
NAL4 Conference Publication 2014 

Essay5 d on the History 
df Rwketry and Astronautics: 
Proceedings of the Third Through 
the Sixth History Symposia 
of the International Academy 
of Astronautics 

Volume IT 

Symposia held at 
Mar del Plata, Argentina, October IO, 1769 
Constance, German Federal Rcpublic, Octobcr 1 I - 1 2. 1970 
Brussels, Bclgium. Scptcmbcr 23, 197 1 
Vienna, Austria, October 13, I372 

,- -' . 
. .A 



NASA Conference Publication 2014 

Essays on the History 
of Rocketry and Astronautics: 
Proceedings of the Third Through 
the Sixth History Symposia 
of the International Academy 
of Astronautics 

Volume I1 

R. Cargiil Hall, Editor 

Symposia sponsored by 
International Academy of Astronautics arid held at 
Mar del Plata, Argentina, October IO, 1969 
Constance, German Federal Republic, October 1 1 - 12, 19'0 
Brussels. Belgium, September 23, 197 1 
\ ietxa. Austria, October i 3. 1972 

Natimal Peronautics 
and S?a. e b.dministration 

Scientific and Technical 
Infwmation Onice 

1977 



VOLUME 1 

PART I 

E S A Y  PAGE 

1. 

2. 
3. B A R o N v I N c E m M N A l S U 3 ' I N A N D H I S ~ ~ :  AHTSrOAYOF 

4. 

5. 

-IAN ROCKEIRY IN THE 16th m y ,  by Elle Carafoll and 

THE SISH ROCKET ccdips, 1833-1845, by i. Xrqpar Skoog 

MihaiNita . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . .  3 
9 

AUSZRIAN RCCKEIRY I N  ?HE 19th CENIVRY, by Frank H. Winter . . . . . . . . 23 
42 

.'.ND 20th CEXIWRXEs, by Mitchell R .  Sharpe . . . . . . . . . . . . . . . . 51 

THE 19th CENIVRY: A CHROIWLLGY, by Pedro M. Sancho . . . . . . . . . . . 73 

JuanJ . M d l l ~ q w r . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  78 

AsIRoNALpI?CS IN POUND, by Uladyslaw P. Geisler . . . . . . . . . . . . . 102 

. . . . . . . . . 

HUN3ARIAN FKYXE2RY IN ?HE 19th ';ENNRY, by Ist& C. Nagy 
K W I L I T A R Y  APPLICATICNS OF THE ROCKFT B Z Z  TIE 17th 

. . . . . . . . . 

6. THE USE OF WREvFrTypE WAR ROCKEIS BY THE SPAMSH I N  

7. A SURVEY OF ROCKElRY AND AspRoNAvI?CS I N  SPAIN, by 

8. H I 3 K R Y  OF THE DEvELI5pT4ENT OF ROCKET "EXXWUCY AM) 

PAKT I1 

R o c m y  AND AsLRoNAvL?cs: coNcEprs, m m ,  
AND ANALYSB AFTER 1880 

9. 

10. 

11. GUIDO VON PIRQUET: AUSTUAN PIONEER 9'F ASTRONAUTICS, 

FIRST W W  OF K. E. TSIOLKOVSKY AND I. V. MESHCHERSKY 

ON THE hORK3 OF 5 .  S. NEMDANavsKy IN 'BE FIELD OF FLJCKT 
ON ROCKET DYNAMICS, by Arltady A. Kosmode!'fdan~ky . . . . . . . . . . . . . 11.5 

BASED ON REAcrztT; PRINCIPIES, 1680-1895, by Vtctor N. SokolsQ . . . . . . 125 

by Fritz Sykora . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140 
12. EVOIJJTION OF SPACECWG" ATI'ITJDE CoKlROL CONCEF'I'S BEFORE 1952, 

by Robert E. Robeman . . . . . . . . . . . . . . . . . , . . . . . . . . 156 
13. THE IDEAS OF K. E. ~s:omvs~y CN ORBITAL SPACE STATIONS, 

by I. A. bl'chenko and I. V. StrazheM . . . . . . . . . . . . . . . . . 170 
14. F. GCKES ARIAS' RccKEl' V M I C L E  PRWECT, by Ramn C m r a s  . . . . . . . . . 176 

iii 



FSSAY PAGE 

15. 

16. 
17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 
26. 

27. 
28. 

29. 

30 

CIJ ItfmvmrALL.Y m souRcEs OF ENERCY m Roc= IN ?HE EARLY 
186 

THE S a m  BIFlD S'IQRY: A MDUIIR, by Irwle SSngewBredt . . . . . . . . . . 195 
BASIC STAGES IN THE DEYElDPPWI' CF THE 'XWEISY OF RAH JFT 
PlGINES (WE), by Igor'A. Merkulov . . . . . . . . . . . . . . . . . . . 229 

wow(s CF TWE PIONEEG OF e W I ' I C S ,  by T. M. M e l ' m v  . . . . . . . . 

PAKT III 

001r(pARA'MVE ANALYSIS CP TH;: DESIGNS AND -A'MON aF VWCLFS 
Bum ON REACTIVE pRoHn.sI0N m m  DURING THE NIlmEwm AND 
BEXNNDG (3p TIE CENIURTES, by Victor N. Sokolsky . . . . . . . 3 

I I E A u a c n , ~ ~ O F P E D R O E . P A U I E T ~ L I ~  

MAIN LDUB O?SCIENI?FIC AND "EXNICAL RESEARCH AT 'IHE 
JET PRoHiISIoN INXTlVE (RNII), 1933-1942, 
by Yevgeny S. Shchetlnkov . . . . . . . . . . . . . . . . . . . . . . . . 43 

THE SOVIET UNION, by Y u r i  A. Pobedmtsev . . . . . . . . . . . . . . . . 59 

by YikixrLl i(. Tikhonramv and V. P. Zaytsev . . . . . . . . . . . . . . . 65 

LICUID-H#IpEuANT ROCKET pX;IiJEs CONWCTD EEIWEDi 1934-1944 BY THE 
HlLulwpts OF F. A. TSANDER, by Learld S. IxtsNdn . . . . . . . . . . . . 79 

ANALYSIS OF L I c l L l l & P R O P ~  ROCKEI' EXINES DfSIGNED BY 
F. A. m, by L m d d  S. Dushldn and YevgEtw K. MosNdn . . . . . . . . 99 

EARtY POSTXL ROCKETS IN AUSTflIA: A mIR, by Medrich Schniedl . . . . . 107 
R C C l d  FLIGHT Rl ?HE MKN--FRCM IDEA WKJTY: A MEMOIR, 

by Rudolf Nebel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113 
ORfGINS OF ASI'RCWWICS IN SWITZE3LAND, by Alfred Waldis . . . . . . . . . . 123 
THE D W P M E N T  OF ROCKET ~~Y AND SPACE RESEARCH IN POLAM), 

by Mieczyslaw Subotowicz . . . . . . . . . . . . . . . . . . . . . . . . 135 
THE U.S. A i W  A I R  CORPS JFT PROPULSION RESEARCH PRCUEC", 

GALCIT PRaTECT No. 1, 199-1946: A MFXIIR, by F. J. Malm . . . . . . . 153 
1939-1945: A MEMOIR, by Esnst A. Steinhoff . . . . . . . . . . . . . . . 203 

I J R 0 - m  , b y M f l c k I . - I I I  . - s - .  - . - e  25 

ON THE m y  O F T H E m m  OF s o L I D ~ ~ R o c I [ E [ s  IN 

ON THE HIS'NXY Ce THE S'IRA'IOSPHDUC ROCKIT soM>E IN THE 'US!?, 1933-1946, 

-L RESEARCH AND DESIGN PLANNINO IN THE FIELD OF 

DEvEzoR4ENI' W THE GERMAN A-4 GUIDANCE AND COMIROL SYSTEX, 



PAFfr N 

ESSAY 

31. THE J30LUl'ION OF AEROSPACE GUIDANCE "ECHNOLOGY AT THE MASSACHUSEI'I'S 
INSTME OF TEcHWILxiY, 19351951: A MEXIIFl, by C. Stark Draper . . . .  
by R. C ~ ~ : l l  Hdll . . . . . . . . . . . . . . . . . . . . . . . . . . .  

LIQL'ID-HYDRCGEN ROCm B43INE DEVELOPMEMI' AT AERQJFT, 1944-1950, 
by George H. Osborn, R o b e r t  Gordon, and Kern L. Coplen with 

32. EARIH SATELLITB, A FIRST LQOK BY THE UNITED STATES NAVY, 

33. 

G ~ ~ ~ S - J ~ I I E S  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
34. A 3 IWE'S  THROW IMQ THE UNIVERSE: 
35. AMERICA'S FIRST LONG-W?EE-MISsILE AND SPACE MPKRATION PRCGRAM: 

A MEMOIR, by F. Zwicky . . . . . . . . .  
'IHE OF0CIT PRQJECT OF THE JEF PROPULSION LABORATCAY, 
1943-1946: A MEMOIR, by Frank J. MdliM . . . . . . . . . . . . . . . .  

36. COUNIDMN TD SPACE -"ION: 

37. THE AERONclrly SrORy: A mIR, by Joseph Kaplan . . . . . . . . . . . . . .  
38. THE VIKRJG ROCKET: A MEMOIR, by Milton W. Rosen . . . . . . . . . . . . .  

by Robert R. G i l r u t h  . . . . . . . . . . . . . . . . . . . . . . . . . .  

A MEMOIR OF THE JET PROPULSION 
IAFDRATXY, 1944-1958, by William H. Pickering with James H. Wilson . . .  

39. FRCN WALWFS ISLAM) To PRWFET MERCURY, 1945-1958: A mIR, 

PAGE 

219 

253 

279 
325 

339 

385 
423 
429 

445 



PART I11 

THE OF UQUI& AND S O I L W ’ I D F ~  

ipocKF15, 1880-1945 



N?1-33049 . 

Victor N. Sokolsky (ESFt)* 

In  stuctving the history of Pocket technology, the questtan apises: 
extent were the ideas and praposals expressed during the nineteenth and begimlng of 
the twentieth centuries actually reallzed? ?his report is devoted t o  a prellndnary 
investigation of this question. 

to  what 

Esrandnation of the presently known historical scient i f ic  l l temture related 
to the pmblem of reactive fU@t indicates that considerable attention had already 
been given t o  this problem in the nineteenth century-sWfTce it t o  say that &rut 30 
designs for reaction flying vehlcles were pmposed during tNs period. Inventors were 

attracted by the apparent sl-rpliclty of the solution to the problem of flmt wlth 
engines based on the reaction principle. However, the authors of a W o r l t y  of t b  
designs Wted themelves only t o  a presentation of a diagram of the engine or an 
account of the princtple of its operation, gl- neither plans for its structural  
develapnrent nor precise calculations of the amount of energy requtred for accarplishlng 
reaction fll&t. Such ar. appmch was typical of the nineteenth century and is 

indicative of the extremely law level of theoretical development attending tNs problem. 
None of these authors considered the 
mass, their choice of enem soupces 
of reaction flym vehicles remained 

reaction flying vehicle as an obJect of variable 
was extremely randan, Wld the theory of the rU@t 
carpletely undeveloped. 

h s e n t e d  a t  the Fifth History Smsium of the International Academy of t 

Astronautics, Prussels, Belgium, September 1971. 

++ Chief liistol. -1 for Astronautics and Aeronautics, National Cannittee for 
the History of Science arid Technology, USSR Acadq of Sciences, bbscow. 







be epplled in principle for flight in the vacm of space. However, in all of the 
aeStgn8 preserlw above, th@ authors coa?lsi*d the appllcatlan of the principle of 
reactive mticm only for f33ght wfthfn the terrestrtal atmwpkre. Not om of them, 
lncludlng Arlas, Hbal'chfch, Ne-, 3amdndt, and Fkiorw, whose vehicles 
ctld not pa.p&e a- as a supportingn~~Uum, raised the question about the 
possibility of epg>lying vehlcl@s for int€?rplanetary fliejlc. This application 
was mt proposed and sclentlfically justiffed by ane of the @-+?atest s c l e n t b t s  of 

thS, K. E. T8i0-, udzoee MIIE iS b'X@&lJr COITI@Ct@d at!I the be- 
of red& arpd space sc- and technolog. 

The end of the nhetemth surd beginrhg of the twentieth m t u r l e s  are 
t9mrae-d by hcmaslng fnterest in the theory of foltepplamtary fll&W. Isolated 
works &voted to this plleblemappeard in a nwdmr of camWe8-naxhly in Russia and 
c?fmmy. Blea-ppearan ce of these mks, whose authors first attenqted to justlf'y 
t€li?metirxiLly the p O S S l b u l t y  of fllgh$ in int 'PPlanetEbfJI space and proposed scientl- 
f f d l y  sound deslgm of spac@craft intended t o  solve this  problem, indicates that the 
foundations of the theory of space flight began t o  be form& in just thfa perid. 

earliest antiquity; however, for a very long tlm that uqp was abstract atld speculative 
in mtm, and was embodled in t k  mt faritastic flight proposals. ml.8 wa8 caused in 
part by WE repeatedly char@% ideas about the structure of the universe, WlrLch wenc 
thmugh a long and -lex evoluth-fmn the idea of geocmtr ic l ty  and the Earth as 
the only inhabitable celestial object, t o  the present physical picture of the universe. 
Only in the Zast century end a half, in connection with the &velopm?nt of science and 
techno lo^, Bid technically more valld space flight aeSi@p.ls begln t o  appew--in the 
foms of ayper lonpraqp arti l lery,  circular ridlways, a -tic sllng, etc. Ha:.ver, 
~ 3 n e  of thm could be realfzed in practice. Only at the end of the nineteenth century 

on t a b  reaction prfi?clple. 

the 1870's and 1880rs, and in 1897* he derfved the now wldely known formula of rocket 
Qnmdcs that beam his nam and established the aepePldence between mlo?t u t  

urge of r a l d  to  explore other worlds had previously arisen in 

w8s i 2 ~  only -tic w a ~ r  fop0 solving the i.'mblem founa--uSing Qing vehicles based 

Tkdollawslgt k a m e  Interested in the problm of interplanetary flight in 

velocity vrnexo discharg@ velocity of the praeucta of coIT&uetlan vl, the Imss of the 
propeuant 5, and the lnass of the rock@t structure y: .. 
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Of c o r n  rockets were well known long before Tsiolkovsky. They were used 
for fireworks and for  dellverlne; s-, for i l lmlnat ion,  and as military ordnance. 

scient is ts  and Inventors worked on inproVing rockets, but not one of them proposed 
using them as a mans for  acccslpllsNng Interplanetary fflght. On the other hand, many 
Inventors, even before Tsiolkovsky, Wu@t about the problem of fll&t In space, but 
none of them proposed using rockets for  thls  purpose. 
these two technical directions, justifled scientiflcally the possibility of the applica- 
t ion of the reaction prlnclple for  space fll&it, and developed the f'undamntals of the 
theory of rocket dyrmdcs. 

