. 

In order to subject this experimental package to high, known, and control- 

lable accelerations, the small gun shown in Fig. 2 was assembled from avail- 

able heavy-walled tubing. The bore is 27 mm and the barrel is 45 diameters 

O 
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ATTERIES 

50MMPF 

ASSEMBLED 
OSCILLATOR {| 

a 
50MMPF 

2Ni28 

50MME 

POTTED 
OSCILLATOR 

Fig. 2. Cold-gas gun 

long. It is supplied with helium at room temperature and pressures up to 
1500 atm from available storage vessels. Using this simple cold-gas gun 
projectiles weighing up to 45 g have been accelerated to velocities approlen 
ing | km/sec through air at atmospheric pressure, with initial accelerations 
ranging up to nearly 200,000 times gravity. The operation of the oscillator 
during flight was checked by recording the signal received at each of several 
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antennae spaced 30 cm apart along the line of fire. The projectile was then 
stopped in rubberized hair. 

In early rounds, the batteries to energize the oscillator were carried in a 
nylon container attached to the base of the projectile to permit their easy 
replacement. They proved to be the most frequently damaged component 
because of their relatively large, flat, poorly supported surfaces. Thereafter, 
they too were imbedded in the main body of the projectile, with two wires 
emerging for external connection. These wires were joined with a drop of 
solder just before firing and disconnected again immediately after recovery 
of an intact missile, to preserve the life of the batteries. Frequently such 
oscillators have successfully functioned after several successive firings, 
surviving even the unknown deceleration forces in the rubberized hair. 

Such performance indicates a strong likelihood that at least some types of 
information can indeed be extracted from instrumentation within a moving 
projectile. Further effort will be devoted to adaptation of existing transducer 
designs, developed for the “Hotshot”? wind tunnel, to this more rugged 
service and to development of the remaining electronic circuitry, in parti- 
cular the modulator. With the variable reluctance-type transducers, it may 
prove sufficient merely to replace the fixed coil of the oscillator circuit with 
the transducer coil, thus modulating the output directly. 

Telemetry development for this purpose is also under way in at least 
three other laboratories in the U.S.A. as well as at the Canadian Armament 
Research and Development Establishment. However, at most only two of 
these activities give promise of providing the desirable continuous, multi- 
channel record. The Canadian group, in particular, have already success- 
fully fired an artificially modulated oscillator with a maximum acceleration 
of about 10,000 times gravity and have plans for a three-channel transmitter 
already formulated. Regardless of which group achieves the goal a tremen- 
dous increase in the utility of ballistic techniques for the study ofaerodynamics 
may soon become available to all. 

HYPERVELOCITY GUN DEVELOPMENT 

In order to attain hypervelocities in a gun, a necessary condition is the 
production of a sufficiently high speed of sound in the unexpanded propel- 
lant gases. Thus, at numerous laboratories within the past few years various 
designs involving the heating of hydrogen or helium by combustion or 
adiabatic compression have evolved, as described in Reference 2. However, 
since such methods of heating are generally restricted to the production of 

temperatures no higher than a few thousand degrees Kelvin, no known gun 

accelerates a projectile of substantial mass to velocities exceeding 5 or 

6 km/sec. 
Experiments have shown, however, that electric-arc heating of gases can 

produce much higher temperatures. For instance, in 1957 the air supply for 

one of the “Hotshot” tunnels at AEDC was heated to over 20,000°K by 

an electric spark, and then the air was expanded through a Laval nozzle to 

a velocity of 13 km/sec. Similar methods have also been used at the AEDG 

in an attempt to heat hydrogen or helium to temperatures of this magnitude 

or greater. A properly designed gun supplied with such a hot and light 
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propellant gas would be expected to be capable of accelerating projectiles 

to speeds exceeding even the escape velocity. 
The experiments with this form of electric propulsion, which are currently 

under way, use the electric power supply (Fig. 3) already assembled for the 
1-27 m diameter tunnel “‘Hotshot II’’. This isan inductive energy-storage 
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Fig. 3. Inductive energy storage system 

system designed to deliver 10,000,000 joules into confined air. As shown in 
the circuit diagram of Fig. 4, the installation consists of a 186 kW motor 
which within about 15 min brings a heavy flywheel and attached generator 
rotor up to 3600r.p.m., storing about 50,000,000 J in the form of 
rotational kinetic energy. The generator is an experimental homopolar or 
Faraday type, which is expected to deliver nearly one-third of a million 
amperes of direct current into a sufficiently low resistance circuit. After the 
generator and flywheel reach maximum speed, the field of the generator is 
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Fig. 4. Schematic of inductive storage system and electric-arc gun installation 
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energized and a relatively low voltage appears across its terminals to force 
current build-up in the large inductance. Within about 4 sec, a magnetic 
field storing 13,000,000 J can be created within this coil. This transfer 
of energy from the flywheel to the rapid-access magnetic storage is thus quite 
inefficient because of the joule heating of the copper bus during the relatively 
long period of current rise. This is a deliberate choice resulting from com- 
parison of the cost of additional flywheel storage versus the cost of additional 
copper to reduce the bus resistance. After the current has reached its maxi- 
mum, an electrical switch within the breech end of the gun tube is opened 
in order to interrupt the current. A very powerful electric arc results which 
dissipates most of the stored energy within 10 or 20 msec in heating the gas 
confined behind the projectile in the chamber of the gun. 

This heating is ideally a constant volume process, so both the pressure 
and temperature of the gas increase drastically. Ideally, for a given amount 
of energy added, the final pressure is independent of density, whereas the 
final temperature is inversely proportional to it. Therefore, apparently the 
minimum feasible density of the confined gas should be used if the objective 
is the attainment of maximum muzzle velocity. Of course, as the temperature 
of the gas increases, the loss of energy by heat transfer to the chamber walls 
increases, unless the added complexity of a confining magnetic field is 
resorted to as in the current British-American fusion experiments. Also, the 
efficiency of the final transfer of energy into the arc is reduced by the 
increased electrical conductivity accompanying higher temperatures; con- 
sequently there may be an optimum initial density to be determined experi- 
mentally. However, it seems entirely possible to obtain the ideal propellant 
gas of molecular weight unity, monatomic hydrogen, since air has already 
been heated by similar methods to temperatures exceeding 20,000°K. 

Of course, the mere momentary heating of a gas to high temperatures is 
not sufficient for the driving of a projectile to hypervelocities, since the tem- 
perature in the chamber must be maintained at least until an expansion 
wave can no longer overtake the projectile before it emerges from the muzzle. 
However, at high gas densities and moderate temperatures, it is expected 
that energy losses from the hot gas will be surface phenomena which can be 
proportionately reduced by a geometric scale-up of the chamber, thus 
decreasing its surface-to-volume ratio. Hence, so long as all energy losses 
are proportional to the exposed surface, gas of any temperature can be 
contained for any desired length of time, except for the limitation resulting 
from the weakening of the container walls caused by the diffusion of heat 
through them. Similar considerations apply to surface cooling of the hot gas 

during its passage through the gun barrel. If the length-to-diameter ratio 

of the barrel could be decreased, the relative effect of heat transfer to the 

tube walls would decrease. 
To date, hydrogen initially at 95 atm pressure has been heated at constant 

volume to a final pressure of 2000 atm. The experimental record of chamber 

pressure versus time is shown in Fig. 5. This experimentally attained Dr 

ratio of 21 corresponds to a theoretical final temperature of 5500 K and 

7 per cent of the molecular hydrogen dissociated into atomic hydrogen. 

However, if the gas had not dissociated, the final temperature would have 

been 6300°K. Assuming a perfect gas at this temperature, with molecular 
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Fig. 5. Record of hydrogen pressure versus time in-electric-arc chamber 

weight of two and y = 1-4, substitution in the idealized internal ballistics 

equation, * 
y+1 2 
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where 
y = Ratio of specific heats 
m = Projectile mass 
A = Cross-sectional area of barrel 
e, = Density of driver gas 
S = Barrel length 
us = Muzzle velocity of projectile 
a, = Sound speed in driver gas, 

yields 3 km/sec for the expected muzzle velocity of a 3-8 g projectile in a 
14 mm evacuated barrel | m long, when an arbitrary 5 per cent allowance 
for velocity decrease caused by the barrel friction is made. The crater 
resulting from impact of an aluminum projectile upon an aluminum plate 
(Fig. 6) appeared characteristic of such a high speed.? 

However, there is no sign that any physical limit has been approached in 
reaching these temperatures and pressures in hydrogen, so efforts will con- 
tinue toward increasing the final pressure and the pressure ratio caused by 
heating. If a pressure ratio approaching 100 proves to be feasible then a 
crude calculation of the type used above shows that a projectile of 8-5 g 
could be accelerated in a vacuum to a velocity of at least 12 km/sec, using 
an existing gun tube of 40 mm bore, 8m long, with a maximum pressure 
rating of 4000 atm. 

The eventual attainment of still higher velocities also appears possible if 
the existing technology of the thermonuclear fusion experiments can be 

* For derivation, see Appendix 210. 
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Fig. 6. Pellet penetration in aluminum 

adapted to this purpose. For instance, the 5,000,000° deuterium, which 

unclassified accounts state was maintained for several milliseconds in the 
British “‘Zeta’’ experiment,* seems capable of propelling a sizable projectile 
to many times escape velocity, if it can somehow be so employed. 

The electric gun installation is shown schematically in Fig. 4 and the 
14 mm electric gun, as presently in use, in Fig. 7. A gun barrel replaces the 
Laval nozzle of the “Hotshot” tunnel, but so many parts are interchange- 
able and the operation is otherwise so similar that the gun has been dubbed 
“‘Pot-Shot’’. It consists of a cylindrical, laminated, pressure vessel of about 

330 cc internal volume, designed to contain 4000 atm pressure, and is pro- 
vided with a gas inlet, pressure transducer, and two stationary electrodes in 
the walls. One end is attached to a replaceable barrel, while the opposite 
end contains the movable switching electrode which normally bridges the 
gap between the stationary electrodes, but is retracted by an external air 
motor to initiate the gas-heating arc. In this chamber, pressures slightly 
exceeding 2000 atm have already been attained by electric-arc heating of 
air, helium, or hydrogen. With recent completion of the 10,000,000 J 
energy storage system, it will be possible to heat still larger masses of gas. 
An enlarged and improved chamber suitable for this use has already been 
built for the wind tunnel installation. Its principal design features are the 
movement of all openings to the ends of the chamber and the cartridge-like 
assembly of all replaceable parts. A large, heavy, pressure vessel proper is 
permanently installed, while only the smaller, lighter cartridge (Fig. 8) 
need be removed and handled for necessary repairs after one or more firings. 
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Fig. 8. Removable cartridge containing arc-chamber operating components 
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Fig. 9. Evacuated chamber 

Fig. 10. A small-scale electric-are gun 
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This chamber has an internal volume of nearly 1] and a pressure rating of 
4000 atm. It, in turn, is to be succeeded by a chamber of > 41 volume with 
a pressure rating of over 6000 atm, which will be produced by conversion 
of the breech end of an obsolete 200 mm naval rifle. 

At the present time, the firing range is limited to a length of only 5m 
(Fig. 9). The muzzle of the electric gun extends into a cylindrical tank 
which can be evacuated to an absolute pressure of a few microns of mercury 
if desired. Muzzle velocity is recorded by electronic counters controlled by 
interruption of electrical circuits printed with conducting paint upon thin 
paper screens. The projectile then impacts upon an aluminum or steel plate 
and is destroyed. The very short evacuated range will be suitably extended 
at some future date, but a greater length is not required for the present 
problems of development of the telemetering equipment or of the electric gun. 
Anyone wishing to investigate personally the characteristics of this 

electrically heated light gas type of gun can comparatively easily assemble 
a small-scale version from equipment and materials probably available in 
most ballistic laboratories. Figure 10 shows such a small gun in which much 
of our work was accomplished until recently. In this-case, the electric energy 
for the gas-heating discharge was supplied from a small bank of photoflash 
type capacitors, storing 8000 J at 4000 V. The simplicity of this method for 
the attainment of hypervelocities is apparent. 
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APPENDIX 

Derivation of the idealized internal ballistics equation 

The pressure ratio across an isentropic expansion wave moving upstream in 
a perfect gas is given by 

Gears » 
where fp, and f, are pressures downstream and upstream of the wave and 
other symbols are as defined on page 206. 

The projectile acceleration, assuming the gun barrel to be evacuated to 
zero pressure, is determined by 
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DISCUSSION 

B. Kocu: We have tried ourselves to develop such smaller transistor oscillators for the 

transfer of data from projectiles, and the main difficulty which we came across was the 

strength of the synthetic material top and the electronic item. We succeeded in constructing 

transmitters for a 37 mm projectile which could take up to 20,000 G, whereas the transistor 

could take 60,000 to 80,000 G, but the synthetic casing did not stand the accelerations 

greater than 2,000 G. We should be thankful for any statements—I am no synthetic expert 

myself—on the most favorable material which can be used for taking up to 200,000 G. Did 

you really attain this? Did you manage to handle this? 

E. J. SroLLeNWERK: This material which I mentioned is an epoxy resin, which was a 

German product initially. It is a product of epoxy resin. We used glass fibres for a filler or 

Fibreglas cloth soaked in epoxy resin. 

H. H. Kurzwec: We have successfully fired nylon balls of 40-mm size in our gas gun 

where the accelerations are approximately 1,000,000 G. They do not fly apart. Our electronic 

components, cast in the material, however, did not survive 60,000 G. According to our 
experience, we were very doubtful if one could fire transistors at 200,000 G. We abandoned 

this method entirely and use another arrangement of our telemetering devices without 

batteries and transistors. A coil and a condenser are cast in the projectile and a resistance 

thermometer at the surface of the projectile is an oscillator which is excited by a pulse of a 

few microseconds when it passes the test location. The reflected oscillation shows the damping 

of the system. The damping is a function of the resistance and the resistance is a function of 

the temperature at the surface. The temperature can thus be determined simply by observing 

the logarithmic decrement. It is a very simple thing and the initial tests are very promising. 

E. J. SToLLENWERK: I should like to comment on this question of the transistor. We, of 

course, have the same problem, and our manufacturers tell us that 10,000 G, or perhaps 
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20,000 G, is the maximum. We were courageous enough to take the metal case off the 

transistor, and we took the grease out of it, too. We, of course, lost a few transistors while we 

did so, but the casualties were not more than 10 per cent. We have good support on the 

transistor and there is no doubt that accelerations of up to 200,000 G have been reached. 

H. J. Avten: I can add a little information from our own experience. We have used a 

different kind of telemeter to measure temperature. In our models we employ a surface 

thermocouple at the point at which temperature is to be measured in circuit with a cold 

junction within the model. These thermocouples are in series with a coil having an axis in 

the direction of motion. This inside circuit is potted within the nylon model. Of course, upon 

our first firings these models were unable to withstand the launching acceleration, but we 

have managed now with improved designs to successfully fire such models at nearly 

1,000,000 G acceleration. The current generated in the coil is a result of the higher tem- 

perature of the surface thermocouple which generates a magnetic field around the model. 

The model is then flown through stationary loops downrange, and the current generated in 

the stationary coils is proportional to the product of the velocity and the surface temperature. 

I should like to ask the speaker as to whether or not they have employed some more 

exotic materials in the gun barrels than steel to prevent rapid erosion or do you just let it 

erode and put in a new barrel? 

E. J. STOLLENWERK: No, we have not, but we have a philosophy that whatever erodes or 

whatever is damaged, we can replace. This led to the cartridge type chamber which works 

quite well. For the gun barrel, we have been thinking of perhaps including part of the first 

piece of the gun barrel also as a part of the replacement. We have accepted the policy that 

the problem is not hardware and decided to replace what is needed. 

H. J. Atten: The reason that I bring this point up is the following: With the small guns 

that we have used, the erosion problem has not been too severe, but we anticipate that it 

will become much more important as the gun size is increased, because the larger gun is 

subjected to the same intensity of heating but for a longer time. We have used only steel for 

barrels so far, and we know that steel is extremely poor. We have found that the figure of 

merit for materials is proportional to the product of the specific heat, the thermal con- 

ductivity, the density, and the square of the melting temperature. The higher this figure of 

merit, the less difficult should be the erosion problem. Using this figure of merit, if one rates 

steel as unity, then chromium is 3, copper is 6, molybdenum is 10, and tungsten is 25. We 

have had such sufficient difficulty with our small-bore guns at less than maximum per- 

formance that we anticipate that we will have considerable difficulty with large guns at their 

maximum performance. We should prefer to avoid having to replace sections of the gun on 

every firing, but if we have to, we will. 

E. J. SrOLLENWERK: I did not take that as a question but I feel there is another remark in 

this connection. We have accepted a very unconyentional philosophy. We said any conven- 

tional designs which require conventional safety factors will delay our progress so much that 

we cannot afford it. We isolate this part of the building and go on with the work in spite of 

the fact that something occasionally flies through the walls. This is part of the day’s work and 
is not considered an accident. 

R. W. Perry: I just want to mention that we have been aware, of course, of the tele- 
metering schemes that Drs. Allen and Kurzweg have just described. However, we feel that 

both methods are probably limited in their prospects for further development, whereas an 
active type of telemetering using a small radio transmitter appears capable of providing a 
continuous multi-channel record of pressure, as well as heat transfer information. These 
comments, though, are in no way intended to minimize the obvious accomplishments of the 
other groups. 4 
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1, GENERAL 

ALTHOUGH a limited number of British scientists had been interested in 
internal ballistics before the 1914-18 War, it was only in the latter years 
of that period that systematic, concerted examination of the subject was 
commenced in the United Kingdom. 

The subject of internal ballistics of guns is concerned with all those pheno- 
mena which cause and accompany the motion of a projectile along the bore 
of the gun and also includes those associated phenomena which occur 
immediately after the projectile leaves the muzzle. The wide variety of 
subjects involved in ballistic considerations, including hydrodynamics, 
thermodynamics and physical chemistry, provides one of the special attrac- 
tions of internal ballistics. The fact that the whole event considered, namely 
the passage of the shot up the bore, does not exceed a twentieth of a second, 
enhances the intriguing character of the problem of understanding the 
precise course of the event and adds the challenge of difficulty in the accurate 
measurement of the high-speed transient phenomena which are here 
associated with high pressures, temperatures and velocities. 