A t  the beglnnlng of the twentieth century a nunher of sclent ls ts  and In- 
ventors, indepenaently of each other as a rule and often not even aware of analoffow' 
proposals m&? by other authors, became occupkd with the problem of space fllgbt. 
Besides Tslolkovsky and Ganswindt who began work In this area at the end of the 
nineteenth century, this problem occupied R. ~ o d m  (USA), R. Esml-t-Pelterie (-;e), 
H. Clberth (Germany), G. mi Plrquet, F. von Hoefft (Austrfa), and other Investigators 
(Mle 2). 

end of the nineteenth and the f irst  tNrd of the twentieth century, the very w i d e  range d 
praposed eneqg sources is no+mrthy--from solld propellants (aynarrdte cartridges and 
smokeless powder) t o  e lectr ical  and nuclear energy and radiation pressure. Also very 
typical, when considering the possibillty of sphce fli&t, the authors of this -up of 
des- gave much more attention t o  problem of detenrdning the rquired amwnt of 
energy and the theoretical calculations of rocket fli&t. 

mthod for Increasing the velocity of rocket fllght I s  an Increase in the d i s c h a r g  
velocity of the products or canbustion. Thus, efforts of scientists durlng this period 
were directed t o  the selection of the Nejlest caloric propellants ham the greatest 
caloric value. Starting fropn just these considerations, in 1903 Tsiolkov&y propased 
Uquid h y h g e n  and oxygen as propellant ccrlrponents. He calculated theoretically the 

value of the ideal discharge velocity equaling 5700 d s e c .  
gmup of substances," he said I n  J u s t i f W g  his choice, "which would l iberate such a 

+ "aiolkovsky served t o  unite 

Considerhg the pmposals In the theory of space u t  suggested durlngthe 

An analysis of the Tsiolkovsky formila indicates tkt the mo8t effmAve 

"I do not know of a single 

'It should be noted that references to rockets used for flight to  other 
celest ia l  objects are encountered In several science-fiction works such as, for exanple, 
'lL'histofre ccmdque des etats  de la  lune," Cyrano de 2ergerac (1647 - 1650), "A Journey 
t o  Venus ," AshLl Herlot (18651, aml "Fnm the Earth to  the Moon," Jules Verne (1874). 
!-lowever, the taplc of all these literary works was not scientific technical designs, but 
rather focused on the fantasies of the novellsta. 
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TAYLE 2 
DESIGNS FOR ACCOMPLISHING SPACE FLIGHT PROPOSED AT THE END OF THE 19TH AND 

BEGINNING OF THE ZOTH CENTURIES 

7-- 
Using Multi- 

Stage iiockets Stage Rockets 

Goddard (1919) 
(1899) 

Oberth <1909> 

L u n c h  F rom Fly- 
ing Vehicles 

Ganswirdt <1901> 

Cberth (1923) 
Tsiolkovsky 

Hoefft (1928) 
(1Y26 - 1929) 

f 
k 
P 

2 
P 

L 

3 

Taiolkovsky 

Oherth (1923) 
Hoefft (1928) 

(1911 - 1912) 

--- 
Hydrbgen Tsioikovsky 
t oxygen (1903) 

1909> 
Goddard <1907 - 
Oberth <1912> 

Kondratyuk 1917 - 
Tsander 119231 

(1923) 

1919 

(1914) 

Metals Tsander <1901> Kondratyuk Tsander [ 1924) 

I Energy source I not indicated 

I (st rucm ral 
material)  

- I J 

<1920> 
(1929) 

Launch From Orbital 
Station and Flight 

into Space 

_ _  
Nuc lear e ne r gy 

Electrical  
energy 

Tsiolkov rky (1916) 
Oberth (1923) 
TsanJer  119241 
Hoefft (1928) 

~ ~ 

B i n g ( l 9 l l )  1 Ts iolkovs ky 

Coddard <1907, 
Esnault -Pelterie 

11912f (1911) 
T sande r < 192 5 > 

<1903 - 1911> 
(1912) 

i Goddard ~ 1 9 0 6 ,  
Tsiolkovsky ~ 1 9 1  I >  

Ulineky <I915 - 1916> 

Kondratyuk < 19 17> 
Tsandtrr 119261 

Oberth (1929) 

(1912) 

(1920) 

Glushko f 1928 - 2 0 1  

Kondratyuk <I91 7>  
Tsiolkovsky < I92 1 

Pirquet (1928) 

-- 1 
Note: Dates of proposals contained ih published work. a r e  indicated in the table In prrenthene. ( 
d a k s  of proposals contained in o ra l  reports and materials presented before varioua organinations 
a r e  indicated in  1 / ; dater of proposal. contained in unpublished manuscripts and notebocks a r e  
indicated in c >. 

), 
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tl%mm&us ammt or errepey per cnit lmss of prwbcts dth t2nd.r cheadcdl calb lnRm.~3 
4 

propellant w l l ~  later @&td bs R. G d & d  (1907-1909), ?his 
6 7 H. oberth (19l2-1923)2 Yu. V. Kcmtm- (1917-1919), F. A. 'hrakr (19231, and other 

inW33t?i?tars. rbuever, f3e energp nq&mmts of tk PmpelLant oiten CarRiCted 
vith Operat- -ts. 
and 0wfpt.l involved great operatianal dimcultles. Pbreow, th? iylat Quarkr 

?he apPUCatlUI Of ecuch CanpaEntS 85 w d  

of the twentieth century the paocfuctian of liquid hydrc@n In quantities Sumcient fbr 
practical mquhmms did not e&t. 'Bus, the authars of a nraber of dslgm dls- 
cussed less caloric, but safer and m x v  available mllants ,  lrpladng tk USLaa 
hycimpn dth varlous 
etc. 1. 

than the cmtilnatian of hydmgen and oxygen. In 1909 'Ilsaolder m t  Wwed at the 
thought of the possibility of Usirrg tk S t N c t u r a l  ImterldLS of tht interplsnetay 

clgft as fuel.* Be- in 1917, he began eqmlmnts In the lgnltim of molten 
llptdLs, and soon obtained nlm?r%cal values of the calorlc value of imgm?szUrl O d d e  

and other ~~~aterlals.~ 1920-1524, Kcdmtyuk also mte about the possibility cf 
us- --caloric mtals as fue1.l0 m w r ,  even w patte-tte appucatim or w 
calorfc metallic h l 4 d  not rmke it possible to sole the pmbler: of spece f l I @  
Qlrlng this time. C a l C U l a t l ~  indicated that Sbgle-6tage mckets q#rating with 

c k d c a l  pmpellant could not (ulth a feasible mss rat13 of p m p e l l a n t - ~ t )  
e m  &eve ott3ltal velocity. 'Em, scientists and hventom contireued to seamh far 
other f o m  of 

~erslans of the tm& "Bplmtim of spact: ulth mt Devices," %id.bvsky hsd alm&y 
indicated the poss ib l l l ty  of us% th? em- of the atun, which upm dislnteg?itim 
releases "particles mvlr-~ u l t h  t k  velocity of Ught (or close to It), l.e., 6OOO tinw 
mre rapid than particles of water vapor."Lz ?he p x p s a l  for the use of energg of 
atmic decay for space wt is also fm in the mnuscrlpts of 00ddard in 1907.~3 
R. Esnault-Pelterle struck upm the possibil i ty of using nuclear energy for space 
fli@t during t h l s  sane year. He exp- this idea in a x%port @veri In !bwdx?r 1912, 
and prmbllshed in 1913.l~ 

whereein the p m ~ e l l a n t  Is accelerated to wry hl& cilscharge velocities in tk locket 

e m .  ~s i0 lkovs l ty~~  and 00ddard;~ -dv or* each ather, M arrived 
at the idea of prpducing e l e c t r o - a t  engtnes ckirhg the M.rst  decade of this century. 
'M~lkovsky flrst published this idea in  the journal Vestnik v0zduM-m l a m a  (1912) .17 
OOdQrd conducted experiments directed tmrrd producing an Ion rocket e m  In 1916- 
1917.18 In 1920, he obtained a patent for "A rnethod of and mans for producing 

(such as, Ibr exaple, alcohol, gasolhe, bumem?, 

Ot&rs m learned that t t m e  are hls ha- a gmater calarlc valw 

slgdflcantly exceedbg the ernergy of cheadcal pmpeuants. 
Nuclear energy was c-n such fonn. In one of the urpL&llshed lllcnscript 

Electrical errergy is another prwrdslng fonn of energy for space flight, 

9 



In this cormectlan, there 5 m patent of A. Bing in the Soviet ;Won. 
+ 

Infomation about his dz8lg1 is gfvw on the basis of mference 24. 
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artificial satellite of +2e Earth uas sent into arhit dth th? kelp of a mtage I.oclat 
with fim €Tgfres. mti-seage lpckets are rm# very widely used. Hcwever, the iuppllca- 

tion of this princrple did not cap1etel.y solve the pIpblern of eUaa.ratlng the mgatI\re 

etfect of tk m v e  rmsses of t k  lpdcet. ?he of tfie rocbet =re 
sinpu ejected, ultbast brlngtng benefit. Qms, o t k r  investl@or5 tm?g8n to 

received practical realizatiarr. Scientists and errgineers at present carnot eve a firm 

this proposal was e*andrred mtkr 
Intenst. 

amH?r to tk question about the pmbability of its lI!plementatian in the flxtum. m 
in the 192Os, and excited Qnlflcant 

?he third nethod for solving tk pmblem of azhlevlrrg space fU&t veloc- 
ities attracted Vt a t+a t ia r ,  anmg Investigators, particularly at the Mtidl s t q p  of 
m C.matlan of th? theory of space flliglt. It involved firing the rocket mt directly 

fhm the Earth, but hwl a hl& altituk launch base ~ M c h  could be, in the q3inian of 
efie hvenlms woddng m this pmblem, el-r aM& muntak or a flying vehicle that 
W d  raise tbe mckt to a slgnlflcant altitude. Such a pmposal uas first swgpsted 
at the beglmbg of the tweneieth centilly by G. Garswlrdt, who pxrpxed mlsirrg Ns 
spacecmf't as hl@ as possible wlth k l l c q t e r s ,  and a i l y  t k n  star t ing  the mcket 
eng5ne.' Analoepus pmposalr (but with the use of alrcraft-aemstats) e re  also 
sugeaested cbrring the f i t  quarter of the twentieth centmy by Goddard (1907)T 
%lol.lu)vslcy (1911)p Berth (1923)? and vc(1 b f f t  (1928). 

?\;lis appxoach attracted tk attention of Lnventors because it wmld e m -  
mte the necessity of overcandng the drag of the lower, denser layers of tk a tmspkm,  
and uould themfore ecarondze m the m u n t  of energy qUiM. Hmever, I t s  practical 
accaQlishmt presented si@flcant difficult ies,  c-letely insurmxPltahle a t  that tlm; 
indeed, it has not yet been practically enployed. 

40 

It p d  be ncted ':-!at the notebooks of God- for 1 9 0 8 ~ ~  and also his 
nruPlscript of 1913 
or even "consistirrg cunpletely af fuel." However, an the basis of mterlal of ooddaxd 
at our disposal, it  is not possible t o  reswrxl unan&iguously t o  the question whether 
the pITsposal in thls case was tk use of elements of the rocket s t r u c t m  as prcpellant 
or sinply consideratloti of the theoretical case wlth n e g l i g i b l y  small -8 of the 
structure as caqmmd to  the m s  of the prepellant (or a tUrpcthetical des- case with a 
wmbustlble sbll), especially as  there is m dLrect indication of t b  use of m t a l l i c  
-1 mywhere i n  the materials of Gcddard known in the Soviet Ma.  

+ 
ccmtaln menticn of "rockets consisting zhos t  entirely of prcpellant" 
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Ik;ing an a r t i f i c i a l  satellite of t k  Earth as an “intenaediate station,” 
(l.e., to laLoldn a spacecraft horn an artifLcial satellite) appeared urm p t ~ ~ € ~ i n g .  
lhis pmpasal is encounteEd in the VnrIGS of a m&er of lnvestlgatms. In  1928 von 

Fmpet condckmd the problem of using artlfyclal satellites of the Earth as intep 
lnediate interplanetay stat- in detail.41 ~orrdratyuk expmsx i  a very htemsting 

i&a using an artiflclal satellite of the lrbon as an lntenrpcKate base for lnterplaneta~y 
mts.42 
is vem pxmdsirrg, and is an elemat In a nu.-er of present des- for reachhg distant 
celestial abjects. HaR-Jer, even tahy this pmposal, thou@ considered l n  numus 
des-, has still not obtained practical malization (kcause of its ccmplexity). 

p b t ,  and other celestidl objects as intermediate interplanetary s t a t i m 4 3  AS a rule, 
they started from the predse  that elmmts would be fcund on them whlch could be used 

as propellant ccrrpanents. ’hey also accounted for their slgnlficantly slldller mass (3s 
ccmprupd to Earth), mch mde escape v e l d t y  possible wlth sQylflcantly snaller pro- 
pellant casurpticn. However, none of the menticned invr?stie;dtors carsided the pm- 
blars  of obtaining and pmcesslng the mquired materials, pIpparation of the launch com- 
plex, and other opemticns mlated to the t e c ! ! c a l  organization for pleparlng and 
hmching spacecraft once on the Mwn or anot-kr celestial object. 

Scientists working on the solution of the problem of space fU&t during 
the f i t  quarter of the twentieth centuxy also swsted using &+ation prpssm for 
flight in interplanetary space.44  me^ gave the conpleteb c o m t  mlatim betweer 
perLcds of operatian of enghes of tk various types. For u t  t o  and f k f n  Earth, t i  

times &n it is necessary t o  overcune th? gravltaticml attmction of the Earth and t o  
inpart s lgdf lcant  accelerations t o  the spacecraft, they indicate3 that one should use 
the energy of weal pmpellants; after escape into orbit and at a sifplflcant distame 
t k x n  the Earu1, wlth flwt in interplanetary space, one should use the energy of radia- 
tion pressure. 

twentieth century on possible mthods for achlevlng space velocities for space flight 
indicates a very wlde range in the prcposed form of energy, as w e l l  as  the structurai- 
carWnent des- for spacecraft. hnlng this time, the following questions were 
exambed: 

iciea of using a r t i f ~ c i d  satellites of the ~arul as intermediate bases 

same! lm€?stlgators also carsidered the m, tk natuml satellite of OUT 

p 

Considemtion of the p x q x s a l s  Rade dux3r-g the Mrst quarter of the 

pmduction of l iqu id-pqxl lan t  rocket engines; 
. applieation of ‘ligh-calorlc metallic fuel; 
. “her form of energy (nuclear and elect-reaction engines, 

. the structural ra ter ia l  of the r o c k t  i t s e l f  as additional fbel; 
solar radlation pressure); 

application of dticonponent and mlti-stage rockets; 
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. lnlxnmalab lnteqhrE!tary bases in the form of 
a r t i f i c i a l  sateUtes of the Earth and other celestlal objects; 

- application of wtngs for a glldlng descent t o  Earth and other 
planets having atmspheres; 

the -relative mt ion  of celestial objects for  acceleration or 
deceleration of spacecraft. 

A t  thi! same tirn?, other pl'oblens wee also corrsidered: tk launch of spacecraft, deter- 
n&-at"m of * optimnn angle of launch, search for  optimrm trajectories and flight 

n&es qmecmft heat- with passage thrcn~& dense layers of the atmsphem, life sup- 
port ys 'm for  the crew, mtum of t k  Cran to Earth, analysis of fU&t trajectories 
of SF ,cecraft, and a m&er of other scientific and technical questions related t o  the 
pmblm of space flight. 

of tk develcpnent of mckts and space science and technology that ended in the 1920s 
pmvlded the fundarpn - tal solution of tk basic pmblens and established the principles of 
the the9ry of space fU&t be foz  reliable mcket enghs and mket vehicles had been 
piduced in any single country. A t  the same time, many investigators were separated fI.an 
imneclate practical p m b l m  and very often looked for  soluticrlls i n  such m t e  areas as 
us ng elect-mckets, nuclear engines, solar radiation pressulp, and the like. Exulng 
th development of the theomtical principles of space ,%at, mny other pmblem were 
r a s e d  arld solved ~ ~ ' m t e l y  f'mn the  nrain stream of the development of rocket technolw, 
WlthouLwhlch tht p a c t i c a l  solution of the prcblem of space flight would have been 
iqxes2  b i e .  

be SWP ,rockets were no longer used as military ordance. Nevertheless, attenpts were 
repeateIly mde t o  reactivate this weapon, particularly in the years irmediately pre- 
ceding che first World kar, ?he contenporary successes in the m a  of aeronautics and 
aviatton a . -%e ndlltary role for an air force in a future war. In  this con- 
nection, actem' - fer~ soon nrrde t o  pmduce a new type of mllitary rocket for amhg 

f ly lq:  vehic; - . Work was also conducted on pmducing rockets intended for  field battles. 

out a+ the beEprming of the twentieth century indicates that designers and inventors 
war' ing 01 mckets had to  solve, in essence, the s a n ~  basic problems that cotfmnted 
;.dm Fn t'le dddle of the preceding century: t o  increase the range and inprove the 
accuracy ~f rockets. However, the pmogress achieved in other areas of technology now 
pemdtted SoVrkg rrarly of these proble5. A t  the beglnnlrg of the twentieth century, 
seamless tee1 cases began to  fynd application in rocket construction and inproved 

mls, the worlcs of the theoreticians of a s t m t i c s  in the initial period 

A t  the end of the nineteenth and begh-dng of the twentieth centuries, t o  

Analysis of the experlrrental work in the area of rocket technology carried 
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neasuring fnstrumentation began t o  be used. 
refXned. ?he majorfty of pmJects at the beghnbg of t h  twentieth century elinrLnated 
guiding mds and rep lace  them with other form of s tabi l lzat ion-by applying stabi- 
lizing surfaces or enplosing the gyroscope effect. 

But the level of scientific €mimlrx@ in the area of rocket construction 
duplng this period lwnained as low as  before. Most of those working on the crpation of 
new f o m  of mckets were not acquaLnted Vnth the theoretical works in the area of re- 
active mtion, and in a tnmber of cases held t.0 naive, often errcneous ideas about the 
cause and nature of t b  reaction force. ?hey did not even atterrpt t o  solve the theo- 
:etical problem related to  the velocity and range of rocket fllat and, a s  a rule, 
were carpletely uninterested in such conxpts as the emciency of dx rocket englne 
itself, or the entirp rocket a s  a whole. 

twentieth century involved the adherence, as before, t o  ccnparatively law calorlc 
propellants, such as black pawder, as the energy soupce. 'Ihis hindered the pmgress 
of &et technology ard led t o  tact ical ,  technical, and operating data that dlffemi 
little i n  essence f'run the rockets pmduced in tk middle of the nineteenth century 
(corrparatively short range, signlficant scatter,  p m t u r e  rupture of the locket case). 
Thus, the prcblem of prcducing rdl i tary m t s  carparable with r i f led a r t i l l e ry  had 
not been solved ~p t o  the Mrst World War. Satisfactorily operating flare rockets also 
had mt been produced. hrther inprovemnts in rockets called for replacing black 
powder with an inproved, Ngher caloric m k e t  pmpellant. Replacing gun powder with a 
M e r  calorlc rocket propellant-mnokeless pawder-had been discussed often at the end 
of the nineteenth and beginning of the twentieth centuries by B. T. hge, R. H. Goddard, 
I. P. Grave, V. A. Artem'yev, and other investigators. The greatest successes i n  thls 
direction weie achieved by Goddard, who successfully carried out experiments With smke- 

Methods for  stabillzing rockets becanre mre 

A basic deflclency in dLmost a l l  rocket desi- at the begbming of the 

less powder rockets with conpletely satisfactory results. 45 

Rockets rwrained practicalQ unused as war ra te r ia l  during the First World 
War (except for individual cases of applying incendiary rockets ae;ainst enemy aircraft). 
Other f o m  of rockets (signal, flare) were also l i t t l e  used durlng the w a r  years. 
Attenpts by wudou inventors t o  inprove rocket pq jec t l l e s  were unsuccessful. only a t  
the very end of the war did Goddard develop and produce sanples of successful, albeit 
experimntal, rrdlitary rockets. 

A t  war's end, Interest in rocket PzqjeCtileS deClined shazply and work on 
t b m  in a W o r i t y  of countries was discontinued. A t  the sam t h e ,  interest  in the 
possibility of us- rockets for interplanetary flight increased signlflcantly. E+ 
giMing in the 192Os, influenced by the works of 'DiolkovsQ, Uxrth,  Goddard, z-d 6i:kr 

investigators occupied with problem of space f l i p f i t ,  an ever increasing nmber of 

46 
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-le began t o  think about the possibility of penet-atlng space; groups, uniws, and 
scientific societies, j o l n h g  people interested in these pmhlms, arose in various 

countries as mre Investigators becam involved in the scient i f ic  pmblens related t o  
the inplementatim of space mt. Nonetheless, a m o r i t g  of those working i n  this 
area erred sl@flcantly i n  estlrmting the possible tlm for acconpllshhg space f l ight  
(these estimates varied fran a few years t o  several centuries)-either guessing mch 
too soon, or rmch too far in the flrture. 

astronautical theory involved the possible sources for financing space flwt projects. 
?his problem inevitably confronted aqjone who attenpted to  mve fnm theoretical specu- 
lation to the practical inplementation of his idea. 
one devoted himself t o  a clear accounting of what expenditures of effort  and mans were 
actually required for a prcpaxn t o  accarpllsh space fliest. Hcuever, it soon became 
clear that such expenses coul2 rot be mnaged by individuals, or by ent- organizations, 
unless W e  organ€zations were interested in solvlng practical problem and obtaining 

concrete results. ?he renewed interest of milltary cFrcles i n  rocket armament inter- 
vened. 

A t  the end of the 1920s and the heglmlng of the 193Os, m i l i t a r y  interest  
mde a deflnite inpression on the subsequent development of rockt research and, t o  a 
certain degree, detenrdned a break in the development of rocket technology. It a lso  
became clear d w h g  this time that space flight could not be acconplished i n  the imne- 
&ate future, i.e., neither the contenporary scient i f lc  and t e c m c a l  potentiali t ies nor 
the required mteridl means were SUfMcient for this endeavor. The discrepancy between 
the hl@ level of theoretfcal development and the contenporary technology limited by 
practical potentiali t ies was very typical (at  the end of the 1920s and -begimbg of the 
1930s). Thus, the beghnhg of the 1930s m&ed a rather sharp t rcmit ion,  amy from 
research directed toward space u t ,  and toward Investlgatims of a s t r i c t ly  applied 

nature, directed tawanl the solution of specific problem confronting rocket technology. 
kw, the development of rocket technology included a large qoup of inves- 

tigatmrs who could be referred t o  as the second generation of pioneers, who carried the 

burden of work i n  creating the fY.rst rockets of a new type (liquid propellant). To 
overcome the skepticism and guarded zttitucle of the broad m s e s ,  they had flrst of all 
t o  show that rockets actually c m l d  acueve specifled altitudes and flight ranges. 
?he specialists worJdng d m h g  these years €n the area of rocket technology directed 
the i r  efforts mdnly touard cfiatlng liquld-prapellant rocket enghs and bal l i s t lc  
rockets. 

Orre of the llDst ccnplex pmblens Confmnthg irmestigators in the area of 

It is striking that virtually no 

In the development of b a l l i s t i c  rockets (Table 31, one can clearly dlstin- 
guish twa mtn dfmctions: solid-pmpellant and Ilquid-propellant. rockets (SPFE and 
IRE, respectively). 2he flrst of these-solid propellant mkets-cont inued the rrany 
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centuries of develaplnent of mtlitary and pyrotechnic black powder rocbts. Hcwever, in 
place of tNs unpxdstng form of prapellant, the r o c k t s  of the twentieth century 
began t o  feature mkeless m e r  on a carpletely different b a s k t h e  so-called double- 
base pcrwder consfsting of nitroglycerin and nltrocellulose. 

h l e r  caloric energy, stgnlffcantly less dangerous t o  handle, and withstand rmch 
longer storage times and S ~ f l C & ? t  varfatlons in tenperature. It is true that mny 
disadvantages characteristic of the old powder rockets l*emained-the practical inpos- 

s ib i l i ty  of regulating the thrust, the necessity of placing all the propellant in the 
cxbustion chamber, the inpossibi l i ty  of relgnitlng the engine, and the lower energy 

cm?tent of the powder as conpared with l lqu ld  propellant. However, solld-pI'apel'iant 
rockets also had a n m k r  of advantages, in particular their constant readiness, that 
permitte;2 them t o  canpete successfully in a nunhr of cases with liquid-prapellarit 
rockets. 

Double-base powders have a nmber of advantages: they possess 

?he second m o r  direction-liquid-propellant mckets--was more prardslng 
for  acccprplishlng space flight fmn the energy point of view,  i.e., they could use 
mch mre energetic propellants. MDreover, the use of liquid propel' rlts permltted 
their padual introduction Into the cmbustion c-r, Mch sinplliied the solution of 
whole series of structrtral and technoloCcal problem. 

I n  an overwhelndng najority of the rockets flight-tested durlng the 193Os, 
liquid oxygen, considered by lnvestlgators as most effective from the energy point of 
view and mt prondslng for future space flat, was used as the oxid'zer. However, 
Its application Involved significant difficulties of an operational nature. Moreover, 
under the specific conditions (With the scales of rockets of that time), the application 
of olrygen did not give the expected energy @n. canpared t o  the less caloric, but denser, 
N6$ewboiling oxidizers. ?his also resulted i n  the tendency t o  use N@-boiling 
oxillzers in a nunber of des- a c h  were more convenient in operational respects. 
Ihe mt successful work on hi&er-boiling n i t r ic  acid L P E s  was camled  out &ming tNs 
period in the USSR, where several dozen such engines were produced during the first hslf 
of the 1 9 3 0 s . ~ ~  ?he best of these--ORf4-50, OFU4-52 and OFM-65-gave thrusts from 150 t o  
300 kg, wlth a specific inpulse up t o  210-215 see. 'Ihe experience i n  work on these 
engines was also later used for  producing aviation LPREs. 

In addition, a m a t  variety of structural solutions, canponent designs, and 
nethods for stabilization and control were typical for the liquid-propellant rockets of 
%his t h e ,  because the theory of rocket design was still very poorly developed, and this 
work was ahmt exclusively empirical. 

?he Mtial period of l iquld-propllant locket developmnt, which encam- 
passed about 20 (1926-1945), CEUI be dlvlded into tM stages. basic problem 
corfrontlng lnvestlgators during the flrst stage (the end of the 19208 and beglnnbg of 



of the 1930s) was verification of the possibility In principle o f  prcducbg liquid- 
prapellant mcket;. 
concentrated on producfng an cperational LPFE. 
ciple by the efforts of scientists and d e s m r s  of h nwlber of countries (USA, G e m ,  
USSR, etc.). and it was practically proven that a liquid-propellant engine could operate 
and produce a thrust sumcien t  for  launcNng a rocket vehicle, a new problem confronted 
inwstlgators: t o  prodde for extended, safe, and reliable operation. ?his stage en- 
conpassed the rrdd-1930s. 
scientists and engineers workfng in the area of rocket technology during both the first 
and second stages. 

problem a s  the  selection of the mt convenient propellants, the methods for their 
de l lve4  t o  the canbustion m e r ,  the organization of a stable burning process, 
provision for  a sufficiently reliable cooling of the conbustion chanixr and nozzle, and 
other problens related t o  amvidlng stable and reliable opemtisn of the engber. 
However, i n  the mid-l93Os, when it became clear that the problem of producing a liquid- 
prapellant rockt engine was basically solved (althorn a whole series of theoretical, 
structural., and technological problem rmalned), a new problem confronted Investigators: 
the necessity of producing control system capable of p r o v i m  stable fluit of rocket 
vehicles on a specified trqjectory. 

astmnautics had not imred the problem of rocket veNcle fli@t control. Hmver, 
there was no practical experience in worldng in  this m a ,  as there had been essentially 
no suff'iciently tbrou& scientific investigation of this problem. hulng the t,hird 
stage of deve lopn t ,  conpassirg the second half of the 1930s and the beglnnlrg of the 
1940s, even this problem w a s  successfblly solved in principle and, wi th  consideration 
of the experience accwailated in producing automatic aircraft flight control system, 

?he & attention of investigators durLng these years was 
After tNs problem was solved in  prln- 

WE e a  rerrained the principal focus of attention of 

Ixlring this secofid period the Fnvestlgators occupied themselves with such 

48 

Z N s  problem was not new theoretically, i.e., the pioneers of theoretical 

2ontmllable rockets-already rather sophisticated for their the--were produced. 49 

?he sieJliMcant increase In  the scale characteristics of liquid-propellant 
rockets was also a distingulshlng feature of this stage. While by the mid-1930s the 
th rus t  of LPRE tested i n  rockets did not exceed 30 kg, the  maximLun launch weight of 
Of rockets was no mre than 16%, and their flight range did not exceed 4-6 km; but 
rocket engines with a thrust of 25-27 T and bal l is t ic  rockets wlth a launch weight ex- 
ceeding 12 T and flight range of about 300 lan were produced i n  the 1940s during the 
latter stage. 

Along with ba l l f s t ic  rockets, winged rockets were also developed and used 
ccmmratlvely widely durlng the 1930s for ccrq6r-g out various experiments and f i t@& 

hvesti%lttons. ?hey acted as an intermediate 1wC between bal l i s t ic  rockets and rocket 
gliders. Winged mckets were studied during this period In Gemmy (Tilling, 19321, in 
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the USSR (MI, 1934-19391, and in other countries. Wnged rockets were later used 
durlng Norld k h r  11. 

The problem of producing jet aircraft was also solved In principle dtrping 
the 1930s. The f Y r s t  practical attenpts t o  acconplish manned fliefit in header-than- 
air reaction powered vehlcles occurred at the end of the 1920s, when the flrst reaction 
gliders and aircraft with SPRE were tested in Germa~r.~O Inventors dwelt in i t ia l ly  on 
solid-propellant engines (0nXnar.v m e r  rockets) as the prapulsion plants for reaction 
aircraft, largely because these were the only reaction engines checked in practice. 
breover, their shp l l c i ty ,  accessibility, and ca?parative acijustability of production 
played a great mle. 

a mmber of serious Ltsadvantajps which lllake it practically inpossible t o  use them as 
the nrain propulsion plants of f l y i ng  vehicles (they were used somewhat later as sup- 
plementary engines-launch boosters). These disadvantages include: 

However, engineers soon learned that solid-pmpellant aviation engines have 

. inpossibility of rejglatlng thrust or repeated starting of 

. conparatlvely low energy content of the solld propellants 
then known; 

. the high relative weight of the propulsion plant. 

the e*; 

Thus, attenpts t o  apply solld-prapellarlt englnes were soon abandoned, and a new proposal 
was suggested at  the very begh-dng of the 1930s-to use Ilquid-propellant rocket 
engines having a n&r of advantages carpared t o  SpfiE as the mak? propulsion plant of 
flying vehlcles. A t  the end of the 1930s and beginning of the 19409, thls proposal was 
realized with successful flights of such experimental aircraf t  and gllders as 2% He-176 

Northrop MX-324 (USA, 19441, etc. 

b i l l t y  of using tNs type of endne as a m5.n propulsion plant. However, excessive fuel 
corrsurrption mde its application econondcally inefflcient. 
period ncr later (even t o  the ndd-1970s) did l iquid propellant rocket engines becane 
very Widely applied i n  avlation as the main propulsion plants of a i rcraf t  flying within 
the Earth's atmsphere. 

W s  pzrticular subject has obvlous interest ,  because even at the beginnine 
of the 1930s, i n  selecting the best possible type of reaction erghe for aircraft, a 
majority of inventors and designers dwelt on liquld-propellz?+, rocket engines and not on 
j e t  e w e s  that had a nurber of obvious advantages and, i n  the final analysts, later 
becaw the maln type of aviation propulsion plants used for reaction aircraft. ?his 
question+ j e t  endnes (JE) la@ In developmnt-requires mre detai led lnvesti- 
@ion. 

( G e m ,  1939), Rp-318-1 (USSR, 1940) k-163B-1 ( G e m ,  194l), BI-I (USSR, 1942), 
("able 4 ) .  

'Ihe successnil f l i&t  tes t s  of aircraft with LPRE demmstrated the possl- 

Therefore, neither in this 

Emever, several p re lMnary  con*luslcns can be expressed. An essential role 
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evidently 
(TJE), and because at the? begidng of the 1930s there was practically no detailed JE 
des-. Also l n p r t a n t  at this tfLmr?, the problem of applying reaction engines In 
aviation w a ~  behg studled principally by investigators whose main interests lay in 'he 
area of the developlllent. of rocket technology and the theory of space rvght, which also 
d e t w  the* interest in LFlE. Moreover, this type of prcpulsion plant prordsed M 

Interceptor aipcraft vdth a rapid ascent rate, capable of nYing at p a t  altitudes, 
l.e., Unclep ca3lditions where the atrmspherlc o w n  m i l d  be fmuff'lcieni tn ups LW a- 
ofidlzer. 

A l l  of these f'actors evidently caused attention t o  focus on 'PF& at 
beglnnlng of the 1930s. Hcwever, engineeps soon reallzed that ncket englnes (L 

LPE and SPRE) could not satisfactorily solve the problem of pmducing herViceab;t  

reaction aixwaft, and that englnes using the oxygen of the suppounding ixLr as the 
oxidizer were mre efflcient,  V a r i o u s  corntries successfUly app l l cd  thio type of 
englne at the beginnhg of the 1940s in reaction FcLrcraft, and it later recoived very 
wlde appllcation. Ihus, our analysis of the designs of reaction fly- vehicles 
praposed and developed in the nineteenth and flrst half of the twentieth SntLCnies 
indicates that two principal groups of f lying vehlcles were developed drrring thlr 
period: bal l ls t ic  &ts based on the rocket4ymmlc prlnclple for prpduclng lift, 
ard reaction aircraft based on the aemdynamlc principle. Sustained work In these two 
areas of interest predetenrdned fldher advances In aerospace techmlogy in the mid- 
twentieth century. 

played by the relative sinpllcity of as conpard to turbojet engLnes 
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. 
N71-3.3050 .. 

Not infreguerrtly, the niipe Pedro E. hulet appears In chmmlogles, articles, 
ami books dealhq With the specifyc subject of liquld-pmpellant mkets and tk larger 
amxs of rocketry arrd astmrrautics. paulet (F'lgmz 11, a Peru&, is recognized largply 
because of a letter .he m t e  fkwn RDme In 1927 t o  a Lima newspaper. In tfiat letter he 
claimed t o  have engaged In l i q u i d - p m p e l k e t  experiments .while a stwkmt In Paris 
three decades earller. Paulet's letter subsequently came t o  the attention of a -Ian 
rocket and space flight popularizer rrho quoted extracts In a bodc published In Geman In 
1929. Ihe purpose of th l s  
evidence ccrcernfng the only kmun claim to liquid m l l a n t  rocket engine experlnlents 
ir. the nineteenth centmy. 