During the inter-war years the various aspects were studied to varying 
extents, but many facets of the work were neglected until staff increases 
during the Second World War enabled them to be examined. The new 
experimental techniques which electronics was able to provide had been 
developed steadily in the 1930s, but came to fruition and practical impor- 
tance during and after the Second World War. 

No journal having any close or specific association with ballistic work 
exists in the United Kingdom, and it was not until the 1950s that any modern 
book on the subject was published. It is not easy to assess the precise signi- 
ficance of this lack of national published material, but many of its dis- 
advantages—for new entrants to the subject or for uniform dissemination of 
information among different groups of workers—are clear. 
Much of the progress in internal ballistics made in the United Kingdom 

runs parallel with that made in other countries, but differences in emphasis 

in the various aspects of the work may well be found. 

2. PROPELLANT ASPECTS 

2.1. Thermochemistry of propellants 

From the knowledge of the composition of propellants and the thermo- 

chemical properties of their constituents and of the products of explosion, 

it is possible to calculate the temperature at which the gases are evolved and 

to assess the proportions of the final products. The best available data has 
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been collected and applied to thermochemical calculations. Theory has been 

improved by the inclusion of pressure corrections, and simpler methods 

devised to replace tedious calculations. Various aspects, such as the effect of 

volatile matter and moisture content, have been studied. 

2.2. Burning of propellants 
The older theories of surface burning have been replaced by more elaborate 

forms more in accord with modern views on chemical reactions, and, in 

particular, a vapour phase theory was suggested. The value of this theoretical 
work lies in its possible help in the understanding and control of erosive 
burning and ignition phenomena. 

The erosive burning of propellants, which is of some importance in guns, 
was first studied in connexion with high-performance rockets, in which it is 
of great significance. A theory has been developed, based on the increased 
heat conductivity in the reaction zone due to turbulence, which gives a 
qualitative though not a quantitative explanation of the phenomena. 

2.3. Propellants employed 
For many years propellant in cord form was mainly used, but with the 

increasing demand for higher velocities more progressive shapes such as 
slotted tube and multi-tube have now become more common. 

Double-base propellants have been general, a number of solvent types 
being used in service for many years; these were replaced by a solventless 
type, and more recently triple-base propellants employing nitroguanidine 
have been introduced. 

2.4. Determination of the ballistic properties of propellants 

The closed vessel technique for the determination of force and vivacity of 
propellants has made considerable advances. The use of piezo-electric 
pressure gauges and electronic recording has enabled the record to be made 
in the convenient form of pressure against dP/dt. The modern methods lead 
to greater accuracy and have the advantage of simpler record reading and 
analysis. The piezo-electric gauges used have been of the tourmaline type. 
The recorder finally developed has now been bought by Australia, Canada, 
France, The Netherlands, India and Pakistan, and this may well simplify any 
standardization problem that may arise. In the United Kingdom, recorders 
have been installed in propellant factories and in inspectorates, and it is 
anticipated that they will prove of increasing value in elucidating the causes 
of variations that arise during propellant manufacture. 

3. EXPERIMENTAL INTERNAL BALLISTICS 

3.1. Techniques 
The piezo-electric technique of pressure measurement using a pistonless 

tourmaline gauge was further developed and an accuracy of a few parts in 
a thousand achieved. The use of this technique was extended to cover the 
lower pressures and longer times needed for recoil measurements and 
adapted to the requirement of particular cases, such as the investigation of 
post-ejection pressures. 

Advantage was quickly taken of the invention of the patch electric 
resistance strain gauge which was used to determine the stresses in the gun 
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barrel which occur on firing, and which led to the measurement of driving 
band pressures and to some elucidation of muzzle expansions. 
A technique for recording from gauges mounted in the projectile itself 

has been developed, which enables continuous and direct measurements of 
shot acceleration and bore resistance to be made. 

The accuracy and ease of projectile velocity measurement were increased 
by the development of the electronic counter chronometer and _photo- 
electric pick-ups, and this in its turn was improved upon by the application 
of the radio doppler principle. Techniques were developed for the measure- 
ment of projectile spin. 

The piezo-electric technique developed for the measurement of bomb 
blast was adapted and used for the measurement of gun blast. 

Crusher gauges for the measurement of maximum pressure for routine 
proof range purposes received a fair amount of attention, both for improving 
accuracy and extending their range to low pressures. The importance of 
introducing a crusher gauge temperature correction has been established. 
Copper balls instead of copper cylinders have been introduced into a low 
pressure gauge, and these have also been used in a shell accelerometer gauge 
for the measurement of axial and lateral accelerations. 

3.2. Investigations 

For the first time a comprehensive investigation of pressure variations in 
respect of space and time was carried out. Original experiments in a 6-in 
gun were later supplemented by others in a 17-pr with higher charge to 
shot weight ratios. In these experiments shot travel was recorded with 
sufficient accuracy for a measurement of shot resistance to be made. 

A limited investigation was carried out on the internal ballistics of cone 
bore guns, which disclosed the occurrence of a large pressure wave caused 
by the compression of the moving column of gas in the conical part of the 
bore. This wave was held to be responsible for the damage to the cartridge 
cases experienced in this type of gun. 

4. INTERNAL BALLISTIC THEORY 

4.1. The classical problem 
In the United Kingdom, greatest emphasis has always been laid on 

deriving approximate analytical methods of a general character which can 
be used for the calculation of maximum pressure and muzzle velocity, final 
ballistic estimates being made by the application of empirical corrections 

based on experience. 
Much use has been made of a very simple isothermal solution, the system 

known as RD 38, which is rapid in use and reliable for normal guns for 

which the empirical corrections are reasonably well established. For the 

calculation of pressure/shot travel curves, this isothermal method is unsatis- 

factory. Methods based on more exact theory have been developed to meet 

this deficiency, and can be used for day-to-day work. 

The newer theories, being less empirical, are more adapted to use, without 

modification, propellant characteristics as determined by closed vessel 

measurement. No theory has yet been developed, however, which can avoid 

the use of certain empirical corrections. 
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The differential analyser has been used for certain problems, such as the 
effect of shot start pressure, where families of solutions are involved. 
Generalized solutions have also been obtained by numerical integration and 
by use of digital computers to meet the requirements of the gun designer. 

4.2. Particular aspects 
Pressure Gradient.—The experimental results of the work on pressure 

gradient have stimulated further theoretical work on this perennial problem 
of Lagrange. In this and other connexions, the motion of the propellant 
charge during burning is of some importance; theoretical work has shown 
that the motion is negligible until burning is very nearly complete. 

Heat Transfer—Energy is lost by the propellant gases in the form of heat 
to the gun barrel. This loss of energy, which amounts to about 5 per cent, 
is of some importance in the classical theory of internal ballistics and of pre- 
dominant importance in connexion with gun erosion. A theory of heat 
transfer to the gun barrel by forced convection has been elaborated and 
widely used in the studies of barrel heating and gun erosion. 

Worn Guns.—A worn gun differs from a new one chiefly in the shot start 
conditions. Also with separately loaded ammunition the initial volume 
behind the shot is increased with wear. In a worn Q.F. gun, not only will 
the resistance to shot motion be different, but there may be space through 
which appreciable gas leakage can take place. Theory has been elaborated 
to cover these conditions. 

Effects of Bore Resistance—Another interesting theoretical study has been 
concerned with the ballistic effects of bore resistance. It is well known that 
shot start resistance has a strong influence on the maximum pressure and 
muzzle velocity. Because the burning of a propellant is pressure-dependent, 
burning exhibits a regenerative character. Increased resistance results in the 
development of a higher pressure and thus two opposing influences affect the 
velocity of the projectile. If the resistance is increased at shot start, but is not 
maintained, a higher muzzle velocity will result. On the other hand, if the 
resistance is increased after shot start, and maintained, the velocity will in 
general be lowered. 

Variation of Pressure after Shot Ejection —This subject is of importance to 
the theory of recoil and of muzzle brakes and also in the design of high 
rate of fire automatic guns. Theories of Hugoniot and Rateau and a new 
theory have been checked by experiment. In the case of the automatic gun, 
the designer requires to know at what time after firing the pressure in the 
chamber has fallen sufficiently to allow the breech to be opened. This 
corresponds to a pressure of a few hundred Ib/in.*, which is about | per cent 
of the maximum pressure, and successful measurement presented a difficult 
problem which was solved by an elaboration of the standard piezo technique. 

5. BALLISTIC PERFORMANCE 

5.1. The attainment of higher velocities 
From 1900 to 1940 the highest muzzle velocities in Service guns remained 

at much the same level. There was no real difficulty in obtaining higher 
velocities experimentally, especially with the introduction of more pro- 
gressive propellant shapes, but the conventional approach of merely making 
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a longer gun led to rapid erosion and great difficulty with the driving band. 
A requirement for higher velocities came with the development of anti-tank 
guns, and this was successfully solved by the discarding sabot device. 

The importance of very high velocities in the attack of high-flying high- 
speed aircraft has led, in recent years, to considerable attention being 
focused on this subject. Possible means of obtaining a large increase in 
muzzle velocity, particularly for the projection of small fragments, have 
been studied, such as the super-calibre system, with which velocities of 
8000 ft/sec have been experimentally obtained, the light gas gun, giving 
velocities over 10,000 ft/sec, and liquid propellant guns. 

5.2. Gun life 

Gun erosion is probably the most important factor limiting gun perform- 
ance. Considerable effort has, therefore, been devoted to its study and to 

means of overcoming it. The erosion of gun barrels is caused by a com- 
bination of a number of effects, which vary in extent and importance with 
different ballistic conditions. The steel of the bore surface undergoes thermal 
alteration on the heating by the propellant gases and it reacts on certain 

constituents of these gases to form iron carbide, nitrides, oxides and sulphides. 
These compounds are liquefied at temperatures below the melting point of 
steel and are brittle when cold. Hence in some cases they seem to be blown 

off the bore surface while in a fused condition by the propellant gases, while 
in other cases they seem to be rubbed off the surface by the projectile. 
Cracking of the steel surface by the thermal and mechanical stresses imposed 
on it by the propellant gases and the projectile is facilitated by this chemical 
and thermal alteration, and the cracked surface in turn is more susceptible 
to chemical attack. 

The severity of erosion is largely determined by the peak temperature 
attained by the bore surface. 

In the development of new guns, the ability to predict gun life is obviously 
most desirable. The correlation of the rate of erosion with the bore surface 
temperature as deduced by heat transfer theory enables this to be done, 
although with the high initial barrel temperatures obtained in automatic 
guns the results are accepted with reserve. 

Erosion can either be resisted by metallurgical means or can be controlled 
by controlling the bore surface temperature, which can most effectively be 
done by lowering the flame temperature of the propellant gases. The impli- 
cations of this and of the effect of the propellant gas composition have been 
thoroughly investigated by a comprehensive research on cool propellants. 

The effect of the driving band was found to be important and can be 
materially reduced by newer types of band. 

5.3. Maintenance of M.V. and proper functioning 

Various aspects of driving band behaviour have been studied, including 

band pressures, effect of high velocity, functioning in worn guns, effect on 

muzzle velocity, effect of band on wear. These researches have led to the 

development of new types of driving band to avoid the disadvantages of 

copper bands. At the same time the design of leed and driving band for 

maintenance of velocity has been studied. Rifling has also been investigated, 

including a new theoretical and experimental examination of increasing twist. 

P 
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The requirement for extreme accuracy in anti-tank guns led to an investi- 

gation of factors determining the directional accuracy of projection, and to 

practical means of obtaining the maximum accuracy. 

5.4. Accuracy: consistency and predictability of muzzle velocity 

Adjustment of Propellant Charge Weight—For each production lot of 
propellant, the appropriate charge weight must be determined to give the 
desired velocity. The procedure for this is known as propellant proof. This 
presents numerous difficulties because of the inherent errors of the gun 
which is used in the process. The methods of propellant proof and the sources 
of error have been under continuous scrutiny and the procedure has been 
improved in a number of points of detail. 

If it were possible to measure the ballistic properties of the propellant 
with sufficient accuracy, then theoretically it should be possible to eliminate 
most of the expensive and not altogether satisfactory gun firings for propellant 
proof. The improvements in closed vessel technique referred to earlier have 
brought this very desirable goal into sight and the investigation of possibilities 
is in progress. 

The same problem on a wider front occurs in connexion with international 
standardization agreements. Here the problem is of matching ammunition 
made by two or more countries, and real difficulties arise through differences 
in procedures for propellant proof. Some progress has been made in defining 
these problems and in their solution. 

Miscellaneous Gun Errors.—There are a number of sources of variation in 
realized muzzle velocity which have been closely studied because of their 
effect on gun accuracy. Since these errors are small and there are many of 
them, their study is difficult and requires extensive use of statistical methods. 
Their study has been helped by the improvements in the accuracy of muzzle 
velocity measurement. 

The investigation of some of these errors has progressed beyond their 
statistical estimation to some understanding of their physical causes. For 
example, the low ballistics associated with the first round of the day, or 

warmer round, is due to the presence of an oily film in the bore, which has 
an important effect on driving band pressure. Interference is a hangover 
effect of the previous round on the one fired, and is presumably similar in 
kind and caused by the slight difference in bore surface conditions affecting 
friction. In the same category is the phenomenon of “ballistic hump’. In 
this the velocity rises in the early stages of gun life, and this is now thought 
to be caused by the development of craze cracking of the bore surface. 
Related are the phenomena of “downward crash” and “upward creep” 
which are trends in muzzle velocity which occur in a series of rounds but 
which are transitory in nature and presumably caused by the heating of the 
gun barrel. 

The influence of gun wear on ballistics is usually allowed for, but errors 
arise from the prediction of wear from the number of rounds fired and from 
the estimation and variations of its effects. Temperature coefficients are also 
allowed for but are difficult to determine with precision and may be subject 
to differential wear effects. In addition to these phenomena, gun-to-gun and 
occasion-to-occasion errors have also received much attention, and the 
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application of the closed vessel technique to this subject has indicated that 
ignition may be another source of error. 

9.5. Ignition and charge design 
The piezo-electric technique was used to investigate conditions leading 

to the occurrence of sporadic high pressures. It was discovered that these 
conditions, although only occasionally giving high pressures, gave pressure 
waves in the gun, and on all rounds the tendency was associated with 
localized ignition of granular charges. This led to the solution of the problem 
of sporadic high pressures by more central and distributed ignition by the 
use of a long primer. 

Other work on ignition, apart from work on primers, was on the ignition 
of propellants by flame and hot particles, and much information was 
obtained on charge and ignition from development work on new equipments 
or new ammunition for existing equipments. 

5.6. Gun design 
The two main internal ballistic aspects of gun design are: 
(1) the ballistic design of the gun, i.e. the specification of expansion ratio, 

maximum pressure, loading density, etc., and 

(ii) the pressures and stresses set up by the chosen ballistic solution. 
Improved ballistic methods of pressure/shot travel estimation provide a 

better basis for estimating stresses due to gas pressure, while a comprehensive 
experimental investigation of driving band pressures, leading to the develop- 
ment of a limiting pressure theory, has enabled stresses due to bands to be 
predicted. 

The characteristics of combined gas and driving band pressure have been 
studied and some progress made in the application of results to a system of 
gun design. 

6. SPECIAL TYPES OF GUN 

6.1. Super-calibre principle 
In a conventional gun system a high velocity means a long gun. Very high 

velocities may require a gun 100 calibres or more long; such a gun can only 
be a very awkward weapon. The super-calibre system is a ballistic trick 
which enables the extra velocity to be obtained, not by lengthening the 
gun but by increasing the area over which the pressure acts without increasing 
the calibre of the projectile proper. While the latter is in the bore it must be 
centred by a light carrier of gun bore diameter. This carrier is either dis- 
carded at the muzzle or deformed before the muzzle is reached, so that the 

calibre of the emergent projectile is less than that of the gun. 

In its practical application the super-calibre system is not so much a 

means of obtaining high velocities as a means of obtaining high velocities 

with a conveniently proportioned gun. This is probably the most important 

function of the system, but there are other inherent advantages. For instance, 

a super-calibre solution has a much lower erosion rate than the corresponding 

orthodox gun. Further, a super-calibre system permits a low pressure 

ballistic solution to be used without increasing the gun length, and such a 

solution, which has the advantage of less gun weight, can usually be applied 

without an increase in gun size. The price to be paid for the advantages of 
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the super-calibre system lies in the greater complexity of the projectile and 

in the dead weight of the carrier. 
The theoretical implications of this system have been explored and the 

system exploited. Research has been carried out on both types of carrier, 
the discarding type and the deformable type. Examples of the latter type 
are Gerlich and Littlejohn weapons, which require a conical bore or a muzzle 
adapter, respectively, to deform the projectile before it emerges from the gun. 

6.2. Light gas gun 
One of the obstacles to obtaining very high muzzle velocities is the 

necessity for accelerating propellant gases as well as the projectile. A limit 
is reached when the extra energy released by the additional propellant is 
all absorbed in accelerating the propellant gases. This limit can be raised 
by reducing the molecular weight of the gases. In order to do this a tandem 
system has been suggested and successfully used in which a piston, driven 
by a normal propellant charge, compresses hydrogen contained in the gun 
bore between the piston and the projectile. The compressed hydrogen then 
accelerates the projectile, and velocities of over 10,000 ft/sec have been 
obtained in this way. 

6.3. Liquid propellant gun 
Liquid propellants developed mainly for rocket motors hold out some 

potential advantages for application to guns. These advantages are mainly 
related to the saving of the cartridge case and bulk storage of the propellant, 
and would result in a valuable saving of ammunition storage space in tanks 
and a reduction in ammunition weight, and which could mean a higher 
rate of fire in automatic guns. There is also some promise of increased 
performance. Possible gun systems have been worked out on paper, and the 
information obtained from experimental firings has enabled some theoretical 
work on the internal ballistic aspects of such guns to be undertaken. 

6.4. Recoilless guns 

In recoilless guns a venturi in the breech discharges gas to counteract 
recoil. Because of the loss of gas through the venturi the charge weight of 
propellant is about three times that of a conventional gun to give the same 
muzzle velocity. The system is clearly more complicated than the orthodox 
one, but a comprehensive internal ballistic theory was evolved and this 
included a discussion of optimum designs. 

6.5. Low pressure systems 

The ballistic system adopted for cordite-operated catapults could be 
regarded as a low pressure gun. In spite of the low pressure of operation 
the relatively long time of the stroke necessitated the use of large sizes of 
cordite. High values of the piezometric efficiency were demanded. 

Other low pressure propulsive systems developed with cordite operation 
included engine starters. 

Torpedo launching systems have been of the high-low pressure type, in 
which the propellant burns at a high pressure but the propellant gases act 
only as a low pressure propulsive system. The ballistic theory of the high-low 
pressure system as applied to guns has been worked out in some detail, but 
the system has not been used in the high pressure field. 
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7. INCIDENTAL EFFECTS 

7.1. Flash and smoke 
Theoretical work has comprised an investigation of the hydrodynamic 

condition of muzzle gas flow and of the possible physical mechanism of 
muzzle flash. This has been concurrent with an experimental investigation 
of the phenomena of flash and of the shock waves set up by the gases flowing 
from the muzzle. Experimental work included a spectrographic examination 
of flashes, and a laboratory study of the oxidation and control of oxidation 
of muzzle gases. The latter led to the development of the ‘“Quink’’ device 
for dispersing and volatilizing xylene over the area where secondary ignition 
may occur, but the early promise of this device was not maintained. 

Various flash meters and glow meters were developed for experimental 
and routine use. These were either photo-electric or photographic in their 
mode of operation. Later work has been mostly on the prong type of flash 
eliminator, in giving a theoretical explanation of its action in suppressing 
flash and in exploring its range of utility. The physical assessment of smoke 
from guns presented a difficult problem, but a comprehensive method was 
devised and from this was developed a simple, less exact method for routine 
range use. The methods have been used to study differences in smoke due 
to differences in propellant and other variants. 

7.2. Gun blast 
This subject received rather little direct attention, though it has benefited 

on both experimental and theoretical sides from the large effort devoted to 
bomb blast. The work was mostly experimental and confined to blast surveys 
for certain specified equipment, and these results from modern equipment 
were compared with the predictions of the major research work on blast 
from ordnance carried out in the United Kingdom in the 1920s. Among 
the new conditions which were met are flashless rounds and muzzle brakes. 
The latter naturally cause considerable distortion of the normal distribution 

of blast. 

7.3. Recoil and muzzle brakes 
Muzzle brakes received considerable attention. The design of high effi- 

ciency brakes was studied and theory and methods developed for the assess- 
ment of efficiency. This work was extended to include recoil generally, and 
the theory of post-ejection conditions in a gun applied to the more accurate 
prediction of the force causing the recoil. 

8. PROBLEMS REQUIRING FURTHER STUDY 

8.1. Weight reduction 
Continued demands for higher velocities raise problems of the necessary 

weight of equipment and of ammunition. The requirement of minimum 

size and weight is also of importance for mobility and air-transportability. 

8.2. Gun heating 

The high rates of fire with modern guns raise serious problems of heat 

transfer. The rapid dissipation of this heat is essential if firing is to be main- 

tained, even in short bursts, for any length of time. 
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8.3. Temperature ranges 
Advantages accrue if ammunition can be used without modification in all 

parts of the world, and a number of problems arise in satisfying this require- 

ment. It is essential to be able to determine, or to predict accurately, the 

change in performance over a wide range of temperature. The wide range 

now required to be covered implies that, to ensure safety at the upper tem- 

perature limit, the performance at normal temperatures must be degraded. 

It is clear that considerable advantages would accrue if means could be 

found to decrease the temperature dependence of the propellant behaviour 

and burning. 

8.4. Ignition and burning 
Much remains to be learnt of the early phenomena of ignition and burning 

of a propellant charge and of the detailed causes and cures of irregular 
pressure-time curves which in severe cases may give rise to sporadic high 
pressures. In addition greater study of erosive burning is required. 

8.5. Improved theory 
With the advance of experimental techniques and the associated accumu- 

lated data, and with the improved scope available from high-speed com- 
puting machines, further elaboration of the fundamental ballistic relations 
may now be justified. Such modifications should include fuller statements of 
gas flow, rate of burning, heat losses and projectile resistance. 

8.6. International standardization 
The use of common weapons and ammunition raises a number of prob- 

lems relating to interchangeability and matching of ballistic performance, 
problems which are often complicated by differences in internal ballistic 
procedures, such as propellant proof, etc. In order to achieve ballistic 
matching, agreement must be reached regarding specifications and control 
of manufacture and regarding methods of test. In addition the allowable 
limits of the matching must be decided and methods formulated whereby 
the appropriate corresponding manufacturing limits may be assessed and 
controlled. In this connexion, use of common testing instruments such as 
the Closed Vessel recorder marks a positive step forward. 

DISCUSSION 

J. StrEcKE: Could you give the connexion between the form of the burning chamber 

and the erosion in the barrel, or is there no connexion between the two? Was it possible to 

find the connexion between the form of the loading chamber and the erosion in the barrel? 

J. B. Goops: There is some connexion but I think it is not generally important, although 

there are some principles which can be followed in design. It is a remarkable fact that if you 

have two guns of the same performance, one which uses a cartridge case and one which does 

not, the one with the cartridge case wears out at about twice the rate of the other. This is 

presumably due to the discontinuity caused by the mouth of the cartridge case, and it is this 

type of discontinuity in the geometry of the bore that is obviously undesirable. This kind of 

thing is difficult to sort out without making special guns, and we have not really determined, 

I think, whether a very stubby chamber requiring a strongly necked case is disadvantageous 

with respect to erosion. 
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H. H. Kurzwec: Did you make any calculation or experimental investigation about the 

optimum length of a gun barrel? I mean, did you calculate the friction of the gas in the gun? 

J. B. Goopr: Well, there is really no such thing as an optimum length, if I may say so. 

In talking about the practical case of a weapon, it is the length of barrel and expansion ratio 

which have to be decided in the ballistic design, and this decision is not always an easy one 

to make. Roughly speaking, the longer the gun the higher the velocity, and the greater the 

expansion ratio the greater the consistency in velocity from round to round. But the greater 

the expansion ratio the longer the gun must be for the same performance, and in ballistic 

design a compromise must therefore be made between these two factors. There are other 

aspects—the chamber of the gun is responsible for half the weight of the barrel, and there 

is some scope for reducing the weight of the gun by increasing its length, that is, by increasing 

its expansion ratio and thus reducing the size of the chamber. Practical engineering sets limits 

to these possibilities. 

I think the friction of the gases is not important for the velocities which are used in weapons. 

P. M. SrranpE: Would you be prepared to say anything more on what kind of driving 

band you might have in the future to replace copper? 

J. B. Goopre: Yes. A number of materials have been tried and I think, generally speaking, 

that some form of non-metallic material is the most suitable. For these materials the limita- 

tions are storage and climatic conditions. If these can be overcome, then the non-metallic 

material seems to be the best. It exerts less pressure on the bore and it really functions better 

at high velocities. The disadvantages of copper stem, first of all, from its high thermal 

conductivity. Secondly, although it does not have great compression strength, what it has is 

sufficient to cause high stresses in the bore. Non-metallic materials can be used in the same 

form as the traditional driving band, but it is possible to design driving bands which do not 

work in this crude way. Instead of using the compressibility of the material, you can use 

elasticity in the support of the driving band to give you what you want without exerting high 

pressures on the bore. 
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ROCKET RESEARCH AND DEVELOPMENT 

IN THE UNLLED KINGDOSI 

F. JAMES 
Armament Research and Development Establishment 

This brief history is mainly a mention of the major problems of rocket development, 
roughly in the chronological order in which they were encountered in the United Kingdom, 
subject to the limitations of security. Its usefulness is to invoke a perspective rather than 
to convey technical information. 

Tue historical approach is one way of taking a broad survey of a field of 
work, which is often helpful, if only to keep our-perspective right. If this 
paper has any usefulness it will be in that way, for it contains no new 
technical information, though it may be of interest to any who find history 
interesting. As befits the occasion we are celebrating, we will consider general 
principles, not specific details; indeed space will permit only a mention of 
the major problems of rocket development, in roughly chronological order 
as they were encountered in the United Kingdom. 

Most people think of a rocket weapon as synchronous with and indeed 
typical of our present day and age. It is in fact an older weapon than the 
gun. Our great-grandfathers could be as impressed as we with its possibilities : 

“... the War Department . . . are making every effort to develop fully 
the powers of this hitherto neglected weapon . . . and a trial is very shortly 
to be made with a monster projectile, consisting of seven rockets banded 
together and firing as a group. This fearfully destructive mass will weigh 
little less than half a ton . . . and there is every probability of their 
efficiency being fully tested next spring against the Russian stronghold in 
the Baltic.” 
This is from a letter in The Times of 1855. Rockets of more modest 

dimension were the regular weapon of the British Army (Fig. 1). Warfare 
was a comparatively gentlemanly occupation in those days, though it had 
its dangers, for Rocket, War, 24 Ib (Fig. 2), was apt to burst on firing, a 

form of behaviour which may cause a modern rocket designer a pang of 
sympathy with his predecessors. The propellant of this rocket was gun- 
powder and it' was loaded into the steel body under high pressure. The 
bursts of course occurred when the burning surface, instead of remaining in 
the central cavity as intended, ran up between the propellant and the steel 
body. This part of the propellant surface was “inhibited” as we say, that is, 
prevented from igniting, by being pressed tightly against the wall—a pre- 
carious method of inhibition. The old records show that many materials, 
savouring, however, of the workshop rather than the laboratory, such as 
paint and brown paper, were tried as coatings on the wall, but none were 
satisfactory. The incidence of bursts increased steadily with duration of 
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Fig. 1. A nineteenth-century rocket troop 
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Fig. 2. Rocket, War, 24PR.Mark VII/C 

storage, and there can be no doubt (though it was not realized at the time) 
that changes in the stress at the wall, resulting from temperature fluctuations 
during storage, were responsible for the breakdown of the contact. This is 
still a lesson for rocket designers. 

In the latter part of the century the gun went ahead, no doubt because 
research and development was lavished upon it, and rockets went into the 
doldrums. Their revival began in the middle of the 1930s and was in part 
due (rocketeers must swallow the insult) to doubt whether there would be 
enough guns for the anti-aircraft defence of London. The War Office gave 
a mandate for some research effort to be turned to rockets and four members 
of the scientific staff of the Research Department were instructed to devote 
the greater part of their time tc the problem. SANGERs’ Raketenflug technik is 
an outstanding recollection of the scientific reading of that period, but the 
practical work was in terms of colloidal propellants (‘‘cordite’’). I had 
already shown that a colloidal propellant, which had of course been formu- 
lated as a gun propellant, would burn steadily in a vented vessel and behave 
as one might expect on physico-chemical grounds, giving about the calculated 
thrust. This was the famous “S.C.’’ (solventless, carbamite), details of 
which are now in the text-books. It was lucky that the minute staff engaged 
on rocket work did not have to turn its efforts in the first place to developing 
a propellant. S.C., though far from ideal, had an acceptable index of 
pressure in the rate of burning law, a bearable temperature coefficient, and 
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could be readily fabricated into charges of what was then considered thick 
web. 

The kind of rocket motor design which came to birth in the next few 
years, and which was more or less ready to go into service at the beginning 
of the war, is indicated in Fig. 3. The propellant charge was tubular in 
shape; this is one of the shapes which, assuming a uniform rate of burning 
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at all points, gives a constant area of burning surface. The charge was held 
away from the motor wall by a number of “tabs” or disks of thermoplastic 
material stuck to the propellant, and was prevented from being drawn into 
the nozzle by a grid or trap which was shaped to support it without obstruct- 
ing the flow of gas. It was found impracticable at that time to make a satis- 
factory drawn body of high tensile steel. The method of fabrication which 
was finally adopted (keeping large quantity production in view) was to roll 
steel strip to a uniform thickness, shape into a tube and weld electrically. 
The weld seam was scarfed away and the tube cold drawn to final dimen- 
sions. The welding process demanded a steel of relatively low carbon content 
and thus relatively low tensile strength. It was a long time before motor 
bodies could be welded of higher tensile steels, thus saving weight and 
improving motor performance. The end of the body tube was welded to the 
end of the nozzle, the alignment of which was ensured, within limits, by 

positioning it in the tube in the way shown. The shell followed standard 
practice, except that its wall, not having to withstand gun stresses, could be 
made to the thickness for optimum fragmentation effect. The overall shape 
was typical rocket with ogival nose and four triangular fins, which were 
detachable, at the rear. The launchers for these rockets were essentially two 
rails along which the rocket slid. Their construction followed standard 
engineering practice and presented no special problems, though they were 
of many different patterns. At first the rockets were unrotated (slow spin 
was applied later) and they were called U.P. (unrotated projectile) as a 
security measure, sometimes written ““Upie”’ by those who wished to intro- 
duce a slight flavour of derision. The external diameters of the bodies were 
2-25, 3-1, and 5 in; the 5-in round differed considerably in detail from the 

other two but not in principle. 
A method of recording pressure and thrust was developed, depending 

upon the effect of pressure on the electrical resistance of a ceramic material. 
This kind of gauge is still preferred by some workers to the strain gauge 
which is now in common use. The pressure-time curve recorded from these 
rocket motors was not rectangular in shape, as it would be for a propellant 
shape of constant burning surface and uniform rate of burning. Instead it 
took the form indicated by the upper curve, Fig. 4, and sometimes that of 
the lower curve. The initial hump was due to a phenomenon which was 
called ‘“‘erosion’’; that is, the rate of burning of the propellant is increased 
when the propellant gases move over its surface, and this effect begins to 
reach significant proportions when the gas velocity approaches Mach 0-5. 
This behaviour is still not fully elucidated. The behaviour indicated by the 
lower curve was more serious for it was sporadic and irregular, and the 
pressure sometimes rose high enough to burst the motor. It was, and still is, 
attributed to acoustic vibrations in the gas, but the mechanism by which 
they are sustained is still being discussed. It was suppressed in these 
rockets by making a number of holes through the web of the charge, so that 
the inner and outer conduits were in closer communication. 

The ignition of the propellant in these motors was at first a major problem. 
In a gun a relatively large quantity of gunpowder can be used as an igniter, 
and the pressure brought up rapidly to the order of tons. Such gross methods 
are out of the question in a rocket motor, which must be designed for more 
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modest pressures if it is to be light enough to have a good performance. 
The classic equation for the velocity of gas issuing from a venturi shows how 
the thrust of a rocket-is influenced by the pressure (the results of calculations 
for rocket propellants are now in the text-books) and the pressure chosen is 
the designers’ compromise between weight of motor body and high gas 
velocity. The gas pressure chosen for the war-time motors was between 
1000 and 2000 Ib/in?. In one kind of ignition failure which often occurred, 
the propellant ignited apparently correctly and developed full thrust for 
one-tenth of a second or so, and then suddenly ceased to burn. It often 
re-ignited after a few seconds and burned out normally. If this happened 
during a launching trial, the rocket would leap off the launcher and fall in 
front, usually pointing towards the spectators in a sinister manner. This 
kind of failure happened especially at low temperature, which led the 
investigators astray. It was some time before it was realized that the tem- 
perature effect was a secondary one. The bag of silica gel which appears in 
the early designs was intended to prevent a film of moisture depositing on 
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the surface of the charge. Fundamental considerations are not much help to 
the solution of the practical problem of ignition; for the physico-chemical 
processes are very complex and are still far from being fully elucidated. ‘The 
problem had to be solved mainly on a basis of empiricism and experience 
and it was not until 1941 that it ceased to-be seriously troublesome. 

The kind of charge design shown in Fig. 3 suffers from the serious draw- 
back that the hot propellant gases flow over the body, which must therefore 
be thick enough to withstand the gas pressure when a temperature gradient 
has been set up in its walls, and its tensile strength has been thus reduced. 
It is in this respect a retrogression from the design of Fig. 2. The first rockets 
to be launched using colloidal propellant (it was on 5 November 1936, the 
anniversary of a notable date in British history) employed a potentially 
better design. The burning surface was of the now familiar star shape 
(Fig. 5) and the cylindrical surface of the charge was inhibited from burning. 
The dimensions of the star can be adjusted to give a fair approximation to a 
constant burning surface. Another charge design of constant burning surface, 
which was used in experimental work at that time, was the “‘cone and 
cylinder’; the “cruciform” has also been included in Fig. 5 though it 
came later. The inhibition was accomplished by filling the space between 
the charge and the motor body with a plastic material (using the word 
“plastic”? in its rheological sense) which accommodated the dimensional 
changes, resulting from fluctuations of temperature, in the charge and the 
body. This scheme functioned well when the round was freshly assembled 
but did not withstand storage, because the plastic absorbed nitroglycerine 
from the propellant, its properties altered to those of a viscous Newtonian 
liquid, and it flowed slowly out of the nozzle. It became clear that the 
problem of inhibition was a long-term one. The ‘‘loose charge’’, as the 
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design of Fig. 3 was called, was adopted in the hope that a usable rocket 
could be made more quickly in this way. The performance of the weapon 
was however much poorer than had been expected with the original scheme 
and fell short of the gun with which it was in competition; a competition 
which, if successful, would have shaken the position of the opponents of 
rockets (who may properly be included in an account of the problems 
encountered). In fact a high performance was not essential for the uses to 
which rockets were put during the war; we shall never know whether a 
better performance would have led to a weapon of greater effect. 