References to the alleged work of Paulet are fairly Widespread. Albert Hausen- 
steln, for example, m t e  Li 1940:l "We shculd mt hi1 t o  mention Pedm Paulet w b  
Carried out, In 1895, experbmts With a liquid propellant rocket characterized by a 
staprizing performme. Lhr@ the period lgOCb1918, rn successful p m p s  was made In 
the field of liquid pmpellant rockets based on Paulet's discoveries." After World 'Irbrr 11, 
George P. Sutton described tk Perwian's wDrk in these terms: 

is to review the backgmrd ard exaadne the wallable 

2 

It is not yet certain when the f i r s t  liquld pmpellant rocket mtor  was Invented. 
The first practical working rocket m t o r  is claimed by Pedro E. Pauiet, a South 
American ergkneer from Peru (15%). He operated a conical mtor, 10 centimeters 
in diameter, us- nitro,- pem7xlde and @sollne ?'i propellants ard measuring 
thrust  up t o  90 kllogms. He apparently used spark m t i o n  aril Intermittent 
propellant Injection. The test device whlch he used contained elements c ?  l a te r  
test stands, such as a sprlng thmst-measurlng device. H e  did not publish his 
work unt i l  twenty-five years later. 

+Resented at the ~hird History synpostlnn of the In t e rn t io ra l  A ~ W  of 
Astronautics, Mar dz1 Pla t a ,  Argentha, October 1969. 

Insti tute and School of Graduate Fmgrams and Fksearch, The University of ALabana In 
Huntsville, Huntsville, Alabana. A t  present, Office of the Administrator, U.S. h r g y  
Research and Develommt Admlnlstrmtim, Washlr)gton, D.C. 

*Rofessor and Head, Science and " n o l o g y  Applications Dept., Research 
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not a l l y  of the tmt chamber krt of the tm-measurirg Sphg dy3mumE:er, timer, arrl 
pmpellant eanks (pieSrre 3)- Sutton, who cited Wyld in N s  book apparently took m steps 
to  ckck tb autknt ic l ty  of M e t ' s  claim. 

plg. 3 
James E. Wyld's Representation of M e t ' s  Liquld-proPellant Fbcket 

Nor did Wyld. But mre cautiously, k asserted that the origindl source of the 
llquL&pmpeUnt rocket concept ranained "quite uncertalr.," although %here Is some 

evidence that the earllest practical working motor of this type was constructed In 1895 by 
Pedro E. Paulet, a youru3 engineer of Peru, South America." Not- tkt M e t  did not 
publish an account of his work untll 1927 In  the Lima newspaper (whose spell- 
irlg, h i d e n t a l l y ,  l a  -), 'Wld reiterated that "the v a l i d i t y  of his CU my be 
rather doubtflll." 



Wyld, unlike Suttan, cited S.B. S c h e r s c ~ ' s  1929 book Me W t e  fiir F W r t  
VI plugas the scarce of infomition cn m e t ' s  claim. Wyld &.ply translated frpm 

Spanish bnguage letter In El Caaerc lo. In  a section entitled "First Practical Experi- 
ments," Schersch?vsky stated categorically that liquld-prcpellant rocket mtors were first 
tested by m e t  betweer~ 1895 an3 1897. Notwithstaniirpg the interval of three decades 

Scherschevs@ declared: 
A t  that time orre could have experimented with mket mtars operat- on liquid 
ppellants. And  lye could hve work& with inperfect pmpellants & mteridls. 
This rmst be said to the doubters and skeptics. 

Ge!ImRn into ET@.lsh scherschevsky's own translation into Geman of extracts fmm the 

betleeri the time of the alleged mrk and tk time he eJot mud to  writ- abwt it, 

Dwbters ami skeptics there have been ever since. Che of the first, W i l l y  Ley, 
expressed strong reservations in his 1932 booklet, Gmdriss einer Geschichte der F&kete. 
He allotted Paulet's claim slightly over four Lines, concluding: "'me doubts are obvicrusly 
correct." Ley never tb@t mch of ScherschemW, eitkr. 
bkets,6 a s e  title was to e m  over the  y-,7 k y  ccaplained: 

5 

In  the first edition of 

There are many legends connected with that early perlod M c h  unfortunately 
acquired sane pemmence because a Gmm-witing Fbssian by the  lame of 
Aleksamler Borissovitch sherschevsky (sic) uncritically put hearsay into sane of 
his articles, and into his one an3 only book. 

Schersche-, it appears, had gone to Gemmy t o  stw gllders. Eut he over- 
sLayed his tine and dared not return t o  his homelard. 
it), he earned just enough money for room and board by writ- for  professional journals," 
mote Ley. 
felt that what could be said at that time would not be consLdered too favorable by the 
Westem mM, and he was w l y  in favor of the Soviet @venment. 
accident." %tween 1944 and his death 1969, 
Scherschevsky, nor glve further credence t o  Paulet's claims of experimenting with liquid- 
pmpellant rocket engines. 

a liquid-propellant rocket motor of "astonishing power" W been developed by the 
Peruvian.8 V a l i e -  seemd most pleased that "the 19th century did not close without a 
prOrnising beginning t o  the technical developnent of rocket mtors." He also felt tht 
"the work of the Peruvian Paulet is mst inporta7t for present projects lealmg t o  rocket 
shlps, for it proved for the first t h i n  contrast t o  m e r  rockets burning only a ,tew 

seconds-that by using l iquid propellants, the construction of a rocket motor f'unctionirg 
for periods of hours would be feasible." 

~~wever ,  neither p e m , 9  AnanofPo mr williams 
their books, although a l l  refer to  Scherschevs@ i n  one context or another and certainly 

"Lazy by nature (& very p W  of 

"He could have done better if he had written ?.bout Russia but he didn't; he 

He a reme by 
y muld not change his opinion about 

(XK who did believe i n  &let was the Gem, Max Valler. In 1930 he wrote tkt 

Paulet's claim has contimed to arise intermittently. Following k y ' s  precedent, 
@stein1' credit the Pemvian in  
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of his wr~tirg.4 W- and -ford, in their I n t e r n a t i d  mss i l e  spacecraft 

l4 arrd algf3E Firm I n  his Histary 

- Gulde," sirrply state that Faulet "reportedly" tested a Ilquid-propellant rocket &tor; 
ch.Etway and his coauthors lgmred Nm carpletely in their two-volw survey of astronautics, 
as did Shlrley ' h m s  i n  her e--volume Men of 
of Space Fllgh t.l5 ard Glasstone in his NASA-sponsared Swrce- 
book of tk Spiice Sciences '7 ~ n l y  mention the claim. pritz,  horre~er, in start in  me 
k i t t e  Illnens ionla accepts tte claim at face d u e .  prior t o  o~ddard, he wrote, the 
Uquid-propellant rocket mtor ms tested only once: 

9, In Fbcket alglnes 

Bet= 1895 ard 1897, Pedro E. M e t ,  an englmer, constructed in Lirna an 
apparatus whose carlwtion was not unifm, but rather cowfsted in a series of 
300 explosions per mimte. Pressure oscillated in accomhnce with this rhythn, 
Wch caused the mW's perfonrrance t o  dlrdnish appreciably. NotiithstamWg 
this difficulty, a thrust of 90 kilograms was produced. 

'Whether mentioned or  igxmd, M serious efforts *re xmde to t ry  t o  establish 
the validity of Paulet's claim, o r  even to search out primary docunentation, un t i l  the 

locating Paulet's 1927 article-which turned out to be a 2 VZcolum letter written in 

tion t o  the plans he whs reading about h hmpe for airplanes ard spaceshlps, Paulet wrote 
tbt he, himself, had conceived of these ideas "Y YEAFB AQO [sic] wkn [I] was a 
student at  the Insti tute of AppUed Chenlstry at the University of Paris." He also 
expressed the fear that his claims wculd not be believed, and ca l led  upon his f o m  
student friends in the Lath Quarter t o  te l l  the world of his experlmnts, wLch were, 
nevertheless, "nrtde, truly, wi tbut  witnesses."20 ~n 1968, von ~raun ami ord~ay p ~ b ~ s ~  
additional information on Paulet In their Histolre Mondiale de 1tAstronautique.22 They 
included a picture of Paulet and a scherratic (Flgure 5) he had allegedly ~ G W ~ I  of a 
rocket-powered airplane, tho@ it was not publlshed until 1 9 6 5 , ~ ~  long after his death. 
Another drawing, d e  in 1902 with captions in Ehglish, appears In Fifgres 6 and 7. 

Correspondence and personal discussions wlth Peruvlan scientific and cultural 
officials In Washhgton and M o n ,  with a merrber of Paulet's family In Peru, ard wlth the 
editor of E;1 Canerc&, have since yielded further information about Pedro Eleodoro Paulet 
WstaJo's life and activit ies.  He was born on July 4,  1875 In Arequip, Peru. His father 
died three years later, d, M e r  the Care of his mther, he atterded sctml in Arequlpa 
(Figxe 8)  and later graduated from the local university. 
left for Europe, entered the Lrlstitute of Applied Chanistry at  the Sorbom (University of 
?aris) in  1898, ard received an Mustrial engineering degree i n  1901.' The next year he 

add 19609. In 1966, Mn &aUn and ordwhy publlshed sane pre- CarmentSl9 after 

and publish& in the October 7 issue of El Conrercio (Figure 4) .  After drawirpg at tek 

In 1895, the youthfUl Paulet 

'If he did not start experlmnting with mkets U n t i l  after he entered the unl- 
v e r s i t y ,  the 1895-1897 dates given earller are Incorrect. Harem, Paul& does mention, 
in  other notes and l e t te rs ,  carrying out independent work beglrmlng in 1895. 
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Iater, i n  -2, while studying In the Imtitute of Applied C mistry at the 
sarbonne in Paris, I was seduced by the work of the great c h - s t  I ~ e l l r l  
Berthelot on the power of explosivs mter la i s .  

Early In this centtcry, there was great lntercst In the quebtion of mechmlcal 
mtors. 

A t  the Institute, wr were taught t h t  steam motors with performance less than 
10 percent and wfiich stood l i t t l e  chance 0.- signlflcant inprovemcnt. wem 
impotent In th!? face of progress. "he electric tmtor ysae mt transportable 
exc2pt by generating power fkyni heavy batteries. A n d  the new internal caribus- 
tior. engine used In au tmbl l ee  was relatively heavy and caTplicated for the 
new flsld of aviation, whlch wes then such a novelty. It seemed to me tkn, as 
it does m, that the problem would be solve-3 by uti l izing exp1,xiIve forces rut 
i n  enc-.osd cylirders pushlry a piston . . . but rather by rockets with con- 
star.: iqjection of the explosive mterlal ani of slnple design. 

hfortunateiy, neither cjf these rekrences shed light on the supposed 1895 
llquid-propellant mket engine tests, the prlmipal Iten of Interest d the pedestal on 
which Paulet's fame rests. It is one t h h g  t o  sketch a concept without supporting teclml- 
cal details  ard quite another t o  develop workable hardware. EffJrts to obtain documenti- 
tlon on this f'ran Faulet's son pro-@ unsuccessful. 

American document proved :'alllet to have been the world foret.ul?er of astmnautlcr. E- 
eddence given t o  the new- by Dr. Mwuel dei Castfilo, mesiderrt of the Q.garIsn0 

Nacional de Investlgacions Ebparlales, consisted p~*imarily of Jaiia H. Wyld'e J m  394' 
artlclt-. Wlt all Wyld had done, El-cunerCio had t o  admit, was t o  report what 
Scherschevsky had Said. El Canercio did mt quote cr reproduce PlcuiLet's ' 9 2 7  lettei- 'kwn 
which ScherschevsQ dwlved hls l n fomt lon  about Paulet. 

"cwt f!ed my" 
of a short note P ?earIng In an unidentified Issue of thc Jouraal of the Amrrlcsn &kc+ 
Society which says, 'Taulet d d  not publish an account of his work until 1327, i n  XI 

obscure m 3  ar t ic le  In Lima, Peru, 'El -- Carmercio' [sic], so that the VEUidlty of his clairr. 
my be rather doubtful, but it is  Interest- nevertheless t o  quote Paulet's descriptian 
of his motor, EB abPtracted In A.B. Scherschevsky's book lbe Rocket for Transport Flight 
(see encircled upper l e f t  portion of M p e  7 ) .  

acquaint4 with the wrk and wrltlngs of German ard French rocket anl astronautical i rm-  
vators. .;ut how mny of hls Ideas were origiral  ard b w  many derived h these sources 
It is  impossible t o  determine. Based on IrLfonration available In October 1969, his claim 
of having experlmeiited with llquld-propellant rocket mtors  In Paris i n  the la te  1890s 
c m t  be proved. To date, 10 actual witriesses have been located, nor any solid evidence 
uncoversd as to  the possible existence of the rocket motor. 

On December 12, 1965, another art icle24 (F3fp-e 9) in  E2 Canerclo F f 8 t e d  that an 

It is perhaps ironical that the El Comercio ar t ic le  attamed 

- -  - 

Uvlng i n  Ebmpe In the 19209, F'aulet certainly had an opportunity to becane 
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a-anSlat1ot-i by the author of Paulet's letter written f h n  Ram? on 23 August 1927 

T ~ I  the Director of "El Caarercio" 
In the issue of last 24 July of your est- mwspper, I hve j u s t  seen a long, 

an3 published in the Lina, Fern, nevspaper El ~ c l o  on 7 October 1927. 

Ilhstmted a r t i c l e  uhich reveals an aerial navigation system invented by EBX U e r  
(sic),  a Gem. He ca l l s  it the "rocket ship" and said that it vould be able to re!ach a 
velocity such tht New York would be less than two hours away from Berlin. 

m mket alrplane system is already kmwn in Elwpe, havulg been used in YaTL 

ious "aerial torpedos" durirlg the Uorld W. A tlnnber of projects hve been pub- i n  
tu n?@mLeqxcially in France-dllrbg We last f i f teen years. The mcket ship b,. 
therefore, mly one of rrany conceptions recently advanc&--sane accurate, sane mt so 
accurate. ?he author Nnrself r e c m z e s  this by refefiirlg t o  the early pioneers Gcddard, 
Oberth, and vw1 Hoeftt. 

I have been prmpted to write the present letter to brirg to your attentioil the 
fact that the rocket airplane pmject was conceived and sttdled by the urdemQped 'IHlRlY 
YEARS AGO uhen he was a student at the Insti tute of Applied chanistry at the University of 
Paris. 
the first timid flight of the Wright Brothers at the Auvours Field only took place in 

?+$I most definitive experiments were conducted with rockets nrade of i d u r n  

This projec t ,  therefore, antidates the construction of rmdern airplar?~ because 

1908.l 

steel, then a mvelty, a n i  with panklastite that had just been invented by Rrpin, dis- 
coverer of melinite. T k  interior of the metallic rocket was conical atxl measured 
io centimeters high by 10 centimeters at the clpen base (mxlth). The propellants wrc: 
Introduced throw the upper part of the chamber thrmgh opposing ducts provided with 
spring loaded valves. The nitrogen peroxide entered through one side d the benzine 
thm@ the other. &pitian was effected by an electric spark Rmn a spark plug, similar 
t o  those used in autanobiles, whlch was placed hdLfway up the rocket chmkkr. 

&I the other harrl, in onler t o  urdertake tk prellmlnary experiments the mket 
k ~ s  provlded with outside rings &e of long flexible tubes whlch connected the above 
mentioned ducts t o  the nitrogen peroxide and benzine tanks an3 to a lead from the spark 
plug t o  the electric mlns. The rocket would ascerd between the two t au t  parallel arr3 
vertical wires, between hose upper part was installed a strong, sprlrlg th rus t  measur- 
device supporting the pressure of the firing rocket. 
hate measurenent of the l i f t i ng  farces. 

mto r  underwent 300 explosions each minute a n i  was not only able t o  mintain its thrust 

dynammter could give an approx- 

The results of these experiments were very satisfactory. The 2-V2 ldlo rocket 
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against this thrust measuring device but was able t o  develop 90 kilogranrs of thrust. 
kreover, it fbnctiomd withwt noticeable deformitions of its structure for nearly 
an bur. Urd- such conditions, it was possible to venture t o  foresee a craf't provided 
with two batteries of 1,OOO rockets each (one battery YDUld rest uhlle the o t k r  fbm- 
t i d )  l i f t l r g  several tons. 