Facilities allotted to rocket work increased as the outbreak of war 
approached, though they were always small by present-day standards. In 
1939 a new establishment called “Projectile Development Establishment” 
separated off from the Research Department and was engaged almost 
entirely on rocket work, some of which, however, continued in the Research 

Department and in other establishments and universities. In 1940 a new 
branch of the Ministry of Supply, under a controller, was set up to govern 
the development and supply of rockets. I suppose a history ought to include 
some names, but this is a difficulty, because so many people have had a 
hand in rocketry in one way or another that it is impossible to do them 
justice in a paper of this kind. We will mention only the pioneers. In control 
until after the end of the war was Dr. A. D. (now Sir Alwyn) Crow, who 
became the Chief Superintendent of the Projectile Development Establish- 
ment and later Controller of Projectile Development. After the war he gave 
an account of British rockets to the Institution of Mechanical Engineers.+ 
The four scientists already mentioned were W. R. (now Sir William) Cook, 
Dr. H. J. Poole, C.M.G., and C. M. Balfour, to which may be added in the 
words of Walter Scott, my own name “less to aid in their enterprise than to 
make up their number’. They were assisted by an ancillary staff whose 
quality was some recompense for their lack of numbers. W. Blackman 
succeeded Sir Alwyn as C.S.P.D.E. O. G. (now Sir Graham) Sutton was of 
the party for a time and it was joined at an early date by W. H. Wheeler. 
Except for Sir Alwyn’s knighthood, the honours were conferred for services 
in fields other than rocketry. The P.D.E. was dissolved in 1947 and the 
greater part of rocket work in the Government service became a duty of the 
Royal Aircraft Establishment. 

It was for anti-aifcraft defence that rockets were at first used, and after 
some changes of policy they became settled as the weapon of the “Z” 
batteries, which were provided with launchers of the kind shown in Fig. 6. 

These were light in weight and easy to manufacture and were provided in 

large numbers. Sixty or more rounds were fired in a salvo, aimed at a 

predicted point, so that the inherent dispersion of the rounds filled a volume 

of the sky with bursting shell. The effect on a spectator was formidable, and 

as to the targets, the number available dwindled greatly as that of the 

“7? batteries grew. Though this was not necessarily cause and effect the 

deterrent value was indubitable. This method of anti-aircraft defence had 

its drawbacks however. On one occasion a meeting had been arranged with 

a distinguished industrialist whose hobby was horticulture. When the 

Ministry representatives arrived they observed, on the table of the board 

room, a large and irregular fragment of a rocket. The industrialist opened 
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the meeting by remarking that this fragment had been found that morning 
in his greenhouse, which it had entered by way of the roof. Although his 
desire to serve his country was undoubted, a certain tension continued to be 
perceptible during the proceedings. 

These rockets were by nature best adapted to be fired in salvos for area 
bombardment rather than individually round by round. This became 
gradually clear to the using authorities, and when the order of the day 
changed from defence to attack they were employed in this role by the Navy 
(Fig. 7) and the Army (Fig. 8), and were reported to be very effective, 
especially in preparing for landings on beaches. The fire-power of a small 
rocket ship while in action was equivalent to that of several battleships. 
The Air Force, too, presently began to perceive the possibilities of the new 
weapon; experiments in their launch from aircraft soon proved fruitful 
against targets on land and sea (Fig. 9). Both high explosive shell and solid 
penetrative shot were fitted to aircraft rockets, and many successful attacks 
were reported against tanks and submarines. 

These applications demanded the manufacture of rockets in very large 
numbers and brought many problems of detail, some of a rather exasperating 
kind, for the juggernaut of large-scale production, once on the move, is not 
easy to divert. Imperfect designs became frozen and could not be improved ; 

Fig. 7. Rocket craft in action 



234 F. JAMES 

Fig. 8. Land mattress 

alterations which would have been simple in an original design became 
difficult when certain parts could not be touched. It is well known that an 
applied scientist or design engineer cannot be allowed to go on improving 
his product indefinitely; but in war-time it may be necessary to anticipate 
the likely course of design, and to start production long before the design is 
finalized. | 

In order to arm a gun fuse in a safe and reliable manner, the force arising 
during the high initial acceleration of the shell, or that due to its spin, may 
be utilized, but these are not available in an unrotated rocket. Other 

methods of arming the fuse had to be devised and developed, and this 
absorbed much effort and some ingenuity. Most of the designs adopted, 
however, were of a rather pedestrian kind. Another fuse problem is that of 
setting off the fuse of an anti-aircraft weapon by the proximity of an aircraft, 
so as to avoid the need for a direct hit. A good deal of development was done 
on a scheme which operated photoelectrically; it was begun when the chief 
menace appeared to be the daylight dive-bomber, a role for which it was 
best suited, but it did not go extensively into service. 

Besides the chief uses of rockets mentioned already, a large number of 
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Fig 9. An early aircraft rocket installation 



236 F. JAMES 

minor schemes were developed, for rockets have the advantage (or dis- 

advantage), in comparison with guns, that they are adaptable to a great 
variety of curious devices. Some of these were very useful and many had a 
limited success. There were, for example, arrangements of wires, bombs and 

parachutes intended to trap aircraft; they avoided the need for precise 
prediction in time and space, which was good in principle. As an example 
of less well-considered ingenuity we may take the device known as Panjan- 
drum. It consisted of two large wheels connected by a hub, and propelled 
by a number of rockets attached to the wheels near their periphery. The 
idea was to launch this object from the ramp of a landing craft, whence it 
might churn its way through the water and up the beach until it reached 

an obstacle which could stop wheeled or tracked vehicles. At this point a 
large charge of high explosive contained in the hub would be detonated. 
The monster incorporated no means of keeping it on its course, and it is 
reported that during its trials it imbued the onlookers with considerable 

agility. 
The accuracy of the rockets was inevitably compared with that of guns, 

to their great derogation. For area bombardment, which as we have seen 
was a major use, inaccuracy may be an advantage if it is of the order to 
give the sort of spread which is required, and which in a more accurate 
weapon would have to be introduced, with added complexity. It may be 
argued also today that intrinsic accuracy is not needed since we have 
guidance. Nevertheless a rocket designer would like to have the confidence 
of Wilhelm Tell in the intrinsic accuracy of his weapon, if only to remove 
the superior smile from the face of the gun ballistician. A theory of rocket 
flight, to which eminent mathematicians had contributed, was developed 
and was published after the war.® The chief disturbing moment on a rocket 
in flight in still air is due to the malalignment of the thrust on the centre of 
gravity. If we assume, as is reasonable, that the thrust vector lies along the 

axis of the venturi, this malalignment is controlled by the designer in the 
tolerances he specifies for the components; it may also be estimated by 
direct measurement. The theory shows how to calculate the dispersion for 
a given malalignment, but the observed dispersion is always considerably 
greater than the calculated. This difference, called with devastating realism 

“the unknown factor in dispersion’’, constitutes the problem of rocket 
accuracy. It was supposed from the first, and confirmed in practice, that to 
apply a slow spin to the rocket would improve the accuracy, but the 
unknown factor remained, and did not, like the other major problems, yield 
to the attacks upon it. The firing of rockets in salvos introduced an additional 
source of inaccuracy since there was mutual interference (Fig. 7). When 
operational requirements permitted, this could be avoided by “rippling’’, 
that is, firing singly at short intervals; ripple firing switches were made in 
large numbers. A combination of salvo and ripple was frequently adopted, 
the rounds which were fired together going from rails as far apart as could 
be arranged. The effect of a cross-wind on unguided rockets appears in the 
theory; it is of course considerable. The early rocket workers at times raised 
some eyebrows by appearing in certain open spaces of London in company 
with a fire-escape. ‘They were studying the wind structure at these sites. 

The pressing demand for weapons during the war did not permit much 
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research; knowledge of rocketry was gained rather as a by-product than as 
a result of planned investigation. Nevertheless some work of a more general 
kind was done and it is appropriate to this occasion to reflect that the results 
of this work still continue to inform the progress of rocketry, while the output 
of much of the rest of that period of intense activity has passed into oblivion. 
We saw that the propellant originally used, and which became frozen into 
all Service rockets during most of the war, had been formulated for guns. 
The question of making propellants intended for rockets was a vital one. The 
classic equation for the velocity of gas issuing from an orifice (that corner- 
stone of any rocket edifice) shows how the performance of a propellant depends 
upon the molecular weight of its products and upon the temperature of com- 
bustion. Many other properties have also to be considered; notably mech- 
anical properties, ballistic properties, safety in manufacture and storage, 
methods of inspection, storage life and cost. The subsequent development of 
propellants, colloidal plastic and consolidated, was foreshadowed at that 
time, and part of the course was charted. A study of the physical properties 
of propellants and their relation to behaviour was inaugurated. (Some of this 
has been published.*) Some progress was made in the study of the mechanism 
of burning of propellants, which is very complex, especially at rocket 
pressures.” A long-term practical investigation of flow in supersonic nozzles 
was initiated.® In 1939 a small installation had been completed for experi- 
mental work with liquid propellants. The study of the properties of such 
propellants continued on a small scale during the war but no work on the 
technique of motors was done. There is no advantage in liquid propellants 
for small rockets, and the effort permitted for rocket development at that 

time was inadequate to embark on large ones. It is my opinion that it would 
have been unwise to divert scientific personnel and productive capacity into 
such projects in the prevailing strategic situation. In the latter period of the 
war, the attention of the inhabitants of London and its environs was drawn 
to the progress which had been made in this field in Germany. Perhaps this 
was the cause of a very strong swing of interest, in the years immediately 
following the war, to liquid propellants and away from solid propellants. 
The design of motors for liquid propellants, and of the ancillary com- 
ponents, began their advance at this time, but the neglect of solid propel- 
lants was a temporary phase, and more than one British missile, originally 
conceived for liquid, has now changed to solid. The motors have of course 
grown larger with the passage of time, but fortunately the problems which 
they present do not increase in proportion to their size. I wonder whether 
the pendulum has swung too far, for a few weeks ago the scientific correspon- 

dent of my daily newspaper, commenting on a new missile, remarked that it 

was powered “by solid fuel, not the old-fashioned liquid type”. The study 

of history would have helped here. The choice of the propellant for any new 

project is often obvious, but sometimes controversial ; however, the discussion 

is now usually well informed (e.g. BAXTER, 1957’). That interesting form of 

propulsive engine now known as the ram jet was considered during the war 

and some flight trials were attempted, but this work could not make progress 

without the rather large blower installation needed for static trials, and 

although a scheme for such an installation was prepared it was not at that 

time built. The Bristol Aeroplane Company now has a test plant which can 
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simulate altitudes up to 90,000 ft. Their guided missile known as ‘“Blood- 
hound” is propelled by ram jets during its sustained period of flight. 
When the United States became involved in war many Americans visited 

the P.D.E. and full disclosure was given of British experience and practice 
in rockets. Some kind expressions of thanks were received, often in terms 
scarcely deserved. One may be quoted?: 

“Had it not been for the fact that the British had been more fore- 
sighted than we, had done experimental work with rockets before the 
war, and shared with us their knowledge and experience, the task of 
providing our forces with rockets would have been even more difficult 
and time consuming.” 

When guidance comes into the picture, rockets of course take on a greatly 
increased complexity and draw unto themselves electronics and other vast 
fields of scientific endeavour; as the prospect widens our glance over it must 
become even more cursory. The problems include not only the choice and 
the development of the method of guidance itself, but the design of the 
structure to contain the numerous component parts, of the aerodynamic 
control surfaces and the methods of operating them, and of flight simulators 
to reduce the number of missiles which must be flown for test purposes. A 
brief survey of this field has been published recently’ where the all-pervading 

Fig. 10 
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problem of reliability is also given due notice. The idea of the multi-stage 
rocket is a very old one and is generally supposed to have been first proposed 
by Oberth. The idea offers not only an enhanced performance for the 
ultimate stage but also provides a convenient means of exploiting the 
sustainer principle, in which part of the propellant is burned relatively slowly, 
and hence, under the opposition of aerodynamic drag, more efficiently. 
Guided missiles commonly employ two stages; in British design the first stage 
consists of individual boost motors fitted around the main structure (Figs. 
10 and 11) and discarded when they are all burnt. The methods of guidance 
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which have been chosen can be best indicated by a mention of some of the 
weapons which are now coming forward for use in the Services; a fuller 
description of these and others has been published®, so there is no reason to 
elaborate on them here. ‘‘Bloodhound”’, manufactured by the Bristol Aero- 
plane Company, is a surface-to-air weapon employing semi-active homing 
(Fig. 10). You will notice history faintly repeating itself in the “seven rockets 
bonded together and firing as a group’’; two of these “rockets” are the 
ram-jet propulsion units already mentioned; the four discarding boost 
motors are clearly shown. “‘Thunderbird’’, by English Electric, also surface- 
to-air, uses semi-active homing, and all its motors have solid propellant as 
have the remaining missiles here mentioned (Fig. 11). ““Seaslug”’, by Messrs. 
Armstrong Whitworth, is a beam rider. It is intended for naval use against 
aircraft. ‘‘Firestreak’’, by De Havilland Propellers Ltd., is an air-to-air 
missile with infra-red homing guidance. ‘‘Fireflash”’, by Fairey Aviation 
Ltd., is an air-to-air beam rider; it has no sustainer motor. 

We may fitly end by mentioning the exploration of the stratosphere and 
the regions beyond it!, perhaps the key to the strange fascination which 
rockets exercise over those who have fallen under-their spell. Our national 
contribution is necessarily relatively modest, but we hope useful. It is 
described in reference 11. 
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DISCUSSION 
(As Mr. James was unable to present his paper in person, Dr. J. W. Maccoll gave a brief 

outline of its contents. 

Dr. Maccoll made reference to the initiation in the United Kingdom in 1936 of a program 
of development of solid propellant anti-aircraft rockets which would tap sources of industrial 
production which were not already committed to the production of anti-aircraft artillery. 
In those days rockets of 3 in. and 5 in. calibre were regarded as direct competitors of artillery 
shells, but it soon became apparent that, when used in a surface-to-air role, the accuracy of 
such rockets was inferior to that of the shells. As a consequence these anti-aircraft applications 

of rocketry were developed for use under salvo conditions, as were the bombardment of 

beachhead applications of later days: When fired from aircraft, in an anti-tank and anti- 

submarine role, the solid propellant rocket was, however, a reasonably accurate weapon. 

In his paper, Mr. James touches a number of problems, e.g. ignition, erosion of the pro- 

pellant charge, and the like, which were met and solved under war-time conditions. The 

accuracy problem persisted, however, and it has been only in recent years that a clear 

understanding of this basic problem has been obtained. 

In touching upon the scientific papers referred to by Mr. James, Dr. Maccoll laid special 

emphasis on the basic work of R. A. Rankine on the dynamical motion of rockets and on 

that of the late Dr. Hartree on the internal ballistics of solid propellant rocket motors. 

Mr. James’ paper concludes with some references to a number of British guided weapons 

which have been developed during the last few years, and which have made use of the 

experience acquired by the P.D.E. group during World War II. 

In closing his remarks, Dr. Maccoll made reference to the active work now going on in 

the U.S. on large solid propellant rockets, such as in the U.S. Navy project Poaris, 

which was concerned with a missile fired from a submerged submarine. He suggested that 

Dr. von Karman might care to comment on this tendency for solid propellant rockets to 

return as strong competitors of those using liquid fuels.) 

T. von Karmin: First, I have to say that Dr. Maccoll made me a Director of the Aerojet 

Corporation. The Aerojet Corporation was one of my brain children, but at the present time 

I am only consultant to this corporation. The change from the liquid to the solid propellant 

in the United States comes not so much from the engineers and the technicians as from the 

military who represent the logistic point of view. The great successes engineering-wise were 

made by the application of lox or liquid oxygen which was started, so far as I know, in 

Peenemiinde and then developed in the United States. This has the great disadvantage that 

you have to have a refrigerator system to keep the liquid oxygen from evaporating, and if 

one calculates how many people are necessary in the field to produce the liquid oxygen one 

gets tremendous numbers. These numbers are comparable, for example, with the whole 

population of the Air Force. They would not do anything else but make liquid oxygen and 

keep it always ready so that the intercontinental ballistic missiles would be kept alert at any 

moment. Now the conclusion which one arrives at is the use of storable liquids or solids. A 

storable liquid, for example, is nitric acid and in the Second World War we started to use 

nitric acid, at the same time as liquid oxygen was adopted in Germany. The decision was 

made mainly from the logistic point of view. There have been proposed some other more 

exotic liquid oxidizers like fluorine and so on. They are at present very expensive, but maybe 

they will be practical in development. If you take the solid propellant, you have to make 

certain compromises so far as specific impulse is concerned. The specific impulse is inversely 

proportional to the consumption per second. To give some comparative numbers, with liquid 

oxygen you can easily reach a specific impulse of 350 against 220, 250 with solid rockets. 

So engineering-wise you have to make concessions, but, for example, in the naval applica- 

tions, in submarines, the initial weight is not so critical—it is more the volume which is 

limited. If you use larger volume density, you can use lower specific impulse. I do not know 

whether such propellants were developed in the United Kingdom. The main disadvantage 
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of the so-called double-based propellants, which are nitroglycerine and nitrocellulose, is the 

high burning velocity. We in the United States tried to make quite a scale of propellants in 

burning ratio 1 to 10, where there is the formulation for every burning velocity which is 

desired. This is really more a question of practical experimentation—the theoretical part is 

somewhat weak. In the liquid propellant the difficulty is instability of burning. In the solid 

propellant there is a question of unstable burning with erosive burning and the erosive 

burning is not yet really fully understood. I believe the research side should be directed 

especially toward the study of such things as unstable burning, screeching, and erosive 

burning as the normal burning is already understood. We ought to study how to avoid the 

abnormal burning. I hope that my remarks have helped in understanding the situation, but 

I am very sorry that Mr. James is not here to enable us to have a more lively discussion. 

R. Herman: In the printed paper it is mentioned that the Bristol Aeroplane Company 

now has a test plant for ram jets which can simulate up to 90,000 ft. My question is: is this 

test facility for connected pipe testing or for free jet testing? If free jet, what diameter of 

test air stream is used ? 

J. W. Macco.y: I am afraid I do not know the answer to that, but we can get the infor- 

mation for the printed account. (Written contribution: I understand that the Bristol test 

plant can be used for both techniques mentioned, but the plant is now being used mostly 

for free jet testing. I understand also that a technical account of the plant was published in 

two numbers of Engineering in or about April 1958.) 
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TABLEAU DES NOTATIONS 

torseur des quantités d’accélération relative 

vecteur fonction du point P du repére R et du temps 

indique une dérivée particulaire prise dans le repére R 

torseur des forces extérieures 
centre de gravité instantané 
centre de gravité du solide $. des points coincidant avec ceux 
du systéme Sa instant + mais figés par la suite dans Rg 
point fixe dans la structure coincidant a l’instant t = + avec 
le centre de gravité de S'a cet instant 

triédre solidaire de la structure, x, G,y, et x, G, z, étant les 
plans de symétrie 
axes centraux d’inertie 
torseur des forces d’inertie d’entrainement (dans le cas du 
repere Rg) 

torseur des forces d’inertie complémentaire (dans le cas du 
repere Rg) 
moment d’inertie par rapport a Gy, GZ (quand il n’y a pas 
d’indice, il s’agit de J¢,) 

fonction de Bessel de lére espéce d’ordre v 
quantité sans dimensions telle que r? = k/? 
longueur de référence, généralement le diamétre 
piston poussant le liquide dans le réservoir 
masse de engin a l’instant ¢ 
masse de l’engin a Vinstant ¢ = 
valeurs réductes de dérivées de moment (voir page 12) 
dérivées de moment (voir page 12) 
moment de tangage 
vecteur unitaire de la normale extérieure 
point courant 
point courant sur la surface 

vitesse angulaire de tangage g = a i) 

rayon de giration 
repére en général 
repére lié a la structure 
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repére ayant son origine au centre de gravité 
repére ayant pour origine le centre de gravité et des axes de 

direction fixes 
barycentre des débits 
surface de référence aérodynamique 
solide des points coincidants 
systéme a nombre variable de particules 
temps 

vitesse du centre de gravité G par rapport a la structure 
projection de la vitesse d’entrainement de G sur G, x, (repere 
solidaire de la structure) 
valeur de cette projection en régime d’équilibre 
perturbation de U (U = U, +4) 
vitesse d’une particule 
vitesse d’un point Q de la surface & limitant le systeéme 

volume occupé par les particules de S(¢) 
vitesse d’entrainement du point P (repere Re) 
vitesse d’entrainement du point P (repére lié a la structure) 
vitesse moyenne de sortie mesurée dans le repére Rg 
vitesse moyenne de sortie mesurée dans un repére hé a la 

structure 

accélération absolue de G 
coordonnée selon Gf 
vecteur unitaire de GZ 

coordonnée selon Gy 

vecteur unitaire selon Gy 

assiette 
assiette en régime d’équilibre 
perturbation de ® (0 = 0, + 8) 
débit sortant 
ordre des fonctions de Bessel 
coordonnee selon Gé 
vecteur unitaire selon GZ 
masse spécifique au point considéré 
surface limitant le systeme S(t) 
élément de surface de & 
instant déterminé 
vitesse de rotation de tangage 

Avant d’aborder le sujet un peu particulier de cette communication je 
voudrais, a la! demande de certains membres de ce congrés, vous donner 
quelques indications sur le LaBoRATOIRE DE RECHERCHES BALISTIQUES ET 
AERODYNAMIQUES DE VERNON. 

Cet Etablissement, qui dépend de la Direction des Etudes & Fabrications 
d’Armement, est chargé de l’étude et de la mise au point de prototypes 
d’engins guidés. On y trouve concentrées, et c’est ce qui fait son originalité 
en France, toutes les installations fixes nécessaires a cette mission. 

I] est essentiellement constitué par trois groupes : le groupe Aérodynamique, 
le groupe Propulsion et le groupe Mécanique du Vol et Guidage. 
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Le groupe Aérodynamique comporte une grande soufflerie continue de 
type industriel, a circuit fermé, de 13000 kW, avec une chambre d’ex- 
périences de 40 cm x 40cm, les nombres de Macu variant de 1,35 a 4,5. 
Cette soufflerie, qui fonctionne depuis 1951, est ’aboutissement des travaux 
de balisticiens francais convaincus de la nécessité de la recherche aéro- 
dynamique. Rappelons qu’en 1936 les Ingénieurs Généraux GaBEAuD & 
LiBEssART avaient installé une soufflerie de 10cm x 10 cm permettant 

Fig. 1. Grande soufflerie supersonique—salle de commande et de mesures. 

d’atteindre un Macu de 3 et que, grace a cette soufflerie, un groupe de 
savants et de techniciens parmi lesquels Joucuer et G. Darrieus (dont les 
travaux ont été largement cités par CRANz), furent a méme d’entreprendre 
des recherches systématiques aux grandes vitesses. 

Le groupe Aérodynamique est complété par des souffleries a rafales, par 
une soufflerie de combustion utilisant les compresseurs axiaux de la grande 
soufflerie et par un tunnel de tir de 120 m de long. er 

L’ensemble de ces moyens est utilisé non seulement pour la Direction des 
Etudes & Fabrications d’Armement, mais pour d’autres Administrations 
d’Etat et l’ Industrie Aéronautique. 

On trouve dans le groupe Propulsion des Laboratoires de Chimie pour les 
études de propergol, des points fixes permettant de mesurer des poussées 

jusqu’a douze tonnes. 
Pour le Guidage et la Mécanique du Vol, on dispose de laboratoires de 

servo-mécanismes, d’hyperfréquence, de machines a calculer et notamment 

d’un simulateur général comprenant une partie arithmétique et une partie 

analogique. 

C?est justement a propos de la programmation de calculs relatifs aux engins 

que s’était posée la question des effets secondaires de jet que nous allons aborder 

maintenant. 
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Fig. 3. Simulateur général SABA 
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Les effets secondaires de jet apportent parfois une contribution notable a 
Pamortissement. Un certain nombre d’études ont été consacrées a ces effets 
secondaires. 

Dans Mathematical Theory of Rocket Flight (1947)*, les auteurs partant de 
la considération d’un systtme a nombre fini, mais variable, de masses 
ponctuelles, ont énoncé deux principes, la démonstration qu’ils ont donnée 
du second étant d’ailleurs assez délicate. 

(1°)—Si on a un systéme S' de particules, en nombre variable, le vecteur 
somme géométrique de toutes les forces extérieures agissant sur S est égal a 
la dérivée de la quantité de mouvement de S' augmentée de la dérivée par 
rapport au temps de la quantité de mouvement transférée en dehors de S$ 
par les particules quittant S. 

(2°)—le moment des forces extérieures agissant sur S' par rapport a tout 
axe passant par le centre de gravité et fixe en direction, est égal a la dérivée 
du moment de la quantité de mouvement prise par rapport a cet axe, 
augmentée du débit sortant de moment de quantité de mouvement dt aux 
particules quittant S. 

Ce dernier principe a été appliqué en particulier par les auteurs a l’amor- 
tissement dd au jet dans le cas d’un mouvement de rotation rapide provoqué 
par le gaz sortant d’orifices inclinés par rapport a l’axe longitudinal et pour 
celui d’une fusée oscillant autour d’un axe perpendiculaire 4 son axe 
longitudinal. 

Ils ont donné en outre dans une Annexe une relation simple pour |’évalua- 
tion de la dérivée, par rapport au temps, des quantités de mouvement 
relatives, tenant compte de la vitesse de translation de la surface de com- 
bustion a lintérieur de la fusée. 

En 1949, l?Ingénieur en Chef Girarpinf, partant d’une répartition 
continue de masses, étudiait le cas d’un écoulement interne avec débit 

variable suivant les tranches. I] mettait en évidence l’existence d’une force 
d’amortissement normale a l’axe de tangage et située dans le plan médiateur 
du segment joignant le centre de gravité a la section de sortie. 

En 1949, R. A. Rankin, considérant également des systémes continus, 
publiait une importante étude sur les fusées et proposait des équations trés 
générales pour un systéme limité par une surface de contrdle fixe par rapport 
a la structure. 

M. V. Barron§ (1950) se plagait dans des hypothéses simplifiées, négli- 
geant la vitesse et la quantité de mouvement du propergol liquide par rapport 
a la structure et considérant le seul jet gazeux interne qu'il supposait en 

mouvement permanent. Les relations proposées introduites dans les équations 

de la Mécanique du Vol lui permettaient d’obtenir dans un cas particulier 

une intégration compléte et une comparaison intéressante avec l’amortisse- 

ment d’un systéme solide a masse constante. 

* J. B. Rosser, R. R. Newton, G. L. Gross, 1947. ; se 

P. Grrarpin: “Sur un effet secondaire du jet d’un engin autopropulsé”’. Note non 

publiée du 10 Mars 1949 de la Direction des Etudes & Fabrications d’Armement et (méme 

titre), C.R. Acad. Sci., Paris, 240, 843-845, 1955. 

+R. A. Rankin: “The Mathematical Theory of the Motion of Rotated and Unrotated 

» Phil. Trans. (A) 241, 457, 1949. a 

RTM. V. Bieton, The Effect of Variation of Mass on the Dynamic Stability of Jet 

Propelled Missiles”. 7. Aeron. Soc., April 1950. 
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Quelques recherches ont été effectuées les années suivantes en France en 

se placant soit au point de vue ponctuel*, soit au point de vue des masses 

continuesf. 
PLAN 

Nous nous proposons ici. 
(1°)—d’établir des relations trés générales cinématiques et dynamiques 

qui pourront s’appliquer méme a des systémes limités par une surface de 
controle variable, ce qui a un intérét notamment quand les surfaces de com- 
bustion se déplacent par rapport a la structure. Du point de vue Mécanique 
on obtient ainsi notamment une généralisation du théoréme d’EvLer sur les 

quantités de mouvement. 
(2°)—d’en déduire des formules simplifiées pour des cas pratiques; 
(3°)—d’intégrer dans un cas particulier, en s’inspirant d’une méthode 

indiquée par M. V. Barron, les équations de la stabilité dynamique d’une 
fusée et d’établir une comparaison avec la stabilité du méme projectile jet 

stoppé. 

I. RELATIONS GENERALES 

Formule de base 
On envisage un systéme S(t) délimité par une surface X(t) qui se déplace 

dans un milieu continu a la maniére d’un filet de péche a travers l’eau. On 
désigne par Vo la vitesse d’un point Q de & par rapport a un repére R; 
par V la vitesse de la particule passant au méme instant en Q. Si ¢ est la 
masse spécifique au point considéré, m- le vecteur unitaire de la normale 
extérieure, le flux de masse élémentaire sortant a travers élément do de 

Divest: 
dus=e(V—Vo).ndo. 

Soit b une fonction vectorielle du point P du repére R et du temps et da 
un volume élémentaire de mass eda; intégrons les dérivées particulaires du 

dans le volume v(t) délimité par X(t). 
; D 

premier et du second ordre oe el 
di? 

On démontre que] 

Db d j 
| re ey be da +| b dus, (1) 

y(t) v(t) X(t) 

D*b d? d Db 
der bod — 5 == dis. 

| dt? os di? pars dt a dt oe 2) 
v(t) v(t) X(t) X(t) 

* J. Bropin: “Equations du mouvement d’un projectile autopropulsé. Mouvement du 
centre de gravité;’. Note non publiée de la Direction des Etudes & Fabrications d’Armement, 
one te des principes généraux de la Mécanique aux fusées et statoréacteurs”’. 
idem. : 
t F. Tesson: “Note sur le mouvement du centre de gravité d’un projectile autopropulsé”’ 

1953. ““Cinématique des systémes 4 nombre de particules variable”, C.R. Acad. Sci., Paris, 
240, 845, 847, 1955. “Dynamique des systemes 4 nombre de particules variable—A ppli- 
cation a l’autopropulsion”’, C.R. Acad. Sci., Paris, 240, 1050, 1052, 1955. “Application du 
Premier Principe aux systémes fluides limités par une surface de controle variable’, C.R. 
Acad. Sci., Paris, 243, 560-562, 1956. : 
{ Pour plus de détails on se reportera ultérieurement au mémoire “Les effets secondaires 

de jet des engins autopropulsés”, pat P. Grrarpin et F. Trsson, a paraitre dans les Publi- 
cations Scientifiques et Techniques du Ministére de |’Air. 

§] Voir Annexe, p: 16. 



EFFETS SECONDAIRES DE JET DES ENGINS AUTOPROPULSES 249 

On voit ainsi que dans le premier cas on a un seul terme convectif, et dans 
le second, deux termes convectifs. 

Application a la dynamique d’un systéme propulsé par jet 
Nous considérons maintenant un engin autopropulsé limité par une 

surface & et un repére Rg ayant pour origine le centre de gravité de S(t) a 
instant ¢. On a en désignant par [4;], [F.], [Te], [Tc], les torseurs des 
quantités d’accélération relatives, des forces extérieures, des forces d’inertie 
d’entrainement, des forces d’inertie complémentaires 

[Ar] SLFe] + [Tel + [Fe]. (3) 
(a)—Relation des sommes géométriques.—Si ya(G) est Vaccélération absolue 

du point G, ona 

T. = —mya (G), (4) 

m étant la masse variable du systéme S.* 
— 

DGP 
de =— —2Q) So d ) '5) i. di Re pae ( ) 

© étant la rotation instantanée de Rg par rapport a un repére absolu Ra. 
=> 

Avec (1) ot Pon remplace b par GP et en définissant un barycentre des 
débits S' par 

| GQdus —— GS us. 

X(t) 

ona 

Te = =20, GS ws. (6) 

D’autre part 

DYGr 
A; = d 7 

i: dt? Re ed ( ) 

Avec (2) il vient 
> ee A 

dGs {As 
aie het GS Vm Ss 8 A,=u Tae 4 crap u (8) 

Vem étant la vitesse moyenne de sortie des particules mesurée dans Rg 
définie part: 

= 

DGP 
s oS Ss d Se vad | di Rg * 

X(t) 

La relation des sommes géométriques s’écrit: 
= 

Bathe dGs me 
my a(G) = F.—GS ais (Fee Vsm—2Q, GS U-s5 (9) 

le terme —ysVsm constituant le terme principal de poussée. 

* L’indice Rg indique que I’on effectue la dérivation dans ce repere. in. 

+ L’introduction de valeurs moyennes basées sur les débits nous a ete suggerce par 

J. Bropin. 
R 
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(b)—Relation des moments. 
1.—Mouvement autour du centre de gravité. Nous allons considérer tout d’abord 

le cas particulier important du mouvement par rapport a un triédre tri- 

rectangle Rag ayant pour origine le centre de gravité et dont les axes ont 
des directions fixes. 

La relation des moments se réduit alors a 

Mo[Fe] = Mc[Ar] 

— 

ade 1D ee Ge matts—| (Fooe | Bro 
v(t) v(t) 

les dérivées étant prises par sae a Rag. On a alors avec @ 

Wie | i (cr, we ede a | (42, ea 
X(t) 

et on retrouve immédiatement le résultat indiqué par les auteurs de 
Mathematical Theory of Rocket Flight. 

et: 

2.—Cas général. La loi de répartition des accélérations d’entrainement 

dv.(P kOe Mies nes = 
a) |e y«(G) + — , GP 4+ 2 (Q.GP) — GP Q? 

des Ire dt 

permet d’écrire pour le moment autour du centre de a: 

ole ee 
=A Tol = {oP Ye(P) eda = GP AG GP Jodo A [GP, 2 (Q. GP)]p dw 

v(t) v(t) v(t) 

_ do See eke ai oP ade — [ar(ar. mat oe 0, | oP (Q.GP)pde. (10) 
v(t) v(t) dt v(t) 

D’autre part on trouve que 

v(t) X(2) v(2) 
=> 

= OL 0. 
G Oe + ,)ea (12) 

IG) 

ey sea GP ade + es) | wey (20.GP) ode, (11) 

a 

d aL 
M-[Ar] 3/28, ) oda + 

v(t) 

On a ainsi la relation trés générale 
dQ = > > 

MNF] = — © (2h) = i GP ee GP): dae ae (Q.GP) pdw + 

vt) v(t) 

DGP .. > d P —> 

+ GQ dus — 2 (Q.GP)e de + — GP mee edw + 
- we Rg GE Rail! Semel? Re 

v(t v(t 
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En projetant sur les 3 axes centraux d’inertie GZ, Gy, Gt il vient: 

dQ d ® 
Ie - + 0.,2¢ (Iee—Ic,) = Me[Fe] — 2: =F fee — 9, | (m4? + C?)dus+ 

x(t) 

DE *. ADye d Dy Dt 
DO) od DO We = oid. a= eS cy eb Pe as tare @ + Far? otal’ 7 nz) ede | 

v y(t) v(t) v(t) 

Dy De + | (ea — 1} due (14) 
D1) 

les autres relations se déduisant par permutation circulaire. 
Ces relations sont, rappelons-le, valables pour un systéme a surface de 

contrdle déformable par rapport a la structure; les orifices de sortie ou d’ entrée 
peuvent étre multiples. 

ANALYSE DES RESULTATS—CAS GENERAL 

Rappelons tout d’abord que nous étudions un systéme délimité par une 
surface déformable X(t) dont la déformation est repérée dans un triédre Rg 
ayant pour axes Gé, Gn, Gl axes centraux d’inertie du systéme S- constitué 

par des points coincidant avec ceux de S a linstant +, mais figés par la 
suite dans Rg. Si on exerce sur 5, le méme torseur de forces extérieures [Fe] 
que sur S, on a: 

my a( Ge) = F., 

G. étant le centre de gravité de $, coincidant a ¢ = + avec G et les équations 
d’? EULER 

dQ; 

ar + 9,,Q¢Tec—Lon) = MeeLF el, 

En comparant les équations du mouvement du solide S’ a celles du mouve- 
ment du systéme S, on en déduit que, pour étudier “le mouvement d’un 
engin” dont la masse et la forme sont variables, on peut lui appliquer les 
équations de la Mécanique, valables pour les solides, a condition d’ajouter 
au torseur des forces extérieures, le torseur formé des éléments suivants: 

A. Un terme principal de poussée. C’est la force —usVsm due au jet, appliquée 
en G, qui constitue le terme principal de la réaction du jet. 