Ihe inpossibility of cmtlnulrg these experiments nith explosives, such as th? 
nitrogen peroxide, whose handlhg was so risky, anl other pemW activi t ies ,  have made 
it necessary far me to postpone w w k  on this Interesting invention fran 1897 t o  the 
present time. 
student ccapatriots and by the few Peruvians ( w b  at the t h e  were very rare in Paris) 
u- in the latin cmrter, I hope that if ane of thw is mu in Peru he will  confirm 
the echo of these e x p e r h n t s  uMch were &e, truly, witbut  witnesses but akmt whlch I 
talked to arlyorM? who would llsten t o  me. 

with rocket airplanes, I don't pretend to  regain possession of 
t ion because, as in a l l  projects, it is not valid except as a consequence of its realiza- 
tion. The inventor of the rocket airplane uill be the first one t o  f l y  in an apparatus 

powred by rockets. Therefore, It is not eMugh t o  say that the project of the Oanan 

V U e r  
eqmlnmts perfonnd by the Peruvian, w h  would llke t o  call t o  the attention of the 
technicians a d  Inventors of our country this inpartant matter M c h  I-as led me to  write 
the present article.  In effect that which, but for  unhappy circumstances, I have not been 
able to  acNeve can be accanplished (for the advantage uld good of Peru) by sane o t k r  
ccapatrlot I& is better prepared than I. 
problem arrd that he adequately use the elements offered by a c o n t W l y  Inprovlng modern 

h-eover, because these experiments were kmwn by several of my E)llropean 

hten thtugh I do not have news of arEyone who h3d c m -  W l f  before E 
fathership of tNs inven- 

been p ~ ~ e d e d  thirty years earlier, and even perhaps by the mre conclusive 

It i r  necessary that he lay out carefully the 

technology. 

point in the atmosphere; (3)  f l y  at an altitale of more t!m 20,000 meters; ( 3 )  possess an 
exterior whlch would not be deformed by aknospheric agents aml trfiose Interior would be 
suitable for a large nmber of passengers and a heavy load of merchrdise; and (5) could 
descend vertically. 

propellers give low perfornrrnce, whose parts are alnrost canpletely uncovered, ami whlch It 
is impossible to  mabtaln motionless In space. These do not satisfy any of the earlier 
mentioned conditions and should be considered in aerial navigation as forerunners-sanewhat 
as, in maritime navLgation, sailing ships earlier crossed the oceans. Helicopters, for 
their part, can go up ard down vertically but, because of their carplexity, have up to  mw 
not been able to  undertake effective flights. Findlly, the dir igibles  or "llghter than 
air cmft," outside of their enormous cost, are also restricted because of the " l a w  of the 

A perfect airplane should: (1) rise up vertically; (2) maintain itself at any 

It is clear tht mcdern airplanes are no mre than "automotive carets" whose 



cute of th velocity.H* m y  are nevertheless the craf t  ttat have been used to carry the 
patest  rrrmber of passengers and are the first t o  have crossed the .Qtlantic between 
Gernnuly a d  the united States. 

sent& i n  the f&ure published in "FZL Canercio," sa t i s f ies  neither of the comlltians we 
have seen above. If its projectile form permits it t o  go stmight up, one does not see 

how it changes to  the horizontal direction wltholrt subject* its passengers t o  acrobatic 
naneuvers. W e l l ,  the flrst advantage 
of the application of rocket mtors consists in tmt they fa-m an outside force to tk 
apparatus that is miinageable fmn the Inside, which pennits it t o  kve whtever form lnay 
be des-, 1.e. tht which is the most a p p q r i a t e .  TNs becanes i n  my JUaganent-in 
arder to slide thtwgh a variable, stirred up, anct "fecumi in stress" fluid as the 
atmosphere-the lenticular form with convexity such that it is dlnrost equal t o  tkt of an 
ovoid, such as our planet  inconporating, thus, lower ard br izontd l  batteries of mkets 

argle of fYrlng could be varied. It would be possible to ciirect oneself vertically, 
lo@tudimlly, ard obliquely, resisting any contlary farces that the ambient fluid mlgt-rt 

produce, mmin in space, and then descerd to the .gwrd. 
With such advantages, one can ask why rocket nirplanes have mt been &e, even 

more, why rockets have mt been placed tangentially on a &.el M c h  m i l d  form the mst 
sinple an3 most potent of Mustrial forcqs; arrl why rocket projectiles kven ' t  e lhdmted  
the costly use of cannons i n  war, etc.,etc. Well, as a result of my own experience, I can 

reveal why: it is because of the epat difficulty that a civil ian has, especlally in 
Europe, t o  obtain i n fomt ion  on, and experiment with, explosives. Moreover, because the 
conven€ent explosives are of "juxtaposition" type arxl not solid, but rather liquid or 
giseous, they are not sold comnercially due to  their uncertain an3 dangerous ccmposition. 

frwn a practical point of view, ard explosives are not now mmpolized by the military. 
Explosives tcday are now t o  the engheers what the ax was t o  the &cutter, the pick was 
to  the miner. Ir~'c?mdl combustion motors are replacing steam engines; pyroteclPLics is nc; 
longer an art; an3 chemistry mufac tures  a series of explosives as varied as colorlng 
canpoWs ard perks .  Arrd this progress i o  ming t o  advame into formidable studies of 
radioactive forces. 
ship, weighing 1,000 kilograms with a motor fed by the disintegration products of 2 deci- 
gram of radium, would produce a force of 40,000 hp over a period of V2 hour, suff'icient 
to be able to go t o  the Mbon i n  24 minutes, 9 seconds and return f'rom tNs satellite in 
3 minutes, 46 seconds. 

We mted, on the other hand, tkt Valuer's rocket airplane, llke tk one mqm-  

Even less do we see hon it can gp dom vertically. 

But, during the last fif teen years, the science of explosives has progressed 

For example, M. Esnaut (s ic)  Pelterie has calculated tkt a rocket 
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It is tme that even MY we do not )arwr how t o  u t i l i ze  the m e c ~ c a l  energy of 
radiun as we do that of petroleum. But, we don’t need so mrch to travel raodestly from 
Axrope to Lima i n  a couple of hours. 

Your -le arrd obedient servant, 
Pedro E. Paulet 

-crp - 
W&heless, it rmst be said that an a l r p h  project , canpletely like 
Unse actually existlng with its Wings, body, and airship mtors-em 
thwgh it did mt lnmlve any explosions and propellers, was described by 
Sir Jdn  Cayley in 1809. 
The necessary farce to transnlt  increasirg velocities t o  a dirigible 
pmparticcally increase as the cube of the velocity des*. 
an advantage to the large globes; but, then air resistvlce goes up con- 
sldembly, In accozdame with the formula R KSV, where R is the resistance, 
S the surface in square roeters, V the velocity in meters per secorrd, and K 
a constant (0.08 t o  0.16). 
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Over a period of OCD generation rocket techology developed fpan eleraental 
exp&mmts t o  a bFanch of Lxiustry tfiat constitutes ", rather largz percentage in the 
state budget of a l l  tec9nlcaU.y advanced countries. A t  Mrst look it would seem that 
thls mid dewlaplmt of rocket tecimlogy started s p a n ' i  ly just after world uar II. 
Hmmer, cons- this pmblen mire attentively, it is o b v l u ~ ~  that the rapid develop- 
mmt of mcketry in UE lBSR durirg the post-nar years was due largely to pre+ar activlty; 
In particular, to  i n v e s t ~ t i o s t s  c-ted in the Jet propllslan Research Inst i tute  
mix). Rlr thls reasm the Mstory of this irrstilx'.e is of special interest. 

Ihe history of RNII cammced on October 31, 1933, uh?n the decree oqpnlzlng 
the Jet propulsion &search Insti tute was sigrred, creatlng in MDSCOW the first state- 
owned mcket research facility. RNII resulted horn mez.ging trso mket -tiars: 
the Ienlngd QBsodyllamics Liboratory (GDL), an3 the Moscow Group fur StUay of Jet 
Rapulslan (GIRD). 
of its rearganization in 1927. Shortly tkxeaf'ter, wo& began an jet+ssisted take-off of 
aipcraft and liquld propellant engines (gmmally with n i t r i c  acid as the oxidizer).* 
In GIRD, prajects of llquld-propellant rockets (generally with oxygen as tk oxidizer), 

~grm j e t  engines, rockets with and wltbut  wings, and rocket planes, were des- and 

Solld-propellant rockets were develOpea in the QDL fmm the 

i n v e s t ~ t e d .  

tion, these trends were contlmed in M I .  'bus, M I  was a collective of enthsiast-  
As the leading specialists of GDL and GIRD to M35'k in this mw m a -  

specialists in *try who believed in the &pat  future of lpcket technology, ard, in 

+p~esarted at the ~ ~ r d  Histmy synposim of the International of 

*Rxket erpgineer, aff i l la ted with tht Baranov Central Scientific Research 

Astranautics, Mar del Plata, Argentina, October 1969. 

Insti tute of Aviation Ehgine Construction, 1949; chair of Cubustion ami Heat TrarMer 
ac the hbscow ~siql-TeChnical Insti tute,  I%&. 

the Oas -cs Laboratory In k m B t t  and M. K. TYJbnravov, "Fran the History of 
Early Soviet L;lquld-proPelled Rockets," in the Proceedlngs of the Mrst ard Second 
History S:.npoaia of the International Academy of Astronautics, Snrithsonfan Annals of 
FlQtrt? No. 10, 19716-Ed. 

*.See also, I. I. Kulagln, "Dewlopnento in Fbcket m r h g  Achieved by 
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spite  of a lack of funds, pursued Intensive theoretical ard practical studies. W;II was 
a real res- ani developnent organization that had 6t its disposal test flNilities, 
scientifyc laboratdes, wxk-shops, a f l l gh t  test statim, and launch cmplex. W 
scientific and techlcal M of the Institute met regularly. ScientiMc c o n f m e s  
uere organized, and ~pll~~ous scientific papers published. Over a period of 10 years, in 
r'act, m than 120 papers were published In 19 editions and mollQeTaphs. &my special 
reports (on the Mer of sane humbeds) appeamd, related t o  various concrete projects. 

The projects ccnpleted in RNII were of different types. The purpose of some of 
them Involved the practical application of rockets In the defense of the country. Mmy 
other projects dealt wlth th? possibility of mmed space fllght. Various subjects of 
theoretical ard applied sciences In rocketry were also studied (for example, proolems 
of the gts dynamics, heat and rmss transfer, etc.). The t r d s  of RNII activity are 
considered briefly below. 

The fLpdamentals of chemical carpositJon and productim of k m g e r m u  solid- 
propellant c-s were devel- I n  the GDL by V.A. Tudrmiro v, B.S. Artemlev, 
B.S. PetropavlovsQ, G.E. Languarac, and others. The technology was Improved In M I ,  
and Yu. A. Pobedmstsev, L.E. Shvam ard other scientists achieved sl@lficant success 
In the d ? s W  of charges and chambers. 

solid-pmpellant rockets. A series of rocket missiles of 82 and 132 mn ca l lber  were 

develaped i'or launchhg fmn the ground or  aircraft (l?lgwe 1). 
of these missiles fnxn aircraft occurred In 1939 during canbat operations at 

h c h  attention centered on the problem of practical ordnance appllcations of 

f irst  successfil use 

KhdLwLimool.+ 
'Ib improve the aerodynamic characteristics of rocket missiles, engineers con- 

structed the first Soviet supersonic wind t m l s  In RNII urder the direction of 
Yu.A. Pobedonostsev and M.S. Klsenko. Amorg them, the ejection-type wind tml of 400 mn 
diameter should be noted. Figure 2 sbws a missile mcdel In one of the flrst wlnd 
tunnels constructed in 1934-35. 

Mvnerous studies were also carried out t o  improve rocket missile accuracy, 
which still le f t  rmch to  be desired. Sigdficant progress was achieved In this field, and 

'See Yuri A. Pobedonostsev, "01 the History of the Developnent of Solid- 
Ropellant bkets in the Soviet union,ff in  this Vol~une-Ed. 
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rockets of ditfkxmt 
accuracy OF rocket ndssilea Farrained considerably inferior to  that of cmventicolal artil- 
lery; it MLS tk most vulnembla point of this type of weapon. Naturally, a suggestion 
m'oge: use rocket missiles for blanketing m. Tb meet that need, the section of 

used extensively duriHg World War 11, appeared (Mgure 3). 
(he bportmt aspect of the practical appllcatim of salid-pmpellant englnes 

lmmlved the Jet-assisted take-opf of aipcraft-a concept M c h  had been tested eapUer 
In GI& UndeF the directIan of V.I. bdakov. In RtUI the jet-aasisted take-off of the 

badxr TB-1 WBB Ailly developed (plerule 41, reducm the takeoff distance 20-to-25 percent. 
V.I. r&dakov's ectlal also developed j e t  catapults. 

VBFC aocn put'lnto Bermice by the Red Amy. Howwar, the 

1. I. @Jay (m) began to -1- a t i b a f f e l  roCket W t E .  b, the f?.pIIDuL( "Katyusha," 

The studies OF aolld-pmpellant rockets conducted by M I  placed the IBSR ahead 
of other mt parers In this fleld. De uar demonstrated that the quality of Gemm 
~lld-prqel l8nt  rackets w18 considerably infeFior, In spi te  af the efforts in rocketry of 
BQlE pzmudned (lerrmn Scierrtists. 

Another inportant trend in RNII activity was the developnent of efficient 
liquld-pmpellant rocket errgines. These studies Involved n i t r ic  acid w . s  (V.P. Glushko), 
arrd oxygen englms (M.K. Tlkhmravov, L.S. IxlsNdn and others). Very l.erge, systematic 
s t u e s  were wdertaken t o  mve the performance and re l lab l l l ty  of n i t r ic  acid engines 

OIRM-52 (300 kg thrust) (pigure 5) should be noted. In spi te  of w r o u s  difficulties 
and failures (detonation explosions at ergbe start, for exarrple) the performnce of these 
erlgLnes were brought up to the design values. Nitric actcic engines w r e  developed firrther 

et@.nes w r e  rmnufactured. The hlgh level of developnent achieved with this type of 

all of the prototype vehicles developed at M I  In the last prewar years (the rocket 

to  improve des* methods. Anr8-g other englnes, the QtFF65 (170 kg thrust), and the 

~n 1938-41. ~n this period the m-1-150 (150 kg twt) ard DU-uoo (1100 m t b t )  

engine is substantiated by the fact tkt they were installed and operaeed practically In 

plane RP-318, ball l&ic rockets 521 and 604, the rocket Mgfitm BI-1, ard O t h e r s ? .  

EJlmnerous inportant results were also obtained in the field of oxygen xkets. 
In  particular, it Is of Interest t o  note that the deve:opnent of the modifled engine 
-2 (100 kg thrust), whlch had been startea by F.A. Tsarder. Although work terminated 
In 1934, this erghe WBB installed in the winged rocket 216, %e developnent of the 
engine series 12K (300 kg thrust, Flgure 6)  was initiated in 1934 by the specialists 
led by L.S. Ixlshkln. B@ma of this type were installed In the rocket "Avlavnto." 
Flgure 7 shows the ergine 205 (100 kg thrust) developed In 19361937. fit- develop- 
ment of oxygen englnes stopped in the last pre-war y e a r s - 4  d u r a  the war-It res& 
agaln after the war Wfm the success of oxygen rockets wa3 of mlC-wide slpplficance. 











et vehicles with 













projects not conpleted, valuable scientific and technological results wwe obtained 
in the pmess of the research and development. A great reserve o f  knowledge for future 

studies was provfded, experience gained in e k  field of production technology, and design 
and test; techrdques related to varlous j e t  veiricles and engines perfected. 

of scientific and technological cadres that later broue;ht the unprecedented pmgress in 
Soviet rocket tecfinology after the war. We man ,specff.icalfy the mechanics and test 
engineers, designers anCt mathematicians, scient is ts  ard project managers. 

But perhaps the most valuable result of RNII pre-war activity was the training 
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'Ibmxd tk end of the 19th century, soUd+ropellant rockets were eclipsed by 
rifled artillery In ndlltary appucaticpls, lost  there foplner sieplific9nce, and becaE 
used aily for secondary pwposes such as illudnatian, slgwlbg, and f l m d m ,  etc. 
This occurred because of the lack of a scientific theary explaining roclcet Foopilsion, 
the low effectiveness of the only propellant then used In r o c k e t s ~ ~  tk 
lack of advance In the des- of ex i s thg  r o c k t s  that tad k d l y  chnged in th course 
of cmtuxdes. But the pincipal advantages inherent i n  the rocket I.enBined: slxqllcity 
of desm ard e,specially the slnpllcity and ease of mounting for launchlrg. TIreae con- 
slderations cmtan t ly  attracted the attention of inventors thmughout the knrld. In 
Russia, m k  dlrected toward lnpmvlng powder mckets never ceased for even a year. 