B. Un torseur secondaire di au jet. Ce torseur peut étre considéré comme 
constitué par les éléments suivants: 

a 

(1) force —29,GSus, appliquée en G; crest la somme géométrique des 
forces d’inertie complémentaires qui se manifestent par suite du 
mouvement relatif des particules dans le repére R, et de la rotation 
instantanée © de ce repére. 

= 

(2) force —1s aa appliquée en G provenant des quantités d’accélération 

relative. ed 

(3) les couples suivants provenant des forces d’inertie complémentaire 

Eni | (4 =F C?) dus. 
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Il est facile de voir que ces couples sont, dans le cas de la fusée, des couples 
Poaees 

; 

d’amortissement: (tous les dus sont positifs donc les trois couples ont respective- 
ment les signes de — Q; E> O45 Qe) 

(4) les couples 

Dy De 
3 ma dus, aoe 

provenant des quantités d’accélération relative 
Le premier couple par exemple traduit des effets réactifs dis a la rotation 

du fluide a sa sortie, autour de Gé. 

= Gli : 
(5) la force al are appliquée en G. 

C. Trois groupes de couples existant méme en Pabsence de jet 
(1) les couples: 

fi | 20 a = ede + 20, |: a. e do. 

vv 

Dy 
neni 20 <|t Gpede ees edo, 

vy 

DG Dec 
20. |e =—— ed hie eae bos | E ar edo + 2 | di cde 

v yi) 

dont il est aisé de trouver lorigine. 

Si on considére en effet la projection de la vitesse du fluide sur un plan 
normal a G&: 

Dt 

ee at Cee 

et la vitesse de rotation de tangage nupi¢2,,, la projection du moment en G 

des forces d’inertie complémentaires dues a cette vitesse est, sur Paxe Gt 

DE 
= Gantt 2 Q,, | y ei eda 

qui est un effet gyroscopique consecutif a la rotation autour de GE de masses 
solides (machines tournantes) ou fluides et au mouvement de tangage 

(2) les couples 

Dy Dc 
Sunit — | (cz ae | el ede, 

Ce sont des couples réactifs produits 4 l’intérieur du volume y par la rotation 
des masses solides ou liquides, en régime variable. 

(3) les couples 

— Og 
dT ge* die dI Gace tage 
dt 1 dé eran 
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tis GAS SPAR TCU 1 R: 
a ee 

Nous n’envisagerons dans tout ce qui suit que des surfaces de controle fixes 
par rapport a la structure. Nous ferons en outre les hypothéses restrictives 
suivantes: 

(1°)—la structure de Vengin, la distribution des masses fluides et le 
champ des vitesses a l’intérieur de © admettent deux plans de symétrie 
longitudinaux. Par suite le centre de gravité se trouve a l’intersection de ces 
plans; les axes centraux d’inertie G, Gy, Gt ont des directions fixes par 

rapport aux parties métalliques de l’engin; 
(2°)—Q est a chaque instant paralléle 4 l'un des axes transversaux cen- 

traux d’inertie, Gn par exemple, c’est-a-dire qu’a tout instant: 

dQ dQ, 

Ee ot tee ors 

On peut alors démontrer que la direction de Q est fixe dans l’espace. 
Soit © la rotation instantanée suivant Gy. On peut supposer également que 
la surface de sortie est plane. Soit § le point ou l’axe longitudinal perce 
cette surface. 

Alors (9) et (15) donnent: 

=)! 

> 

ea ec 69 ORs 
= 

an ai di 
AG 

dQ df, 
IG, “di — Nelrl= Q & eee Os Weta OCS a [ u U. 

: : ee ne 

On voit que l’on peut associer la force — 2,GSus et le couple — QGS ps; 
el 

on a une force $ perpendiculaire 4 GS en son milieu et d’intensité 2 OGSys. 
Etant donné un engin satisfaisant aux conditions énoncées, on peut écrire 

les équations relatives au solide S, 4 condition d’ajouter au torseur des forces 
extérieures (qui par ailleurs satisfont aux conditions de symétrie par rapport 

au plan Gé¢): 

A. Le terme principal de poussée —ysVsm. 
B. Un torseur secondaire di au jet, constitué par 

la force —us portée par Gé, 
dt 

la force  définie plus haut, 

jescouple —- [ ¢2dus, couple d’amortissement dti aux effets d’inertie 
p 
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complémentaire du jet 
= 

la force see portée par Gé due aux variations de débit du jet (cas 

des pulso-reacteurs). 

C. Eléments existant meme en l’absence de jet 

couple —Q den 
dt 

Ces résultats constituent une généralisation de ceux trouvés en 1949 par 

P, GrrarDIN.* 
Remarque: Nous avons pris un systéme de référence Rg qui se déplagait 

par rapport a l’engin. Dans les problémes de Mécanique du vol on choisit 
généralement un repére R, solidaire de la structure. En nous plagant dans 
le cas particulier indiqué plus haut et en vue d’étudier le mouvement d’un 
engin se déplacant dans un plan vertical fixe, nous prendrons un tel repére, 
laxe des x, étant l’axe de symétrie orienté vers avant de la fusée. L’origine 
du repére sera le point G, coincidant avec le centre de gravité G a l’instant 
t=. Le tri¢dre G,x,y,z, est trirectangle direct, l’axe des z, étant dirigé 
vers le bas, les plans de symétrie pour la structure et ?écoulement étant 
x Gy, et x1G,2,, Vey(G) ou Va(G,) désignant alors la vitesse d’entrainement 
du point G, ’équation (9) des sommes géométriques s’écrit, dans le cas ot 
us est constant: 

= ; = — 

i dV.,(G) 4 mO,Va(G) + 2mO,, dG,G a d ee ae, dG,G : 

dtp, dip, dt*p, dip, 

= 

+ usVism =P 20) sls = F, (15) 

Vism étant la vitesse moyenne de sortie mesurée dans le repére G,x,),z, li€e 
a Wee par 

— 

dGiG 

diR,, 

indice R, indiquant que les dérivées sont prises par rapport au repére R,.+ 
En projection sur les axes G,x, et G,y, et avec les notations 

Vism — Vem =F 

U = Projey21Ve1(G) X = Proje Fe 

W = Proj@y21Ve1(G) K= Proje1Fe 

Q = © (0 étant l’assiette) 
on aura 

dU , CG GM medG.C 
m——+mQ2W +m af 2 a Us + UsVysm = X, (16) 

dw dG,G Ae 
m oF mOU==2 = mQA—2OGSyus = X, (17) 

* P. GiraRDIN. Op. cit. p. 2, note (1). L’auteur prend comme variable principale le 
débit u(x,, t) a Pabscisse x, (comptée par rapport 4 un point fixé de l’engin) et au temps t. 
t Voir en Annexe une application au cas ot le mouvement des fluides peut étre considéré 

comme permanent dans la région de l’écoulement de ces fluides. 
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é€quations auxquelles ‘ es ajouter la relation des moments* : 

9 We 
panes i = Mel e] di ipwees = =OGS us. (18) 

Ill. L°EFFET DE JET ET LA STABILITE DYNAMIQUE DES FUSEES 

Habituellement on considére dans les questions de stabilité dynamique 
des systémes a centre de gravité fixe dans la structure et 4 masse constante. 
L’origine des axes est ce centre de gravité. On suppose qu’avant linstant 
t = 7 le vol est rectiligne, uniforme, symétrique. Ce vol éprouve a t = + 
une perturbation infinitésimale. On peut alors écrire avec les notations 
classiquest 

oS 0K dn ae & 
Sak Os bap Ww a0 4% ol a x, (19) 

on oM OM . ee 
M=M,+- —— 

ice Sa oy edo. 
avec U=U, + u=V+u0=0,+ 8 Os q A=A),+1, A étant incidence 

et © Vassiette, MZ le moment des forces extérieures autour de Gy et lindice 

1] caractérisant état permanent. Si on suppose que l’engin se déplace dans 

(20) 

—— 

oe . 

‘Trajectoire 

le mouvement permanent a une vitesse supersonique U, lincidence Ay étant 
faible et l’assiette @, étant nulle, on a avec certaines approximations et en 
négligeant les termes contenant Mu, Zu, Xa, et d’autres termes provenant du 

déplacement du centre de gravité et de la variation de masse de I’engin et 

avec U,~V, 
mw—mVq—KKww = 0 (21) 

Iq + Es 2 = — MI g--Muw—M,,w = 0 (22) 

en posant J¢, = I. 

En éliminant g et 7 entre (21) et (22): 
2 2s SS Mey : 

mew + Kwm + ae aes es! = mn] w+ 

Mig | He ae ree ae ne eta (23) 

* On peut négliger en effet le terme — 2 J C?dy,. 
+ W. F. Duranp: Aerodynamic theory, Volume V. 
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On voit que dans le terme d’amortissement contenant w figurent a la fois 
le terme d’amortissement di au jet et ceux dus a l’amortissement aéro- 
dynamique, “‘il peut arriver que la valeur du premier soit de l’ordre de 10 
a 20 % ou plus de la valeur du second” (M. V. Barton). On pose J = mr? = 
= mkl?, 1 étant une longueur caractéristique de l’engin, et en admettant que 
le rayon de giration r est constant dans un certain intervalle de temps, on 
a une €quation de la forme: 

m>w + Bmw + (C+ mE) w = 0 (24) 

ou B, C, FE sont des constantes. 

—2 
RS es ! us(GS —r*)—_M,—M,,V 

r2 

=—=2\ =2 —2 

G = (Me—n.0s if Kw E = —7 MV. 

Avec les notations usuelles 

n= Kw hs M, vie My pee ye My, (25) 

oS AoVSI2k = 40SVIk < ~~ 46S1?k 
ona 

+(GS2 72) BEA SV |e. Ge $e E -img +m, + 1 SVE 

——2 
sGS 

VE — $ = Mw. 

On pose y=wm. En désignant par y’ la dérivée de » en fonction de m on 
peut transformer (24) et ona 

my" + amy’ + (b+cm)y = 0 (27) 

avec: 

a= — (2 + 4 
Us 

B Cc 
b=2+-4 E (28) 

Us Us 

E 
C= 

{ - Us? 

(27) devient, en posant y = m®x B = 1—a/2 z= 2V/em v2=(a—])2~4h, 
Péquation de Bessel 

ei ella v? 

ee ( 4 )*=0 os 

dont la solution générale est: 

CG Tee (30) 
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d’ou pour w et g les expressions: 

La 

w=m 2 [oun(2ven ae CX (2Vem) | (31) 

a 

se. te a 1+a—vy = | nee fala Ze ) + oven | $ 

tastes | 
+ G3 >( ki } Ls am { us Vem Fes ae (32) 

| ) 

Déterminons C; et C, dans l’hypothése d’une rafale verticale de vitesse wo 
soudainement appliquée a l’instant + quand l’engin est en vol permanent; 
on a donc alors w = wo, g = 6 = 0, m = mg. Nous choisirons dans ce qui 
suit, comme origine des temps, l’instant 7. 

En prenant pour la fonction de Bessel les valeurs asymptotiques (l’argu- 
ment a dans les cas considérés une valeur assez importante), on a, avec 

7am) ~~ CAV em—n/4—=vel2] iy Sem = [2Vem—n/4— vr /2] 
er ~ Vira 

w m —G*9) 1 ez con ie = —- (2) 8 l(a: to AS) sn (aven_ava) 4 
+ usVemy Jeo (2ven—2Vem)| (33) 

“GD, dé ee ae eae (34) 
lie eer ad (=) Usr/emy mV 

x | (-< + Us =) i pei sin (2 vani—-2vam9) +> 

] 25 

aE wo Ze + Us ns : 
( vinns—ven) a (2ven—2vem) 

Les courbes correspondantes présentent des oscillations amorties dont la 

fréquence varie avec le temps. i ; 

Il est intéressant, pour mettre en évidence l’effet stabilisateur du jet, de 

~comparer ces résultats avec ceux que l’on obtiendrait pour un projectile a 
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masse constante mp. On a alors une équation différentielle du second ordre 

en w qu’on obtient a partir de (23) 

w + gw + hw = 0 (35) 

avec 

Kw M, M,V ] 1 SV 

= — — = Zw m Mwy 

3 ee Tit Oe ea 

Mek w MuV 1 ] E ] - 
== — =) SV? —— SS Sian + ail fa 

: Im if My 2 : My 2 l 

Avec les conditions initiales w = wy q = 9 = 0, on a: 

W = Wy e# E Bi + ee (Zw —axMy) sin | (36) 
mg 

; em (Kw —axmy)” : 
6 = 4 = —Wy a | a ae ama] sin Bt (37) 

avec 

pis eye. 
2 

ae /4h—g? 

See 
On retrouve le méme effet indiqué par M. V. Barron: amplitude de la 

vitesse pour le projectile a masse variable est toujours inférieure a l’amplitude 
de la vitesse pour le projectile 4 masse constante. La fréquence croit trés 
légérement en général en fonction du temps. 

ANNEXE 

I. Intégrales a limite variable 

La difficulté d’application des théoremes de la Mécanique ou du Premier 
Principe de la Thermodynamique aux systémes matériels du type fusée, 
limités par la surface de controle X, provient du fait que ce sont des systémes 
a nombre variable de particules. Or ces théorémes ou ce Principe concernent 
des systemes toujours composés des mémes particules. 

On est ainsi conduit a considérer un systéme auxiliaire S*(+, f) constitué 
toujours par les mémes particules, coincidant a l’instant + avec le systéme S(t). 

On montre facilement que pour un volume fluide v*(-z, ¢) on a: 

@) ae Db 
"Nini ckay = |) == x | eda | rr eda, (38) 

v* (ct, t) v* (a, £) 

Ome. : , : ’ 
a signifiant que l’on s’est fixé un instant + et qu’on dérive en suivant le 

volume fluide y*(z, ¢) dans son mouvement; D est le symbole de la dérivation 
particulaire. 

D’autre part* at = + 

* F. Trsson: ““Cinématique des systémes 4 nombre de particules variables’, C.R. Acad. Sci., 
Paris, t. 240, pp. 845-847, 1955. 
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0 d Se padaee = ; 5 | eda a | boedw + | bdu. (a2) 

v*(z, 0) v(t) x (é) 

et dune facon plus générale, pour le torseur [bedw] at = + 

7] d 
ay [Ped] =a [bed — Ea 

West) v(t) x() 

[bdys] étant le torseur constitué par les débits massiques des vecteurs b 
sortant de &. 

En fait comme I’a fait remarquer J. C. Tricuer, la solution des problemes 
qui nous intéressent est donnée par la relation résultant de (38) et (39) et 
ou ne figure plus le systeme auxiliaire $* (+, ¢) 

Db d 
—— edw = — | bed bdu;s 40 Pare ee | : oe 
v() v(t) = (t) 

et en remplagant b par a on a: 

( D*b dz d Db 
= b d — bd s ; ——* d 85 4] | erat ve | nie + | seals ‘ oe 

y(t) v(@) x@ x (t) 

2 2 

| vee edw étant par ailleurs égal a e | bedw at =. 

a) v* (x, t) 

Avec ces relations les théoremes des quantités de mouvement et le Premier 
Principe s’étendent aisément aux systemes a nombre de particules variable. 
Remarque.—On pourrait établir également la relation suivante en posant 

[Osa Ce bee 

v* (c, t) 

2°B*(-, ) Db 
z ae a = Se 

axdt fe has 
X(t) 

D’autre part la relation (39) peut se transformer a partir du théoréme 
flux divergence, dg, étant le débit volume sortant relativement 4 la surface 
de contrdle 

dq» = (Vp—Vo) . n-do 

me Ee b.n.do + | div b dq. 
Ot d t 

2* (7, t) = (i) =x (d) 

On pourrait aussi écrire, f étant un scalaire 

z| ae = ee “ | grad f dq». 

Sri Gi) x () xj 
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II. Equations du mouvement d’une fusée dans le cas d’un mouvement permanent dans 

la région de I’ écoulement 

C’est le cas d’un systéme a piston pour le refoulement du fluide ou d’un 

pain de poudre brillant par la tranche. On peut établir directement dans 

cette hypothése les valeurs des forces d’inertie complémentaires et relatives 

en tenant compte du schéma admis pour la fusée; on peut aussi* déduire le 
résultat de l’équation générale (17) en remarquant que, L étant la surface 
du piston ou la surface de combustion de la poudre, on a en désignant par 
u, la vitesse du centre de gravité G par rapport a la structure, G, étant la 
position du centre de gravité a l’instant t+ 

=> = <s 

(m+dm) OG = m OG, + dm OL 

O étant un point quelconque. En prenant pour point O le point G, et en 
remarquant que: 

dm = —vp.dt 
on obtient facilement 

= 
Ma, = LG (42) 

ou encore + 
> a 

mu, + wGS = usLS 

et par dérivation 
= 

abe dG,L 
m aa 2U4Us —— [hs a . (43) 

Avec (42) et (43), (15) s’écrit 
= 

dV.(G -- dGL in ant) + mO,Vau(@) + 20,185 + wsVymn—ts 2 = F, 

et pour les moments, on a 

da Se 
Jon —- = Mon F— OuiGs GL 

DISCUSSION 
Dr. ScHarpin: I found this very interesting but it was not very easy to follow all your 

equations unfortunately, and one needs to study them in detail. I should like to ask you if the 

same theory can also be applied to the case of a ram jet. 

Mr. Tesson: Dans le cas de la fusée et avec des axes fixes par rapport a la structure, par 

exemple, on a les relations, avec v., = constante 

* Cette remarque a été faite par l’Ingénieur en Chef Grrarpin. 
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mya(G) = F.— (V,s—2u,)ys—2 24.65 

do Sire 
dats cdi” 

Dans le cas du stato-réacteur on aurait de méme 

MY a (G) — F, — (ps Vy eee oe eV, e) 

= = 

—20,, (GSys—GEye) + 2 (us—pe) Wy 

= Wen [Fe] — CGS ie Q 

dQ a) oer S ; 
Les ae Me, (Fel — 2 (GS us—GE pe) —2 ate 

ou 2, est le débit d’air entrant et E le centre de la face d’entrée, 

Mais il y a une difficulté qui a été signalée par plusieurs auteurs* L’étude faite n’a pas 

tenu compte de la variation de la direction de l’air sous l’effet de la rotation quand il 

pénetre dans le stato-réacteur. On peut supposer que cette variation de direction se produit 

brusquement a l’entrée; mais on conserve l’hypothese qu’a li’intérieur de l’engin les vitesses 

du fluide ne sont pas affectées par la rotation. 
— 

L’air pénétrant dans la conduite regoit un accroissement de vitesse 2,GE normal a l’axe. 

La force normale a l’axe développée sur l’engin est alors le produit du débit masse d’entrée 
=> 

par la différence des vitesses absolues avant et aprés l’entrée, c’est-a-dire —u.,Q,GE. Le 

moment de cette force par rapport a Gn est —p. QGE". 
> => 

On yoit alors que l’on a un torseur dont le vecteur est Q,u,GE—29,u,,.GS et dont le 

moment par rapport a G est —2u.,GS". 

* M. V. Barron: “Correction for the Effect of Variation of Mass on the Dynamic Stability 

of Jet Propelled Missiles’’, 7. Aeron. Soc., November 1950. Reader’s Forum. | 

‘A. W. Gumore and T. L. Ketier: “Damping Due to Internal Flow’’, 7. Aeron. Soc., 

April 1957, Readers’ Forum. 



SCALING PROBLEMS IN UNDERWATER 

BALLISTICS 

Hi? Goons 

U.S. Naval Ordnance Laboratory, White Oak, Maryland 

Shockwave phenomena produced by explosions can be modeled by means of Hopkinson’s 
or Sachs’ rule. Effects of gravity and viscosity are not scaled. The significance of these 
effects is discussed. 

The behavior of the underwater explosion bubble depends on the hydrostatic pressure, 
viz., on gravity. Froude’s scaling of the bubble phenomena is discussed. The requirements 
are analogous to those for scaling water-entry phenomena. Analogies between the 
inversion of explosion bubbles and the re-entrant jet of water-entry cavities are shown. 

The scaling requirements are difficult to satisfy for the underwater explosion bubble. 
If model explosions are made in a moving test tank during the period of acceleration, 
almost all important effects can be scaled, including shockwave phenomena. Two design 
studies of such high gravity tanks are shown. 

1. INTRODUCTION 

Mopet tests and theory have one obvious fact in common: both yield 
realistic results only if the physics of the phenomenon is described with 
sufficient accuracy. Usually, it is not possible to take all physical effects into 
account. Hence, the key to any theoretical as well as model study lies in the 
art of judging which physical factors must-be included and which may be 
neglected. 

A discussion of scaling problems has therefore to deal predominantly with 
the physics of the phenomena. The mathematical scaling procedures have 
been studied for fluid dynamics to such an extent! that it is not necessary to 
reiterate them here. Rather, interpretations of the scaling rules will be 
given indicating the significance of the various physical effects involved. 

The emphasis of the paper is on the modeling of underwater explosion 
phenomena. Reference to analogous problems of water entry are made. 

2. SCALING OF THE UNDERWATER EXPLOSION SHOCKWAVE 

2.1. Hopkinson’s Law 
Explosions under water produce two basically different effects: the shock- 

wave and the pulsating bubble.? 
Fig. | illustrates the scaling of the underwater explosion shockwave. Since 

this is a well-known subject, only a short discussion will be given. 
We assume a spherical charge having the radius aj. The pressure is 

observed at a certain distance, say 12a). The wave needs a short time to travel 
from the detonating charge to the point of observation. Upon arrival of the 
wave, the pressure suddenly jumps to the peak value and decreases after- 
wards steadily with time, as shown in Fig. 1. 

This shockwave is a pheriomenon of the compressible fluid motion; 
therefore Mach’s scaling is applicable. We assume that the same explosive 

262 
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SCALING EXPLOSION — SHOCKWAVES 
HOPKINSON — CRANZ — HILLIAR 

PRESSURE PRESSURE 

is TIME TIME 
a 

ie 2a; 

o—— 2a, 
100 LB CHARGE 12.5 LB CHARGE 

REDUCED DISTANCE: —R- or —R— 
2 Ww 

tc, t 
REDUCED TIME : Ona or Sarr 
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Fig. 1. Scaling of the underwater explosion shockwave. The subscript m refers to the model test, symbols 
without subscript, to the full scale. ay=charge radius; R=distance; W=charge weight; t=time; 

Co=sound velocity of the undisturbed medium; v=velocity ; p= pressure. 

and the same fluid are used in the model as well as the full-scale test. Equality 
of the Mach numbers requires that the velocity is the same at homologous 
points. Equal velocities at homologous points in the same fluid means that 
the pressures must also be the same at these points. 

If we consider the geometric similarity of the test arrangement, we find 
that homologous points are at equal multiples of the charge radius ap. 

This is illustrated in Fig. 1. We consider two explosions, one of 100 lb 
the other of 12-5 Ib charge weight. Since the weight is proportional to the 
cube of the linear dimensions, the smaller charge has just one-half the 
charge radius of the larger one. Hence, the model scale is |: 2 in this case. 
According to our scaling rule the peak pressure should be the same at equal 
multiples of the charge radius, 12a) in our example. Since the velocities are 
the same at these points, the time scale must be proportional to the length 
scale. This is shown in the pressure-time curves. The peak pressures are the 
same, but the pressure decays twice as fast at the smaller explosion. 

To summarize: The scaling rule holds for explosions of the same material 
in the same medium. It states that identical pressures and velocities are 
obtained at equal reduced distances R/a) (or R/W1/*) and at equal reduced 
times t/a) (or t/W1!*). (W = charge weight, cy = sound velocity of the 
undisturbed medium.) The first versions of the above reduced magnitudes 
are dimensionless, hence no explanation of the units is necessary. The second 
versions in the parentheses are more often used in the literature. ‘They are not 
dimensionless; common units are ft/lb!/* and sec/Ib1/*. 

Strictly, this similarity law holds only for explosions at the same hydro- 
static pressure (see 2.3). Precise scaling of small explosive charges is difficult 
for the following reasons: (1) small charges need a relatively larger booster 
to assure proper detonation than do common full-scale warheads; (2) the 
reaction zone in the detonation front is a fixed magnitude which depends on 

the chemical composition of the explosive and cannot be scaled. In most 

‘cases these difficulties are not of a serious nature as it is possible to use 
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explosives for the model tests which react faster but otherwise resemble the 
full-scale explosive with sufficient accuracy. 

This scaling rule is often called ‘“‘Hopkinson’s” scaling or isovelocity 
scaling. The author was not able to find the paper where Hopkinson derived 
this scaling law. Hilliar has applied this rule to underwater explosions in 
1919.3 He uses the term “‘Hopkinson’s rule” and indicates that it has been 
derived for model damage phenomena of explosions. No reference to literature 
is made. Cranz described this scaling in 1926,4 also with special regard to 
damage processes. 
2.2. Comparison with experiments 

This scaling is widely used to account for explosion effects produced by 
different charges.” Figs. 2 and 3 show a comparison of the scaling law with 
experimental evidence. 
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Fig. 2. Peak pressure of the underwater explosion shockwave plotted vs. reduced distance 
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Fig. 3. Pressure-time history of the underwater explosion shockwave 
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In Fig. 2 the peak pressure of the shockwave is plotted versus the reduced 
distance. Only the experimental points denoted by crosses and dots are of 
interest to us. These have been obtained with a wide variety of charge 
weights. Still, they fall on the same curve, within the accuracy of such 
measurements. No systematic deviations are noticeable for the different 
charge weights. Hence we have here a confirmation of the scaling law. 

Application of the similarity laws to the impulse and energy of the shock- 
wave is discussed in Ref. 2. Also here the experimental evidence confirms 
the scaling rules. 

In Fig. 3, the pressure is plotted versus the reduced time. The two curves 
were measured at equal reduced distances using charges of different weights, 
namely 51 Ib and 3-81 lb. Fig. 3 shows that these curves practically coincide. 
The peak near ¢/W1/3 = 0-22 msec/lb?’? is not an inaccuracy of the measure- 
ment. It occurs at the same reduced time, and, therefore, is ‘“‘real’’. It is 
believed that this “bump” is caused by a wave inside the gaseous sphere of 
the explosion products which first moves toward the center of the explosion. 
It is reflected there, moves outward and later catches up with the shockwave. 

These examples show that the shockwave is readily scaled by Hopkinson’s 
rule which is actually based on Mach’s law. Thus, the effect of compressibility 
is scaled, but not that of gravity and viscosity. 

2.3. Effect of gravity 
The evident effect of gravity in underwater explosions is the increase of 

the hydrostatic pressure with depth. It is believed that this effect is not very 
important for underwater explosion shockwaves. The (not entirely rigorous) 
argument is as follows: the first hydrodynamic equation with inclusion of 
the conservative force of gravity can be written 

= > 

Em ene ny as (1— £2) = 0, (2.1) 
Dt C70 g ° 

where 

0 kites oe 
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— aids 

F = &9?/aog 

and 
vy == velocity 
e = density 
9 = density of the undisturbed medium, assumed not to be affected by 

the hydrostatic pressure 

Cy) = sound velocity of the undisturbed medium 

p = excess pressure above prevailing hydrostatic pressure 

g = gravity 

¢ = time 
dy = reference length 
F = Froude number 

The co-ordinates are dimensionless, YT /ay being the space co-ordinate. The 

introduction of the excess pressure p adds the last term with e9/e. The Froude 

S 
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number F is not the same for explosions with different charge weights, if 
Hopkinson’s scaling is used. But, owing to the incompressibility of water, 
e,/e is nearly unity for moderately high pressures (e = 1-035 Xp, for 
14,500 lb/in.2). Hence, the term with F is small. To change the density of 
water considerably, extremely high pressures are necessary. ‘Then the second 
term is predominant and the third term can again be neglected. The latter 
statement actually needs a more thorough investigation. In fact, little study 
has been devoted to this subject so far. 

An interesting effect where gravity plays a role in shockwave phenomena 
is cavitation. When the shockwave impinges on the water surface it is 
reflected as a tension wave which produces underpressures and, therefore, 
cavitation.® This phenomenon is not readily scaled. 

If we ignore the variation of the hydrostatic pressure with depth but wish 
to compare the shockwaves of explosions at different depths, assuming 
constant ambient pressure at these points, a scaling becomes possible. ‘This 
problem has been studied by Schardin and Sachs® for air blast waves from 
explosions at different altitudes. The consideration of geometric similarity 
is replaced by an energy consideration and the reference length ay 

4 do = Q/Po (2.2) 

is obtained. (Q = total energy of the explosive charge, P) = ambient 
pressure.) For constant Py) and the same explosive material this reference 
length is equivalent to the charge radius of Hopkinson’s scaling. The scaling 
analysis shows that, if reference length (2.2) is used, the pressure ratio P/P, 
is the same at homologous points. This rule is called Sachs’ scaling. 
2.4. Effect of viscosity 

Viscosity changes the profiles of shockwaves which have travelled over a 
long distance.’ The shockfront is rounded off as shown qualitatively in 
Fig. 4. This causes a certain decrease of the peak pressure when compared 
with a wave having a steep front. Fig. 4 shows that this effect is small. 
Plotted is the peak pressure versus reduced distance for 35-55 lb charges 
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Fig. 4. Effect of viscosity on the underwater shockwave 
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and in the other graph for 0-5 Ib charges. The data are from Arons’ measure- 
ments.’ One may define the Reynolds number of such a pulse by 

t co 

R= | adi, (2.3) 
v 

ICO) 

where y is the kinematic viscosity and ¢,,a time large enough as to cover 
the essential part of the wave but not the secondary pulses which follow. 
In the two cases shown in Fig. 4 these numbers differ by a factor of 3-8 to 4-8. 
It is seen that the points from the small charges are somewhat below the 
curve which is the best fit to the data obtained with the large charges. This 
shows that the effect of the viscosity is noticeable in the peak pressure, but 
is small; and it indicates that the isovelocity scaling is quite appropriate. 

Actually, the effect as shown in Fig. 4 might be even smaller because it is 
not clear whether or not a part of the deviations is due to a too large pressure 
gauge which records too small pressures for the small charges.» To measure 
such small pressures where the viscosity effect occurs, very sensitive and 
therefore large gauges are needed. Such gauges distort the pressure-time 
history near the front in a quite similar way as the effect of viscosity. It is 

difficult to separate these effects, in particular since we do not have a good 
theory for either of these phenomena. 

3. SCALING OF THE BUBBLE PHENOMENA 

3.1. The pulsating gas bubble 
The gaseous reaction products of the explosive form a bubble which 

pulsates (Fig. 5). The high pressure of the explosion gases causes an initially 
rapid expansion of the bubble. The momentum of the moving water carries 
it far beyond the equilibrium position. The outward motion stops only after 
the gas pressure has fallen substantially below the ambient pressure. The 
bubble has then expanded to a large size. The maximum bubble radius 

Ta, (=) (3.1) 
where W = charge weight in lb, < = total hydrostatic head (including 
that of the atmospheric pressure) in ft, 7 = radius constant = 12-6 for 
TNT. For instance, the maximum bubble radius of a 300 lb charge which 

explodes in 30-ft depth is about 21 ft. After the bubble has reached its 
maximum, the higher surrounding pressure reverses the motion. Again, the 

flow overshoots the equilibrium. When the bubble reaches its minimum 

size the gas is recompressed to a high pressure. At this point there is effectively 

a second but weaker explosion and the whole process is repeated. ‘The bubble 

oscillates in this manner several times. These pulsations are a relatively slow 

phenomenon. The period of the first oscillation deas 
wiis 

pie 

where K = period constant = 4-35 for TNT. The period of the above 300 Ib 

explosion is 0-92 sec. 

Tet he (3.2) 
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Fig. 5. The pulsation and migration of the explosion gas bubble (model test). Frame 1: Unexploded 
charge. Frame 2: Explosion bubble shortly after detonation. Frame 3: First bubble maximum. Frame 4: 

First bubble minimum. Frame 5: Second bubble maximum. Frame 6: Third bubble maximum. 

The lower row of Fig. 5 shows another interesting phenomenon, namely, 
the bubble migration. We see the second and third bubble maximum and 
see that they have moved upward. This upward motion is caused by the 
buoyancy of the bubble and it is usually called gravity migration. Besides 
buoyancy, other effects can produce a migration of the bubble. A rigid 
surface such as the bottom of the sea attracts the bubble. A free surface, 
such as the water surface, repels the bubble. Also these phenomena are 
modified by the effect of gravity. 

3.2. Froude’s scaling of the bubble phenomena 

The migrating bubble is a phenomenon of great practical as well as 
scientific interest. The possibility of a theoretical treatment is limited.5 
The most important tool of the experimental study of the bubble behavior 
is photography. This is difficult and cumbersome in full-scale tests. To be 
realistic, model tests must scale gravity. Hence, Froude’s law must be applied. 
We use a less familiar but equivalent form of Froude’s number 

characteristic length 
(3.3) 

g (characteristic time)” ” 
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With the maximum bubble radius (3.1) and the first period (3.2) as reference 
magnitudes, the Froude number is 

F == Minas 

he 
ing = 7 Wis (3.4) 

The length scale factor is 

(fice (Anas) m 

“Imax 

1/3 n [Wn ~2( - | (3.5) 

The subscript m refers to the model test, symbols without subscript to the 
full-scale test. Setting F = Fin, one obtains for the length scale factor 

Pe 
ase y (= 4 (3.6) 

Em fem 

and for the weight of the model change 
3 

Wri Wms = (= zy (2 (3.7) 

For most explosives the ratio 7/K is practically the same, although 7 and 
KE may differ. Thus 

Fn Kk 

ns ae 

(A modification will be discussed later.) Since gravity is constant, (3.6) 
yields the result that the total hydrostatic head < must be reduced by the 
model scale factor m. Now, 

& == water depth + atmospheric head. 
In a geometrically scaled model test the water depth is of course reduced 
by m. But (3.6) shows that also the atmospheric pressure must be reduced 
by the same factor. 

Figure 6 gives a qualitative interpretation of this requirement. Buoyancy 
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Fig. 6. Similarity of the distribution of the undisturbed pressure in the water. Scaling of the explosion bubble 
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is actually the consequence of the increase of the hydrostatic pressure with 

depth. It is the resultant force when the pressure is integrated over the 
surface of a submerged body. There would be no buoyancy if the pressure 
around the body were constant. Fig. 6 shows the pressure increase in the 
water for a full scale and a 1: 10 model test. We assume a firing depth of 
66 ft for the full scale. In the graph, the hydrostatic pressure, 1.e., the pressure 
of the undisturbed water, is plotted versus depth. At the water surface, the 
absolute pressure is 1 atm, at the firing depth, 3 atm, hence three times 

larger. 
For the 1: 10 model test the firing depth would be one-tenth, therefore 

6-6 ft. The pressure at the surface is again 1 atm, but the pressure at firing 
depth is only 1-2 atm. Obviously this pressure increase in the water is not 
similar nor is the pressure distribution in the water. But, similitude of this 
pressure distribution is the first requirement for a similar behavior of the 
bubble which moves in this pressure field. This is because the size of the 
bubble depends on the absolute hydrostatic pressure, but gravity migration 
on the pressure difference between bubble top and bottom. 

Similarity can be obtained if the model test is performed in a closed test 
tank under reduced air pressure. If in our example the air pressure is reduced 
to one-tenth, similitude of the pressure distribution is achieved as indicated 

by the dotted curve. The pressure at the surface is then 0-1 atm, at firing 
depth 0-3-atm, which is a 1: 3 increase, exactly as in the full scale. This 
leads to the rule: for similarity of the bubble migration the air pressure 
above the water must be reduced inversely proportional to the model 
scale factor m. This rule scales gravity effects, but not the shockwave 
phenomena. 

3.3. The boiling on the bubble surface 

The technique of studying bubble pulsations at reduced pressure has 
some practical difficulties. When the bubble expands to its maximum size 
the pressure within as well as near the bubble is very low. If we reduce the 
pressure in the test tank for the purpose of scaling, the total pressure may 
become less than the vapor pressure. Then the water begins to boil near the 
bubble. Since such a boiling does not occur in full scale, it has been proposed 
to fill the tank with oil. This would prevent the boiling, but strangely 
enough this boiling helps to improve the scaling and in our model tests we 
have purposely increased the boiling by heating the water. 