After K.E. Tsiolkovsky created the foundatims of rocket4ynamlcs, the 
intuitive attenpts of Inventors t o  use a propellant wlth a higher heat energy khan 
pder received a scientific -. N.I.  TlMmirov ard I.P. &rave Irdepemkntly 
pmposed to use -less parrder In rockets before Wld W I. V.A. Artem'ev, 
I.V. Volovsky, N.V. Qeraslm>v and others were responsible for a Series of Interesting 
proposals to hpwve the des- of rockets and their  launching m t s .  But not one of 
these pmpos~L received official  support in Ehtssla. 

After 1917 the att i tde tovrard inventors In cur c m t r y  dmnged sharply. Even 
during the Civil War, engimem N.I .  TUcbdrov ard V.A. Artem'ev Stapt& wmk on the 
des- of a mkeless  povder r o c k t  and In 1921 a special laboratOry was set UP for these 
studies in bbcow. Flrst they trled t o  work out a rocket engine des- that would k- 
tion accardlng to exist- ideas of smokeless mer artillmy, but soon they becanre c m  
vlnced of the necessity of creatirg a special, slow-burning mket powder, realized in 
the fm of a solld ccmposlte charge. 

'Presented a t  the ELfth W3tory Synposiwn of the Intematioml Academy of 

c+oO-founCaer of the Group for the Study of Jet Propulsion, Assistant Chief 

A S t r o n a U t i C S ,  b S e 1 8 ,  &l&ll, sep- 1971. 

Bglneer a t  the Scientific Research Institute No. 3 In &&grad, 1935-1946, Rpfessor 
of aemdymnics, Moscow A v i a t i o n  Institute 1957-. 

5v . -&, iXTI@.IALLy sLAWK - .  .I" 
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In S24, 0.0. pllippov and S.A. Serlkov, pyrotechnic speciellsts at the 
lhotfflepy Ac&kqy t k n  located in Unhgrad, developed a farmila fbr a new type of powder 
bassd on a mvolati le solvent 76.5% by wew.t of nitrocellulose, 23% TNT, and 0.5% cen- 
t m l l t e  t o  re tad  burning. It uas d e d  "F'lT", 1.e. pyroxyllne EEokn lep .  By 
392&1w, the w0r-k conducted In the Artillery on the new mket fbel farmcla ard 
its technology pemltted developtent of a semi-production technique for pmpming the 
sblld ccapasitlm FTP by pressing the prepared mer m s  into hollow, preheated female 
dies. 

Pfqaration of lcmg rods of the solid ccn~oslte charges of PTP, each wlth a 
d lamdm of 24 mn, for TUha&ovts Moscow laboratory, rn organized in the povder 
wcdahps of the Fort of LenImgm uslng the very 88me presses onvhichrneny years befor@ 
the great FbsSian chanist D.I. Esendelyev had prepared santples of smokeless pade~ for 
the f h t  t d .  In tk raid-1920~ WV'S laboratm m f -  to 
Bhepe, durlrlg the c0UQ"se of several years, Static tests were conducted on c w t @  
propellants of v8piou8 sizes. V.A. Artem'ev obtained positive results in s ta t ic  tests of 
laqpr propellant charges made up of flve rods carpressed together with a cambined dlauk 
eter of 76 mn, with "even" burning over the entire surface. A rocket was soool desiepled 
using these solid canposlte charges and It was successftilly tested on W h  3¶ 1928. An 
cadinary mortar was used to launch the rocket and establish its trajectory in the first 
300 meters. This rocket traveled 1,300 meters overall, us- half the rockt charge. 
'Ibis was the first Soviet smokeless powder rocket. V.A. Ventsel' and M.B. Serebrjakov 
ala0 suppiled valuable help, wcrrldng out theoretical questions and solving practical 
problems of internaz and external baws t i c s .  

Having achteved the first pranlslng results, N.I. ' JUhmbv and V.A. Artem'ev 
detewined t o  apply tNs b w l e d g e  towEud broadening tk scope of their work. A few 
mnths later, In June 1928, ,Tiwrmirov's laboratory was reorganized as the Law Gas 
Dywanics Labaratmy (On). O.E. Larger& began work at OM, in 1928. He was placed in 
charge of me of the f l r a t  p r lo r l ty  tasks at the laboratory-the study of the 
c k a c t e r l s t i c s  of cmnlng of potder canposlte charges in rocket chambers with nozzles. 
TAereafter he contributed a great deal t o  the d e s m  theories of poWaer rockets and the 
lIEthoda of calculating rocket 1- with chrges of smokeless powder. The basic 
principles such as the burning of rocket charges were first advocated end confirmed in 
e w t s  he conducted. 

In  1929 B.S. Petropcivlovalgt was appointed director of experbents at QDL. He 
~ o d n  became the mln scientific director of the laboratory. His 1383113 is ccmnected with 
the reJection of the "actlve-Jet pmpulsion principle" and the switch that led t o  
actually the applicatlcn of powder rockets designed in ODL. Under Petmpavlosky, 
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the basic 24 mn solid conposite c b g e s  nrade h m  F", whlch r .we  prepanxl In the labOratOW 
shops in great quantities, were selected as the standard in GDL. Therefore, on this 
stardard engineers developed three basic sizes of scaled-up rocket c- of 68, 82, and 
132 mn calibers. The latter tm subsequently becarre the basic calibers of Soviet rocket 
missiles for decades: the RS-82 and the RS-132, later named ttKatyusha.t' 

Various types of SoUd rocket projectiles were developed on the basis of the 
experlrnents and theoretical research conducted in GDL. The lllain comlderation was 
s t a b i l i t y  In f'llght, and the rockets were deslgned t o  revolve murd tklr longltlldinal 
axi , r in ta lned  by an outflow of gases through a tangential nozzle. However, with such 
an amarwnt  for stabilization, about 25% of the rocket charge was lost in inparting 

tk necessary rotation to  the projectile. Ths, In developing the rocket projectiles, the 
collective of GDL hsd '--led f i r s t  of all t o  solve the problem of fllgbt s tabi l i ty  in order 
t o  achieve the highest accuracy. hunch of these rockets l ~ a s  accatplished fmn a tube. 
The first missiles were designed i n  O L  with calibers of 82 and 132 mn, and des-t.4 for 
aircraft. wlt the missile with the SIIlEiUer allber was also designated for firing as a 
handoperated anti-tank weapon. However, at this t h e  the turbo-rocket mlssiles could 
not be applied as weapons becaus they were still d e r  development. 

SoUd-prapellant rocket engines for accelerathg the l i f t -o f f  of alrclrft. After 
N.I. .  l T k h m h v ' s  death on b h  38, 1930, B.S. Petmpavlosky was named head of GDL, and, 
after December 1932, I.T. Klehnov. b r i n g  this period test pilot  S.I. Mulchln played a 
slgniflcant role In the test work of OL; he flred the 82 mn rotating rockets fbm a 
Y-1 aFrcraft and for the first time acccmplished the flrst practical jet-assisted takeoff 
of the Y-1 and Ts-1 aircraft. 

In 1929, at the suggestion of V.I. Rrdakov, work began at GDL on developing 

l3ut by 1933, tests of these same rockets with various shapes and with a rnmrber 
of different ta i l  assernblies which did not exceed the caliber size showed that it was 
hpssible to  maintain a steady flight and obtain satisfactory accuracy. Therefore, in 
mld-1933, a pm2ect Involving rockets with tail sections exceeding the size of the 
caliber of the projectile was undertaken. 
aircraft firing stanls had to  be created with longltudlnal plates strengthened by curved 
cmss-nember s. Soon, rockets with the new stabil izer desi@ were created. The dimensions 

of the tail assembly here 200 mn for the 82 mn rocket, and 300 mn for the 132 mn rocket. 
The first experlmntal launcNngs bmught canpletely satisfactory results In accuracy. 
?he FB-82 flew five km, the RS-132 flew six km. 

W s  was as outstanding achievmnt of the Imingmd Gas m c s  Laboratory, 
and detenrdned t* direction of future scientific research arrj exprimental deslgn work 
in th fleld of solld-propellant rockets In the USSR. Ths, GDL played a significant role 

In  order t o  launch these rockets, special , 
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i n  the creation of the basic theories, pLarnning des- methods, and testing of rocket 
errginea with the n e w ,  mare powrful smkeless powder. 

I n  the interest of developing, strengthening, and broadening tk work in rocket 
technology in the fitwe, a mve from a ma l l  organization t o  a large scientific research 
Insti tute with a well-equlpped laboratory and experimentai base lxlw appeared vrgent. 

G I R I S i n  October 1933 a slngle Jet pr0Pu;sion Research Institdte (RNII) was created, 
GLJL'S work in poder  rockets ami on a series of other problens were. transfemed t o  MI. 
At this tinre a final des- of the 82 mn ami 132 mn rockets was almost cmpleted and 
brought t o  the stage of Selng put into production. Soon, serlal production of 100-200 units 
of each type began. In the years t o  cane, G.E. Largemak, L.E. shvarts, Yu. A. PObedoMstsev, 
M.K. lYkhmravov, F.N. Poida, M.S. Kesenko, V.A. Andreev mci others worked on powder 

rockets in M I .  
Aemdymmlc testing of rockets was also conducted by the Zhukovsky Central 

L ' t i l i ~ i n g  the two most productive h t i o n i n g  W ~ i z a t i o n S - J ~ a d ' s  GDL and MOSCOW'S 

Institute of km-cs (TSAGI), where their s tabi l i ty  in flight w.s tested using 

various skipes ami sizes of tail sections. hunchca at the testing groum3s were con- 
cl&ix.d u3inp; launch stands of various lengths. Geanetrical eccentricity was measured 
hdivtdually for each rocket. The ckrac te r  of' the rocket flwt was checked by the 
m k ?  path and rapid filming. Beginnlng in 1935, systematic testing of slid-propellarit 
rocket launched fran 1-15, 1-16, and SB aircraft was carried out ard returned positive 
results as t o  the accuracy of the rocket flight. The organization of work for the first 
extensive fllght tests of the 82 mn rocket on the 1-15 fighter was accortplished Lnder the 

directicn of G.E. Iangemk. Test pilot  G. Ja. Bakhchlvandzhl, wfio later tested the f i r s t  
M e t  aFrcraft wlth a liquid-rocket engine, also took part. 

the future was even utilized ln grourd launching stands. Instead of a pair of longi- 
tLldinal dlrectlng plates for each missile, engineers suggested installing a slngle directing 
plate for each mlssile i n  the shape ui' a T-slotted trough. The T-shape r..-sposed by 
hglneer I. Belov, was approved. The T, affixed t o  the missile, was inserted into t b  s lo t  
on the tiircid't idrig wk2t.h. mw=d as the guiding rail. The 82 mi rockets (Rs-82) were 
ready fo r  practical use ln December 1937, and the 132 rrrn aviation rockets, in July 1938. 
The -132 was fired from SB aircraft wNch carried four rockets d e r  each wbg, fmn 
the  1-16 aircraft  with tw rockets under each dng, and Late;. f'run the I G 2  aircraft .  
Aupp3t 1939 these aviation rockets were successNly used in a tact ical  s l t u t i o n  on the 
Khdin-001 River in Mongolia. 

In 1937 a new design for launching rockets frotn aircraft was developed that in 

In 
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A t  the beginning of' 1937, FWTI was given the t a sk  of designing a mi:i-round 
and using the T-slotted trough guiding rails adept& f'run aviation. ground launching 

lbward tk erwl of 1938 the first d e l s  cf the elf-propelled F t a n d s  for  volley firing of 
peer rockets were finished. 1.1. Gval directed thelr developnent. Frrnl Decanber 8, 1538, 
un t i l  ikbruary 4, 1939, the first tests of 132 mn pm3er rockets, fM f'rm a mlt.1- 
roun2 base, were conducted. These tests showed that the stai-ds were ro t  ye t  teady as 
they afforded insumclent  range and a low level of accuracy. ht  at the same the the 
tests dananstrated the great possib:lities of these rockets and t h e i r  lamchlng stands. 

Later in  1939, A.S. Popov, V.N. Galkovsky, and A. Pavlenko subnitted a n e w  
d e s a  for the self-propelled 16-mund launching stvld. It was called MY-2, and, after 
seria3 production began, the €W13. It consisted of 16 V-shaped trough-type @tide rails, 
piii?ed along the axis of the vehicle and rising Over the driver's cab. 31 its construc- 
tion, every two &de ,-ails were unltal at  a ccmmn base. ?he launchlq- SC,R J k-3 

mted on the body of a powerfUl, tri-axle 
firing of a l l  i ts  missiles i n  7-10 seconds. This f*.rring stand 'crcls constructed in 
August 1933, and in September-November factory testing was c a r r ' d  out that showed a high 
u t iUty  fi.ctor. The mln rocket W e 1  fired .rrOn the E613 sta& was called W13. It 
characteristics actually exceeded the performince of earlier rocket dcs ips .  'Be rocket 
M-13 reached 8,470 meters with a payload of 4.9 &, a propellant swply of 7.1 kg and an 
engine thrust of 2,000 kg. The rocket had impxzj~d aerOdynamic characteristics which 
guarankeed sufficiently high accuracy. 

stanc's urderwent findl testirg and development, ard were then turned over for mss pro- 
duction for the Anrly. 
consrituted t o  a considerable extent t o  rocket technology developed in the USSR iri the 
post-war perim. The outstanding results later achieved in our country in the develomnt 
of rocket technology and in the conquest of space were to  a significant extent brought 
about because of the  early success of these rockets. 

tomobile-the ZIS-6.  TIE st-.d allowed 

I n  late 1940 and at the beglnnlng 1941, the b l 3  rockets and the FM-13 launcMng 

The successive accomplishent of the application of these m k e t s  



+ Resented at the Third 'Istory Symposlun of the Internatlaml AC&eW of 
btrcnautla, !br del Plata, Argentina, October 1963. Rr flrther d e w  on the devei- 
a p m t  of &Met mcketry during this prlod, see I. I. I<lllnPIn, "Dwelopnsrt in R o c k t  

w m  tn Rocket 'IlecMques, 193-1938;" a d  M. K. -vr~, '%un the HiStOry 

of the Flrst and second Hlst 
Shdthsonian Arnals of FlI&t%. 10, 1974 - Ed. 
build the first soviet llquldT-?pellant rocket in the QMlp for the Study If Jet Rcopul- 
s l m  !OIF(D) In the early 1930's vi th  Lemid IxlsNdn and Y u r l  P0bedansi;sev. zaytsev's 
professlcml afflllat'ons are unkmun. 

pemclNet in 1934 at  Imlngmd. 

achieved by the Cas ~ C S  hbCZ'am in -;" A. I. h m ,  "&I 

of Early soviet Kquld-Pmpelled Roc)rets;" In ?he First Steps TwaniSpEtce: meedmgs 
-la of the a t a r a t i o r r a l  Acadew of A s t m u t l c s ,  

+) TlkhcmiW, an m@neer and speclalist in liquidpropellant rocketry, hem 

+++See kference 1; the resolutions of this conference were published in a separate 

65 



F?. 1 

+A s h r t  description of this mket I s  Ccntained In an article by N. Rynln 
[kfexlence 21, in an article by M. K. 'Iyldwnratrov [Reference 31, atxi also In the 
newspaper-ska;ya Pra- [Reference 41. 
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irrst-u, 3 - stabilizers, 4 - liquid OW tank, 5 - insulatim, 6 - U&d  OXY^ 

fhellng valve, 10 - llquid 0 4 ~  Wff cock, ll - gasoline tank prp-valve. 
reaction variety, SMern's &ice fbr an et.lgine -7 was one atteopt to solve tk ymb- 
lem of efflciently p~opellant to the comtxlatim chu&er. It cansisted of pipes 
Mxed along brackets, thmugh whit91 mllants  passed, with the mcket engbzs attached 
at the pipe etlds. ?Itre engLne rrozzles yere cut obliquely so tbt the mactive farce had a 
cclrponent In the mrlzmr,al p b ,  directed perpendicularly to tk bracket. With the 
bmckets atd e r g l r ~  attached to a bearlrg on tk e i c a l  axlz, a rotary systen was -1- 
oped in WhLCh cent- force suaplled PDpPellants to ehe etlgine. plejrre 2 sbus tk 
sclrermtic dlqg-am of this system. Apart fran sol* th? Fnppellant sug@y prQblen, it 
was possible to rely M the gymswpic effect of the gymtm mass, useful fmm the starr& 
point of lmlntalrdng stability. 