For complete scaling all pressures must be reduced by the scale factor m. 
This includes the explosion pressure. Therefore, these tests require special 
explosives which produce weak pressures. Such explosives are hard to find 
and are not reliable in small charges. If we fail to decrease the explosion 
pressure, the radius-time history of the bubble is not exactly scaled, as shown 
in Fig. 6. The solid curve represents the full-scale conditions, the dashed 
curve, the model test if the same (that is too strong) explosive is used. Since 
reduced co-ordinates are used, these curves should coincide. In the foregoing 
scaling analysis the maximum bubble radius is used as characteristic length, 
therefore the curves coincide at this point. But, there is a deviation at the 
bubble minimum. In the model test the minimum radius is too small. For 
correct scaling the ratio of the radii at bubble maximum and minimum 
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must be the same for the model and full scale. It turned out that this require- 
ment can be satisfied not only by a weak explosive but also by the boiling 
phenomenon. The boiling on the bubble surface adds water vapor to the 
bubble, hence increases its mass. Consequently, the bubble contracts less at 
its minimum. It is possible to specify a water temperature at which the 
boiling is just strong enough to produce a minimum bubble size that satisfies 
the scaling condition. For a 1: 40 model test a water temperature of 80°F is 
required. The analysis is too lengthy to be presented here.’ 

This scaling method proved to be very useful. It gave good quantitative 
agreement with the bubble migration measured in full-scale tests. Of course, 
it is not rigorous. Boiling changes the ratio 7/K so that JmKk/Kmf deviates 
from unity. Eq. (3.6) shows that under these conditions the hydrostatic head 
& is not exactly changed proportionally to the model scale factor m. This 
means that the similarity of the pressure distribution (explained in Fig. 6) 
is not exactly maintained. A further violation of a scaling requirement will 
be discussed later. 

3.4. The bubble inversion at the minimum 

Figure 7 shows the result of a model test where this method was used. 
The boiling on the bubble surface is evident in the first frame. There are 
many small vapor bubbles distributed over the surface of the explosion 
bubble. 

The slide shows the interesting behavior of the bubble at the minimum. 
At the moment of the maximum, the bubble is an almost perfect sphere. 
But, when the bubble contracts to the minimum, the sphere is distorted. 
The straight bottom seen on the second frame is due to the fact that the 

ET 3 

Fig. 7. Model explosion in a vacuum tank. The test scales a 350 lb TNT explosion in 80 ft depth. 

The model charge was 0-2 g lead azide. 
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bubble surface is inverted to the inside. The actual bubble surface is faintly 
visible in the interior of the bubble. A short instant later, the two interfaces 

impinge on each cther and the bubble becomes a torus. The impinging of 
the bubble surfaces dissipates energy. We have here the mechanism by 
which the hydrodynamic drag of the migrating bubble is formed. 

Before discussing how this phenomenon:can be scaled, a quite analogous 
phenomenon which occurs at the high-speed water-entry of missiles should 
be mentioned. 

3.5. Scaling of the water-entry cavity 

Figure 8a shows the model of a missile entering the water. The water 

surface is at the little triangle. The cavity contains air which the fast-moving 

Fig. 8a. Water-entry test showing the closure of the cavity. The water line is at the triangles pointing down. 

Fig. 8b. The re-entrant jet of the potential cavity flow. The sketch shows the flow pattern proposed by 
the writer in reference 9. The dashed curve.is the streamline which passes through the stagnation points. 
Near to it, but not coinciding, is the constant pressure streamline which represents the surface of the cavity. 
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body draws under the water. In frame 3 this cavity is closed and the con- 
nection with the air above the water is sealed off. To obtain similitude of 
the underwater behavior the closure of the cavity must be correctly scaled. 
This phenomenon is affected, first, by the hydrostatic pressure and, secondly, 
by the air pressure within the cavity. To scale the hydrostatic pressure we 
must reduce the air pressure above the water surface in exactly the same 
way as in the case of underwater explosions. The pressure within the cavity 
depends on the dynamic pressure of the air rushing through the neck of the 
cavity (Fig. 9). Analysis shows that this pressure is scaled if the density of 

LSIRSPRESSURE REDUCED BY m 

i VAN. \ 
i A Yee \ 
i i 
\ i 

€, =¥M.c \ / 
ae cate es ¥ 

GAS DENSITY THE SAME IN 

Amax Amn MODEL. AND 
EADIABATIC. EXPONENT J FULL SCALE 

Fig. 9. Scaling of the explosion bubble and water-entry cavity 

the air is the same at the model and the full scale. The reduction of the 
air pressure above the water, of course, also reduces the density. But, if the 
tank is filled with a heavy gas like Freon, one can have a gaseous atmosphere 
which has the normal density of air at a low pressure. A model scale of 
about 1:10 can be achieved in this way. 

The scaling requirements for water entry are:® (1) Geometric similarity 
of the projectile and the test arrangement. (This includes the center of 
gravity and the radius of inertia of the projectile.) (2) Froude’s similarity: 
the velocity is reduced by 4/m; the gas pressure above the water by m. 
(3) The density of the gas above the water and the density of the model 
must be the same in the model test and the full-scale, if water is used in 

both cases. 
The effects of compressibility and of viscosity are not scaled by these rules. 

A discussion of these problems cannot be given here. 
It is interesting that the inversion plays a role not only in underwater 

explosion bubbles but also in water-entry cavities. A body surrounded by 
a cavity of finite length, as shown in Fig. 8a should have no drag ina potential 
flow. Hence the potential flow pattern shows an inversion of the cavity,” 

viz., a jet which emerges from the trailing end of the cavity and impinges on 

the body (Fig. 8b). The impact of this re-entrant jet compensates the 

pressure exerted on the front of the body and thus assures drag-free motion 

in the potential flow. In the real flow, this fluid motion has a drag and the 

jet is missing (Fig. 8a). 

A eae ane does not have a drag in the usual sense of the word. 

The pressure along the gas-water interface is necessarily constant and, 
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therefore, cannot have a resultant force as in the case of a moving body. 
But Fig. 7 shows that the translation of such a body is not without energy 
losses. The inversion of the bubble produces an impinging of the lower 
and upper bubble surfaces and causes a water hammer effect which 
dissipates energy. This phenomenon is quite analogous to the re-entrant jet. 
But, in the case of the explosion bubble, it produces the “drag”’ and occurs 
in actuality, whereas in the potential cavity flow it eliminates the drag and 
does not occur in actuality. 

3.6. The density requirement for explosion bubbles 

Figure 9 illustrates the inversion of the underwater explosion bubble. 
The dashed circle indicates the bubble at its maximum. Further shown is 
the cross section through the bubble shortly before the minimum as it 
appears in our model tests. There is a water column rushing upward within 
the bubble. The gas between the two interfaces is squeezed to the side and 
it exerts a pressure upon the water. This pressure is scaled, if, exactly as in 
the case of water-entry, the gas density is the same in the model and the 
full scale. Unfortunately, there is no simple way to achieve this. In the figure 
the requirements for an explosive to be used in the model test are sum- 
marized. First, the density of the gaseous reaction products must be the 
same as that of the full-scale explosive. Second, the explosive should produce 
such a low pressure, so that the ratio of maximum and minimum radii is 
scaled. This would eliminate the method of boiling. Finally, the adiabatic 
exponent of the gaseous reaction products should be the same. A reliable 
explosive which satisfies these conditions is not known. 

Shockwave phenomena are not scaled in such a test. This would require 
a liquid with a sound velocity lower than that of water by the factor «/m, 
hence a liquid which has about the sound velocity of air. Liquids containing 
bubbles of air or gas have such low sound velocities, but fluids of this type 
cause a strong dispersion of the shockwave and are for this reason not 
suitable. 
We have here a situation where a modeling technique cannot satisfy all 

requirements. Also, only those effects are included which are thought to be 
important. For instance, the effects of viscosity and surface tension are 
ignored. We do not know how important they are. Only comparison with 
full-scale tests can provide the answer, but such full-scale tests are not an 
easy matter. 

There is a definite need for good model tests, if an understanding of the 
bubble phenomena is desired. Therefore, the possibility has been studied 
to model underwater explosion phenomena in a moving test tank. 

4. HIGH GRAVITY TANK 

4.1. Scaling possibilities 

If it were possible to increase the gravity during the explosion test inversely 
proportional to the model scale, the pressure reduction would not be 
necessary, see Eq. (3.6). The acceleration would increase the hydrostatic 
pressure at the model test to the same value which occurs in the full-scale 
test so that < = Km. Hence, we have a 1:1 pressure scale. Common 
explosives could be used and the shockwave phenomena would be correctly 
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scaled. It would also be possible to study the effect of viscosity and surface 
tension on the bubble phenomena by using special liquids in the tank. 

Further, it might be possible to study the surface phenomena which 
underwater explosions produce above the water (Fig. 10). The motion of 

Fig. 10. Surface phenomena from an explosion of 1600 1b TNT in 100-ft depth. Frame 1 shows the 
spray dome which is caused by the impact of the shockwave on the water surface. Frame 2 shows the 
beginning, Frames 3 and 4 the development, of the plumes. These are formed by the pulsation and 

migration of the gas bubble. 

the spray-dome and the plumes is initiated by the shockwave and the bubble, 
both of which are scaled. Later, this motion is governed by gravity and the 
aerodynamic drag acting upon the water droplets. This would require 
Reynolds’ and Weber’s scaling. Although special liquids and gases could be 
used in the tank, exact scaling is probably difficult. Nevertheless quite a bit 
could be learned about the surface phenomena by means of such model tests. 

The shockwave induced cavitation mentioned in 2.3 can be readily 
scaled in a high gravity tank. Tests of this kind may contribute to the under- 
standing of such complex questions as the breaking strength of water and 
its dependency on purity and the amount of entrained air. 

There are two possibilities for such a high gravity tank; one may be 
called the “drop tank’’, the other the “jump tank’. 

4.2. The drop tank 
The fas dropped from a tower into a hydraulic dash pot which 
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accomplishes a constant deceleration (Fig. 11). The explosion test must be 
carried out during the short period of deceleration. If we drop the tank 
from a height of about 100 ft and stop it within | ft, the deceleration would 
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Fig. 11. Drop oes 

be 100 g. Therefore, a model test in the 1: 100 scale can be made. There 
would be 25 msec time to perform the experiment. This seems to be very 
short, but it scales to an actual full-scale time of 2-5 sec which is ample for 

the study of most phenomena. A charge of about 0-5 g would correspond to 
a 1000 lb charge in full scale. 

Figure 12 illustrates the action of the dash pot. It is an open water 
container. As the bottom of the tank enters, the water is pressed through the 

TEST TANK 

Fig. 12. Dash pot for drop tank 
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gap between the tank and the inside of the dash pot. The inside has such a 
shape that the gap becomes smaller when the tank moves down. In this 
way it is possible to obtain a constant water velocity in the gap although 
the tank moves slower and slower. This means a constant water pressure 
under the tank and a constant deceleration. The conical bottom of the tank 
assures a steady rise and steady merge of the deceleration into the sub- 
sequently constant value. 

4.3. The jump tank 
The tank is accelerated upward by compressed air which is stored in a 

relatively small chamber (Fig..13). The pressure acts upon a piston which 
carries a metering pin. This metering pin compensates for the pressure drop 
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Fig. 13. Jump tank 

in the air chamber and assures constant acceleration of the tank. A second 

piston slides on the outside of the driving cylinder. This piston is used to 

decelerate the tank after the test. 
This arrangement has been designed by Convair. It is more compact and 

also cheaper than the drop tank. 

4.4. Summary regarding high gravity tanks ; 

A high gravity test tank shows great promise for the study of underwater 

explosion phenomena. Such a facility would permit scaling of all effects 

which are important to the behavior of the explosion bubble. It would also 

scale shockwave phenomena and would permit studies of the surface and 

cavitation phenomena which otherwise could not be made at a small scale 

in the laboratory. 
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An engineering study by the Washington Technological Associates, Inc., 

showed that such tanks are feasible and will not offer major difficulties in 

their operation. 
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DISCUSSION 
H. J. Avten: I should like to ask this question. Have you done any experiment in which 

you have purposely set off, let us say, four smaller explosions rather than one large single 

explosion to concentrate the explosive force at an intermediate point between the four 
explosions by converging shock-waves ? , 

H. G. Snay: You are speaking of a sort of shaped charge effect where the damaging action 

against a target is increased by the superposition of several shock-waves. Such an increase 

in effectiveness is to be expected and it may seem worth while to utilize it. On the other hand, 

the practical difficulties are great. For instance, the effect is very sensitive to the orientation 
of the explosions. I would rather not elaborate on whether or not such an arrangement is 

feasible for, say, an anti-submarine weapon. 
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H. Scuaronin: I should like to ask what is the cause of all the irregularities on the primary 
gas sphere? 

H. G. Snay: There are two causes for the irregularities on the surface of the explosion 
bubbles which we have seen in the film. First, the explosive charge was contained in an 
aluminum casing. The fragments of the casing do not deeply penetrate into the water and 
are essentially collected near the bubble surface. This produces the rough appearance of the 
bubble surface at its early expansion. Second, the boiling which I have discussed in my paper 
increases the irregularities even more and adds new ones. 

I did not mention another point which is of interest in this connection. Shortly after the 
explosion you saw a few bubbles which appeared suddenly and disappeared as quickly. 
These are cavitation bubbles which are produced by the impact of the shockwave on the 
window of the test tank. The plate is accelerated by the shockwave toward the air side and 

the water cannot follow quickly enough. This causes a separation or in other words cavitation. 
The bubbles of this cavitation phenomenon were visible on the film. 

C. Titentus: How is the energy balance within the bubble during its successive contrac- 

tions and expansions ? 

H. G. Snay: The energy balance of underwater explosions is well understood. I may as 

well answer your question toward the energy balance of the whole explosion. The detonation 

converts the chemical energy of the explosive into thermal energy. About 50 per cent of this 

energy is radiated into the water in the shockwave. When the shockwave travels through 

the water, it rapidly loses energy. At a relatively close point, 12 charge radii distance, about 

one-half of the original shock wave energy is dissipated. 

The remaining portion of the energy of detonation resides in the gas bubble and produces 

the phenomenon of the pulsating bubble. At the first, the bubble-energy is essentially the 

internal energy of the gas. When the bubble expands a part of it is quickly converted into 

kinetic energy of the ambient water. We have seen the initially rapid expansion of the bubble 

in the film. When the bubble grows, it does work on the surrounding water and the kinetic 

energy is transformed into potential energy. When the bubble has reached the maximum 

size, the kinetic energy vanishes. At this point about 80 per cent of the original thermal 

energy in the bubble has been converted into mechanical energy. When the bubble contracts, 

the potential energy is transformed first into kinetic and finally into thermal energy. At the 

bubble minimum a pressure wave, the so-called bubble pulse, is radiated which carries about 

one-third of the bubble energy away. Another third of the bubble energy is dissipated. 

Therefore, roughly one-third of the original bubble energy is left for the next cycle of 

pulsation. At each bubble minimum similar losses in bubble energy occur and this causes a 

strong damping of the bubble pulsations. 

R. T. W. Kempers: I wonder whether in connection with these tests the Naval Ordnance 

Laboratory has also carried out tests on the effect of the water blast on submerged bodies 

and whether such tests can be carried out at a scaled-down size in a reasonable way ? 

H. G. Snay: You have brought up a very good question. Damage phenomena are among 

the most important things to study by means of model tests. The scaling rules for damage 

effects have been set up a long time ago by Hopkinson and Cranz. I may summarize them 

as follows: (1) We have to observe geometric similarity for the test geometry and the target 

with the implications on the reduction of charge weight as shown may Figs Ie Geometric 

similarity is particularly important for those parts of the target which undergo a deformation. 

(2) The same materials must be used in the model test as in the full scale. This holds not only 

for the explosive and the fluid, but also for the target: the material must have the same 

density and the same strength properties. Here, ‘we have a basic difficulty for structures made 

of steel, namely the effect of the strain rate which is the velocity with which the material is 

strained. The yield strength increases with increasing strain rate. If the dimensions of a 
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structure are reduced in a model test, all times become shorter and the strain rate larger. 

Therefore, such a structure appears to be stronger. This effect spoils the scaling. 

Although strict scaling is not possible under these conditions, approximate scaling can be 

achieved, if different materials are used for the target-model. Also, one might violate the 

condition of geometric similarity and reduce the wall thickness of the model in such a way 

that its apparent higher strength is compensated for. But in this case the mass of the wall 

must be maintained by a thin layer of lead or other means so that it is properly scaled. 

It should be noted that the scaling rule holds for the effect of the shockwave. If bubble 

effects are to be studied, only a high-gravity tank would permit realistic model tests. 

H. Scuarpin: You have the same material with the same stress curve and the same limit 

of elasticity. Now you say scaling is not correct because in smaller dimensions we have 

smaller times, but in a large explosion the time is longer. 

H. G. Snay: My point of view was that the stress curve depends on the strain rate. If this 

magnitude is not the same in the model test and full scale, then the Hopkinson-Cranz rule is 

no longer applicable. 

H. ScuAroin: Is the stress-strain curve not the same in the first part and independent of 

the strain rate? Only the limit of elasticity depends on this rate. 

H. G. Snay: Agreed [and sketched a stress-strain diagram for two strain rates on the 

blackboard, pointing out that the ultimate strength of a structure depends on the strain rate]. 

H. Scuarviww: How large would you have to select the dimensions in order to get good 

scaling? What would be the time? 

H. G. Snay: Model scales of 1: 3 or 1:5 are probably acceptable. Smaller scales like 

1: 10 or 1: 50 require, in my opinion, the approximate scaling procedure mentioned above 

which employs different materials. 

OF course, the strain rate effect depends on the material used. Steel shows a strong 

dependency on the strain rate. Aluminum or concrete do not show this effect at all. Thus, 

model tests with aircraft structures or air-raid shelters can be readily scaled. 
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