Ihe rocLoet Peat- an desiepd by A. N. Shtm. of the rotary- 
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pig. 3 

A t  the b e g l d t g  of Elat.ch 1935, in MDsca#, a ~onference m jet pmpul13iOn MIS 

Society. Thxt ,  V. h'. Vetchwdn, S. P. Koaplev, V. P. Qlushk~, Yu. A. Fdxdmostsm, 
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M. S. Kisenb, ard A. V. win gave lectures. the conference on March 2, M. X. 
Tikhonravov also presented another lecture on "the use of rockets for Investlgatlng the 
stratosphere,"+ in a c h  he slmwed the possibillty of using existlng rocket t e c b l w g  to 
attain altitudes of up to 60 h. 

 develop^ stratospheric rockets: 
kt us note that the followhg organizations were interested in or actually 

1) The U.S.S.R. Acadarfy of ScLences; 
2) The Jet Pmpulsion Flesearch Institute ( M I )  of the People's cumbsarlat of 
Heavy hchimry Manufacture (NKTP), folnded in 1933 an the base of the Moscaw GIRD 

3) We Society for Assistance t o  the Defense, Aviation and meal Construction of 
the U.S.S.R. (Osoa~akhim); 

4) The All-Unlon Aviation, Scientifyc, ard lkchnical SocLety (1932-191). 

am the Llmbgmd Gas IlynamLcs Labmitory (a); 

Tb be sure, mt of the rockets were built t o  advance space t e c b l o g y  in one way or 
another, and were not specially des- for investwtlng the s:ratosphere. E!& a l l  cf 
than rarain of great interest for the history of the developllent of jet pmpulsim h tk 
Soviet WOE. 

- !he N I  Rocket. Of the rocioets produced by the MI, the cne designed by er@- 
mer V. S. Zuyev between 1933-1934 is perhaps tk llDst interest- from the stardpoint of 
studying the stratosphere. The Zuyev rocket was speciflcally des- for a vertical 
climb up to 50 km. Shped like a cigar with four fixed stabili-zers cn the tail, it had 

tanks, a body, and tail unit. But it possessed no erqine or Propdsion unit; eventually 
the &et's ccapanents were used in another hi@+altitude rocket. Later on, a rocket of 
the Zuyev design was bu l l t  incorporatirg an 02 ergirre, ard it mede f l i @ t s .  

A . 1  Polyarny 's Fbcket. A group of public-spirited perscms Interested in 
mcket techmlogy fomxi a special 
Aviation and Ctmlc. 1 Construction of the U.S.S.R. in bscow, and joined i n  building a 
-et e- designed by engineer A. I. Polyamy, who began wo14d.r-g wi'.h this group in 
the auturm of 193h. With limited reesaulces, Polyarny designed a relatively sirrple mteor- 
ological mket (Figure 4) .  E3y the sprirg of 1935 the rocket ard it- erlgirr h d  been 
constructed, and a test firing made at Nakbbino, near Moscow; the flight test, however, 
proved unsuccessrul. The mcloe:, with its engine ignited, became wedged in the launcher 
d operated unt i l  the p-xpellant was c a m .  This occurred because a special key that 
opened the tank valves was not m v e d  quickly enough. 

within the Society fo r  Assistance to  the Defense, 

The Polyarny m k e t  erghe utilized alcohol and liquid oxygen, arrl developed a 
thrust of appmxlmtely 100 kg. Liquid oxygen w&s supplied by pressure R.an :ts arm 
vapors, in the same m r  as the 09 motor, with alcohol fed under pressure previously 
created i n  the fuel tank. In time, this rocket was given t o  Design Office No. 7 *re 

~- 

Published i n  the Collection of ar t ic les  In Reference 5. + 
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Figure 5 shows a section of this rocket. S+,abilizers from the 05 rocket were 
discarded In favor of s tabi l izers  from t k  M I  rocket, des- by englneer V. S. Zuyev, 
that  had not been ccmpleted. These stabilizer rrlngs were contoured and b l l o w .  In th i s  
way, the All-union rocket assumed a hunch weight of 100 kg, of which 32 kg consisted of 
propellants. Dgimers estiraated that tk mcket would reach an a l t l t w k  of 3800 meters. 
DE nose cone contained a pa rach te  weighing 8 kg, ard was equipped with a sbrpllfied 
barograph designed by S. A. P i ~ v a r o v  for measurfng the alt i tude.  

xg. 5 

?he first launch of the All-Union Aviation, ScienLific, Fhgbeering and Techni- 
c a l  Society rocket took place i n  April 1936 kam a Tikhonravov4esigned launcher d e  fo r  
the GIRD 07 rocket. However, the rails of this launcher k d  been lengthened. Fravda 
featured a report of the launch under the t i t l e  "A Rocket Goes Into The A i r , "  and carried 
a pbto-h of the rocket in the launcher. ?his is haw L. Brontmn, the Pravda corre- 
spodent,  descrcbed the mcket's f l ight :  "The mecknlc switched on the e l ec t r i ca l  p r lmr .  
Tkre was a gray cloud of evaporating oxidizer. A spark. SLddenly, a blinding yellow 
tongue of flame appeared a t  th? bottom of the rocket. The rocket slowly moved upwards 
along the launcher guide r a i l s ,  slipped h t he i r  steel clutches and hurtled swiftly 
upwanls. The fl ight was an unusually effective and Deautiful sight. A flame flew frcm 
the motor's nozzle, and the gas efflux was accompanied by a deep hollow roar. After 
rt :hing a certain alt i tude,  the white parachute in the rocket opened automtically and 
the rrachine descended slowly t o  ttle snow-covered field." 

- 
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mr further fligMs, tecimicians erected a rrooden mst similar to rc&aaeter d o  
msts, but dth a &- s t r i p  &e frao a rail of a n~pt.ery-&~uge railway, which h?ld the 

August 2, 1937; however, e the launch, the mmkm pressure &euge in the! tanks Wed, 
forcing a postponanent. A fear days later, on August 15, a successfbl launch eook place 
a n d t h e r o c l a t F o s e v e r t i c a l l y a n d a l m o s t ~ A u m v i c w .  ~ i t f e l l l r s c k t o  
Earth, the paracme opened, but becane detackd and the rocket disintegrated on imptact. 
?he instrunent for recording the altitude YBS recovered; it read 2400 meters. Since the 
instholent VBS installed inside the rocket, participants aat3ImEd that It reeded the 
altit.de at wNch the pwadute opened. The rocket was seen to Pia? higher after tk! para- 
c h t e  opened; threfore, there is reason to believe tbt the mcket reached an altitude 
p a t e r  than 3000 meters. 

mts-- the e t ' s  eccentric C-S (m 6 ) .  This k t  w Used a~ 8 hn&er  an 

Eig. 6 

?he A. F. Nistratov Meteorological Fbcket. Thls rocket was bu i l t  in the work- 
shops of the Scientific Research Institute of the C i v i l  Air Fleet of the U.S.S.R., ~1 

nplds of 5000 rubles, during 1936 and 1937. Althcixrgh cmle ted ,  It was not tested 
(Figure 7) .  ?he e m ,  &e of duralcnnintpn, was cooled with water, with the miter 
passed into the canbustion chamber. The erghe operated on liquid oxygen and oi l .  
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Rre L. S. Ixlahkin Fbcket, Desleplea by IxlsMd? in 193'7, thi8 vohicle was U t  
in the following year. It contained a gyroscopic control unit designed by S. A. Plwvarov, 
and featured autanatic ccntrol rudders on the stabilizers. Tfe rocket had a removable 
nose ccne wlth a ?aracMe, an autanatics ccm(partment, ard a propellant tank sectiapl 
between wNch wan located a ~ ~ ~ s s u r e  accwdator. TNs or- method of pro- 
pellant eupply had been canceived In 1935. The pocket also d a ceramh-llned 205 
ergire wlth a -tal mzile des- by ShshkIn tbat delivered a tkus t  of 150 kg. !lMs 

engine, a f\aher Inprowsent of the 12k engine, end its propellant supply system were 
developed and bench tested. che rocket and four autawtlc cantpol systems were produced. 
Since thls stratospkric rocket was des-ed for veptical fllght and did not out 
tactical tasks, Rtrther finances were mvallable, and it vrag not produced. 

The R-05 M e t .  0. Ku. Schnidt initiated construction of this rocket, wlth 
the work supported by the Geophysical Institute of the U.S.S.R. Academy of Sciences. The 
racket's altitude ceillng was to  be 50 knl--and tht capability interested th Institute 

space radiation. Touards the erd of 1937 Design Office No. 7 accepted the aaslgmnt  for 
building the Uquld-propellant rocket, designating It %E." A. I. Po- and P. X. 
Ivanov created a joint projec~  between the Design Office and Geophysical Institute. 

mhlcle with a gyroscope, rigidly connected inside the rocket body. Six nadels were con- 
structed with &l liquld-propellant mtom burning ethyl alcotml anrl liquid oxygen. 
The model with Iva~v's gyroscope uelghed 1 2  kg. These models flew an3 gave sailsfact -L- 
results 

of T w m k a l  Physics (kningrad), W h e P e  reseaPChers wished to use the vehicle to study 

In the surmler of 1938, P. I. Ivanov camled out special work to stabilize the 

RK Rill-scale R-05 mkt, built later in 1938, incorporatd an engim pr~auced 
by F. L. Yakaytis that operated on liquid oxygen and 96 percent ethyl alcohol. This pro- 
pellant supply sys tem-a  propellant-pressm accumlatox-hd been developed in 1937. It 
should be noted that the use of a propellant-pressure accumlator was mde posslblp by the 
dural- propellant tanks. ?pie rocket itself was t o  be accelerated out of a launch 
tower by two solid-propell.mt booster notors. The Yakaytis liquid ergbe hed ttre follow- 
lng characteristics: thrust, 185 kg with a speclflc inpulse of 210 sec; bumlng tW 25 
8e~ads. 'RE launch ~ e l g h t  of the mket with i t a  ~lid-propellant  boost@^^ ~ a 8  60.5 kg, 
and possessed a caliber 9f 200 mn. The burning tinre of the boosters was 2.58 seconds; th 
average thrust of me booster: 200 kg. "?e capacity of the liquid oxygen tank was 20.5 

+';INS locket should not be c~nfused with the QIRD 05 rocket. The nurbdng of 
nachines at the GIRD lrrvolved a tulns-digit sequence: 01, 02, 03, etc. , nitinut letters. 
Tk raolaerlng of the Design Office No. 7 rockets also used a twodigit sequence, but begm 
d t h  tk letter R: R-01, R02, R-03, etc. 
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liters, and it WBB iylled t o  85 percent capacity; the *mlutt-e of the d c o b l  tank WBS 13 
liters, and it wa8 fflled t o  91 percent capacity. The pressure c m t e d  In  the tanks d m  
l r g  en@m operation was 25-28 atmospheres. 

Vp t o  an altitude of 10 km, englneem Intended t o  maintain the vehicle's verti- 
cal trqjectm: by using a source of infrared rays that would react upon pbtoelectric 
cells al the stabilizers. The ndders, autanatically controlled, wuld k e p  the rocket 
in the rrarraw infrared beam. In 1938 the ula?ainian Physicotechnical Institute developed 
the photoelectric ce l l  system for the R-05 pocket. But In April 1939, arganizational ccun- 
p l i c a t i m  caused all work on the R-05 to be suspended. However, at the beglmhg of 
1940, the bbscow Higher 'kchnlcal Sctrool (W), supportirrg the Mtlative of the rocket's 
developers, agreed t o  ccarplete the €bo5 rocket on the condition that a custaner be fouod. 
The Hydrmeteomloglcal Service at the Council of People's Cuunlssars of the U.S.S.R. soon 
agreed t o  Mnance this work, but the war terminated these efforts a few mths later. 

The P. I. Ivanov Rocket. l i i  1943, with the war still underway, the P. N. Lebed- 
yev Physical Insti tute of the U.S.S.R. Acadw of Sciencer expressed interest In building 
a rocket that a d  carry l n s t m n t s  up t o  an altitude of 40 lan t o  investigate the lnten- 
si ty  of cosmic radiztim. The Institute proposed t o  launch a rocket fran the Academy of 
Sciences' mountain station in Pat& at an altitude of 4000 meters. P. I. Itanov accepted 
this assigtmnt, and In A p r l l  1944 began th? des@ work. Ivanov directed the calcula- 
tim ard des- effort, with the parbicipation of V. V. A b m v ,  and, later, I. V. Y a m -  
polw. They ccqdeted this work In June 1945. 

carried out, gave a lecture on the results at the kbedyev Physical Institute's Tkchnical 
Council. A few months later, In December 1945, upon the Invitation of Acadanician S. I. 
Vavilov, I m v  suhnitted a report on the pm,?ect in a meeting at the Institute. In both 
caaes, th? project vrss ,$proved. In March 19b6, the kbedyev Physl~al Institute of the 
Academy of Sciences authorized the corstmction of ten rockets, w:- ,i delivery by b y  15, 
ig46. 

Involves successive separation of stages. The rocket consisted of tkee tandem s0l:d- 
propellant powder rockets (Flpxe 8) with an internal chamber geometry of a 1 3 2 m  caliber 
rccket shell. The cha~abers were made ikxn duraluminLnn and connected i;l series. A slow- 
bun?ing pyrotechc ccqmnd c ~ r e s s e d  in a spe-?al tube ensured l.gnltion of the final 
stages. The external diameter of the rocket was 138 mn; the length of tk entire vrXcle, 
3420 mn. Solld-propellant pomer mtors  were chosen exclusively In order to  produce the 

stratospher~c rocket as quickly as possible. Subsequently, Ivanov suggested the deve lop  
ment of a l l q u i d - p ~ c 2 a n t  rock*. 

In October 1945, M. K. i-wv, in whose  laboratory t i  uesiepl work t-8d been 

nEe P. I. Ivanov stratospheric rocket belonged t o  the type of rocket that 
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N71-33054 

+hsented at the ~ i f t h  u s t o r y  synp~gim of the Internatlarial ~caberr(y of 
Astronautics, Emssels, Belglun, Septenter 1971. 

'+A collaboratm . . A. 
speclallzed In rocket erglm des- and tk develapnent durlng the 1930s ad 1940s In 
GIRD, RMI, and otber sdent lMc  institutes. 

ard a amtapxq of m y  -lev, ~xghidn 
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Zmpptrt "qfstenrs, ami also, the influence of his tharghts ard ideas in sol- the 
scientific-technical problems mlated to lpcIret engines and ccmmautics. 

Rekg 2 theoretician and a space flight enthsiast, marrier attached paraimmt 
bpxtam2 to questiorts of ure &ice of metlrod ami the d.trectim and SeQtlenOe of design 

rrork--especidlly as it Klated to the prcbleras of m. He mued these questions with 

a seflse of t e c h n l d  n a l l t y  and Scientmc validity and perspective. Me kxu tht he 
created his school Li the f ieh of the tkay and p landrg  of J e t  emglms an the basis of 
Ns m theoretical and practical e. Ihe characteristics of this school, as related 
to m, appears in detailed examination of his theory of rocket er@nes,4 meulods of 
p r o p e m  ca;aitatians, experinmtal resemch on the latm3t04 -1 "cIR-~,w* des- 
decisiarr; i n  appl led  oxyfpl LPFm-developed in the GRID engines "Oft-2" and "&1OW3- 
arrd also in the study- of schematics and tecklcal data on LPRE develaped by Tsarrder 
that fcnmed the tasks Lodertaken in GIRD. 

The f o l l m  points reflect the basic elements of the idea content of this 
schcol of tmt in LPFa: 

1. 
2. 

3. 

4. 

5. 

6. 

7. 

St r i c t  scient i f lc  anl technical substantiation of the data far prcposed ergines, 
Intmductim of experlmntal research on d e l s  a d  labmatory devlces. 
Appllcatim in the LR(Es of propellants based on liquid oxygen, UquUYed gases, 

ard metals ,  
InplecDentirg construction of Lpp'; as Meperdent hadware, especldlly in supply, 
dlrectiul, and rpguiatiul of the ~ I o p e l l a n t  flm, 
Developrrent of d m+chambered LF'FtE allowing an Lncrease in thrust mgulated 
over e wide -zxge, 
Cmation of canbination rocket erglnes which united in  one pawer plant .&w 
kinds of engines, 
Teckiologlcal efficiency, r e l i a b i l i t v  arri power incAc%e in the most advanced 
des- based on subsystem afiangBnents for ease of dismantling and substitution, 
during the developnent of prototype and M m l  construction stages. 

The experl.ence realized in the work at GIAG between 1932-1933 strergthend the 
belief in the validity of the Tsarrler school, and in the necessity of developlrg its 
methods far application t o  further activity. After Tsander's death in 1933, his school 
continued t o  develop and exerted a significant M u e n c e  on t h e  wrk i n  the  LpriE field in 
RNII-created at the  erd of 1933-in which his students, followers, and supporters 
elaborated upon the theoretical, experimental, and design directions pioneercd by Bander. 
In RNII between 1334-1q44, reflecting this stage of Soviet rocket ergine developnent, his 
followers carried out a widespread LPRE research and de-ielopment program. 



TMS engine, designed, oorrstructed, arrl tested an a stand in 1935-1936, was 
~ f a r u s e i n w i n g l e s s a n l w i n g l e d ~  . The distinctivle fe&Ees of t k  "l2-K- 
enghe in ccnparism With o t k r  englms crea td  in GIRD m: a hl&er level of thrueit, 

and press= in the canbustion chmber, as well as a des- canstnacticn charactgized b$ 
vartex mixirrg of Prapedalts, ard the use of CemndC flm-pmofd eaterials of al- 
oxide and mgresiun oxhie far themmil pmtectla of the chrt ter  arrl nozzle, withart th@ 
use of coo-. The "l2-P e design is presented in F'Igure 1. The -'s 

1. Thrust.............................. 300 @- 
2. ~ u m i n s l d e t h e ~  . . . . . . . . . . . . . . . . . . .  15 atrs. 
3. specirrcinpilse.. . . . . . . . . . . . . . . . . . . . . . . .  210 sec. 

4. pressureoffbelfeed ...................... 25 atan. 

5. Mameter of sections of the mzzle . . . . . . . . . . . . . . . .  42/82 m. 
6. Vol~ne of tile c a t i o n  c-. . . . . . . . . . . . . . . . .  2 L. 
7. overelldimenslans.. . . . . . . . . . . . . . . . . . . . . . .  4 5 o x 2 2 0 m .  
8. kmt . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  13-5 Irg- 
9. m a t i o n  of a single firirg . . . . . . . . . . . . . . . . . . .  60 Sec. 

perfoRmnce paparnetem -:4 

while testing the "l&P erglne, data was obtained close to ariginal cal- 
culatim. The engine demxlstrated a hlgb stability of burning without pilsatia? of pres- 
sure inside the chamber. Therefare, In 1937 the "124" engine was placed in the 
stratosphere rocket sonde "Aviavnito." The first launching took place on April 6, 1936, 
and was described in €'raw% (April 8, 19j6); the second and more successfU Launchirrg on 
August i5, 1937, enployed a 48-meter Launching rwst.' The "Aviavnito" had a start- 
nelght of 100 &, a diemeter of 300 mn, ami a length of 3,000 m. With a load of 32 kg 
of p r c p e l h t s ,  the rocket's cd~ai~ated peak altitude was estbmted at 10,800 mters. h 

overall view of the rocket, installed on the hunch stand for the second ,fUgt, appears 
n Figure 2. 

+See Mikhall M. llkhoilravov and V. P. Zaytsev, "QI the History of the 
Stratospheric Rocket Smle In the USSR, 1933-1946," in this volume-.Ed, 
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Fig. 1 
Schernatic of the 12-K Akohl-Kerosene LPRE 

In 1937-1938 research began with the aim oc lnprovirg the scient i f ic  basis of 
the W englm des- before findl comcruction, t o  increase the r e l i ab i l i t y ,  ami to  
inprove the characteristics of recently created mdels of LPRE worldng or. n i t r i c  acid ard 
kerosene. The base for c d u c t k g  the research was the  LPRE Engine Laboratory (at thls 
time par% mI;, which was call&. upon t o  conduct rescarch on oxygen and nitric acid 
IRE, permitted testing of these laboratory models, and propellant carbustion tests.6,7 

mre "critical" problem encountered in creating n i t r i c  acid L X G ,  related t o  assuring 
the ~ p l l a b l l l t ~  of the -tion, the stable and ccmplete carbustion of propellants during 

the bL;ming process, arrl the efficient cooling of the crlamber, etc. The i,litial input md 
the test results of this msearch were as follows: 

5 

Because thqs resemh had an applled character, the godl involved studying the 

Fieseamhlm the h c e s s e s  of IPnitiw ProDellants 

'Ihe installation consisted of a ccmbustion chvrrber wi th  a constant volume, with 

a mzzle aril a system for  pressure impulse feeding of propellants through atcdzeA.s i n  an 
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of the propellants into the chm&er, etc. Also, the period of ignition del& was 
cstabliskd as w e l l  as the duration of propellant canbustion. l?Y? resultant recamrerrla- 
tlm for starting the nit r ic  acid LpFlEs provided for the. dosage of hl at the nrment 
of l@.ltion, of the eqnmlture and nrixture ra t io  of pmpe4lant canponents, srrd the 
ipplewntatian of W t i m  and the kunirrg pl'ocess by contmllltlg prppellant flm, made 
possible in fbture effmts to  Sncrease the reliabil i ty of Operation of the LPFE. 

zhis resear& was comlucted on a labaratmy d e l  of the nit r ic  acid lsRE unit 
With a thmst range between 30 d 80 b a r d  a correspondlq pressme in the chamber 
between 7- and 25 atmospheres. The water-cooled model had sets of lnterdmgeable 
nozzless cylindrical parts of the car&usticn unit, ar3 of centrlfhge a-zers for the 
fLel and axidizer. Modification of these elements alloved for "nr0deUx-g" the various 
cycles of firirp ard for detemhirg the influence of the different elements on the duF- 

ation of the flr- and its perfalmnce characteristics. 
TIre data received fmn this research pmvlded a clear picture  of the phenomena 

acdpanylng the firitlg of ni t r ic  ac%d LPRES, arrd allawed the farmilation of a series of 
mcx-rmdatiorrs far firture plaming. Amollg the nr>st lnpwtant were the fOllL* 

propositlorrs: 
1. To obtain steady surning an4 a high canpletion of ccmbustion, It was necessary to 

feed the propellants through suitable Injectors that assurred the f o m t i o n  of a 
stable r l m t  of flame In a cross-section of the chanber. 

2. To obtain reliable external coollng of the carlsustion chamber and of the nozzle 
using propellant c-ts, it was necessary t o  provide variation of the flow 
In the cooling channels around the surfaces accordirg t o  the charges In the 
thermal conditions of the  walls of the canbustion chanter and the rizzle. 
These f id lngs  nrUte possible the constructiai of ni t r ic  acid LFRES of a more 

advanced desi@, With a correspc&irtg inprovenrent In the r e l i a b i l i t y  of their firlng. 

ME NTI'RIC ACID LPRE, M I J L " I ~ F l R T X r  "RDA-1-150,'' FOR THE ROCKET GLJm "RP-318" 

The "FDA-1-150" erdne w--- conceived and developed during 1938-1939 using the 
basic results of the scientific research descrlbed above and the experience accutnulated 
in work on the ni t r ic  acid LPRE at RNII earlier. It was designated for use tn the rocket 
glider "RP-318." The design of the "RDA-1-150" e r - s  is presented i n  Fygure 3. 
p e r f m e  was characterized by the folladng data: 

Engine 
R 

1. ProFellants . . . . . . . . . . . . . . . . . . . . . .  rdtrfc acid and KP~OSWW 

2. Thrust regulated in the range of . . . . . . . . . . .  60/150 kg. 
3. Pressure In the chmber . . . . . . . . . . . . . . . .  &,% a m ,  
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as a rocket gllder, were coniucted In 1940. Fllght tests of the e m  proved 
unsuccessful. ?he value of the nR36<-1-150n englne developnent resided in uti l iz ing 
des- s M l a r  t o  those of the n i t r i c  acid LPRE, a d  siiuwed the possibil i ty an3 advis- 
a b l l l t y  of an oqgen LaRE that c& be Ignited repeatedly. 

'he 0XRb640n engine was developed in 19391940 on the basis of' canbining in 
a single des-, both solld ard liquid-propellants. TNs ccooination of two types of 
engines was acccapllshed In a manner allowkg th.. englne to be fired at Mrst as a solid 
propellant engine With a high thrust; af'tzr the solld propellant supply i n  the chamber had 
burned away, It switched autamt1cKLL.v t o  burniry; liquid propellants with a lesser thrust, 
but With an Increase In duration. 

The mt -tion guaranteed a hlgh star t ing  acceleration and, naturally, the 
accwgcy of the fllght; the second iIplition ensured the length of the flight. 
glycerine-based powder, rdtrlc acid and kerosene were employed as prcpellants, the latter 
fed into the chamber by mans of a solid-reactant gas generator. 
the eFgine automatically fiwn solid- to liquid-propellants and triggered the gas gene- 
ator, was the chief des- feature. The peculiarity of tNs desigti Involved unl*"ying 

dthin the body of the rocket propellant tanks and a propellant feed system without 
piping and intermediate ccmpartments. 

which It was utilized, art shown in Flgure 6.l3 The "KRS604" engine ~ ~ u c e d  t h e  

N i t r o -  

A device that switched 

?he schematic of this nKRS604" engine, and that of the t1RDLL20311 rocket In 

following (iata:12 
1. Thnrst . . . . . . . . . . . . . . . . . . . . . . . . . . .  4,500/1,030 kg. 
2. Rwmire i n  the c-r 220/48 a m .  
3. Spec l f lc impulse . .  . . . . . . . . . . . . . . . . . . . .  200/220 Sec.  

4. Pressure of liquid fuel feed . . . . . . . . . . . . . . . .  75 atm. 
5. D i a m e t t s  of sections 3f the nozzle . . . . . . . . . . . .  39A.32 mn. 
6. h u g t i o n o f f i r i n g  . . . . . . . . . . . . . . . . . . . .  0.7/9 sec. 

7. %tal Inpulse of thrust . . . . . . . . . . . . . . . . . .  12,300 kg./sec:. 
8. Volume of carbustion chamber . . . . . . . . . . . . . . . .  i 8  L. 
9. Overall dimensions of the chanber . . . . . . . . . . . . .  950 x 203 mn. 

10. Weight of the assembly . . . . . . . . . . . . . . . . . . .  46 kg. 

. . . . . . . . . . . . . . . . . .  
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Fig. 6 
Schematic of the Installation arrl Canponents in the Rocket with the 

canbined Sold- and LlqUld-prC:,* llant KPD-604 E r g i ~  

I n  1940-1941, test launches of the ccmbL,?ed "KRb694" engine In the "RDD-203" 
rocket-which had an initial weight on the order of 180 kg-achleved distances of about 
20 k7 (against a calculated distance of 22.5 h).14 P. view of the "RDb203" rocket url 

the launch stard for single and group launches is shown In Fi,ure 7. 

THE N I T I U C  ACID LPRE "D-1-A-12.00" WITH A C O N P R O W  

THRUST OF 350-1, 400 kg, NR ROCKET AIRCRAFT 

The "D-1-A-1100" engine witr &signed In 1941 and asslgned as a b a s k  engine 
for ?@plicat.1on !n rocket aircraft interceptor. Nitrlc acid and kerosene, fed into the 
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In  c o n c l ~ q y  paper I think it is IEceSsaFy to stress that this survey of 
IpIllEs is mly a xmll part of the scientific and technical wark undertaken in this fleld 
in the USSR betweer~ 19.934-1944. Moreom, these exprhmts dmcnstrplted the independent 
and self-reliant paths adopted in the soviet Wen far mastering the UFE and for intro- 
ducing rrew technology, as wll as th? ort@naUty in solvlng the majar scientific ard 

We mcc@ze the inpcp.tance of P. A. !kanderrs role in this work, but it is 
technical problems connected with LPRE des- of different types ani req-ts. 

inpossible not to mntlm the exceptiOnayv MtN, collective -ark of rimy engineers, 
des-, arxi experimenters, a large mxmt of rJhaa were foil- of his  school. ?heir 

em=, persistence, and capacity were shown at dif'ferent times in achieving pcrsltive 
results during the testing and des- develcpent in the field of IPRE. 

1. Tsander, F. A. ?he problem of FUgh t by EIeatzs of Jet Appara ti, "I" (possibly, 
General scientific ami Techno1 ogical Institute), 1932. 

2. Wander, F. A. From His Scientific Heritage, publication of "Naulca" 1967. 

3. -lev, S. P. "Rocket I?Kght in the strataspherer V o e n l z d a t ,  1934. 

4. Dushkin, L. S. wAlcohol-oxy~n LpIiE '12/IT with the application of Fireproof Materials 
to  Protect the (3-m&!r and Nozzle. An Account of the Work: RNII Archives, inv(entow) 

5. ~ v a v ,  M. K. "Research in the Field of Accarpawing Processes of Oxygen LPWs 
t o  create an Efficient kslgtf Collection of articles: Rocket Tecbnolo~, No. 5, 1938. 

No* 93, 1935. 

(Refexmces inconplete In Russian text. ) 
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m d  S. Ixlshkin Yevger~y  K. FbSNdn (USSR)* 

h of the characteristics of the scientific and tecMcal ac t iv i ty  of F. A. 
Tsander in the area of the developllent of roc)(pt technology and a s t m u t i c s  was his great 
activity and productivity in fomilatlng and conducting engineering work on the practical 
utilization of the principles of reactive motion. He WBS M)\Rd by a deep canriction of 
the possibil i ty of accanplishlng m e d  space fllght in the lmnediate future within the 
existing level of science and technology. A pmdnent scientist in researching a wlde 
circle of problem in the theory of reactive m o t h  and interplanetary u t ,  Tsander 
devoted a sl&ficant part of his efforts to practical englreerlng and des- problems 
directed toward producing expe-ntal liquid-pmpellent rocket engirres suitable for use 
in flying vehicles of var lm types. 

An extensive list of topics for practical invest3.@im and develapmt, fonnt- 
lated by M e r ,  was devoted mainly t o  the energetics of reaction engLne power plants. 
It Included investigations in the application of mtals and supplementary fw!l In llquld- 
propellent rocket engines (LEE), the successful application of new thenmdynamic cycles, 
the developnent of deslgm and utillzatlon of operating prpcesses in LPRE, and the search 
for ways t o  increase the efflciencies of the assembly and the specific inpulse of the 
englne. Flrst anrmg these tasks was the problem of producing reliable sanples of LPRE. 
Tsanler gave great consideration t o  the practical dwelopnent of LFREs, and cwidered  it 
basic to  the successful developmmt of rocket technolo&:,f and the creation of the founda- 
tions of astrazautics. P t  the sane time he clearly recogpized the e t  canplexity am3 
difficulties in solvlng this problem. 

engine des- and related tebhmlogies, his insight into choices for developing rocket 
TI-e high scientlfic and e-ing erudition of Tsander In the area of aviation 

Presented at the Sixth History Synposium of the International Acadq  of + 
Astronautics, Vienna, Austria, October 1972. 

*Lhshkin specialized in rocket englne desm and developnent durlng the 1930s 
and 1940s in OIRD, RNII, and other scientiflc institutes. Mostlldn, a speclalist In liquid 
rocket engine InJector deslgn, is an engineer presently afflllated with tfre Mlnlstry of 
Aviatim Industry, 
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t ech logy ,  and his knowledge of the state arfi level of developnents in various areas of 
science In tk USSR and ab-, permitted him t o  develop his own original program of 
work- p r o w  designed for successful canpletion with a m i n h m  of effort and expense, 
and within the lMted possibllities of obtaining mterlal and technological assistance. 
This pmgram provided for the develomnt of mthods for englneerlng calculation of engine 
processes and the choice of the optimrm parameters for the operation of its assemblies; 
the developnt  of laboratory models of LFFE and experwntal tests t o  veriQ theoretical 
calcd.atians, and the selection of rational shapes and d.imensions of the structural ele- 
ments; the construction and finishing of engines, mounting them in test vehicles, and 
carry- out flight tests. 

F. A. Tsander successNly realized this pmgrm between 1928 and 1933. He 
performed the first and second stages in individual order without interrupting his lllain 
activity in the aviation industry. He perfond the third stage of work with a small 
gmup of young speclalists in the experlm?ntal4eslgn orgdnization, the c;rouP for Study 
of Jet propulsicn (GIRD), created in bscow during the fall of 1931 and headed by S.P. 
Komlev. 

A number of studies in the Nstory of the developnent of rocket technology and 
astrctlautics consider the practical works of F.A. Tsander on LPRE as Important stages in 
the developwnt of Soviet mket tecknology, but his works are often dealt with schmat- 
lcally, without a detailed analysis of their directionality, originality, and mturity 
of creative solutions, or their scientific, t ech ica l ,  and practical value. An attenpt 
is lllade in this report t o  deal with the practical mrks of M e r  on LPRE in mre detail, 
on the basis of preserved archive mterlals, and also on the basis of personal recollec- 
tions of the authors of the report, since they were fortunate t o  be his sttdents and wrk 
under his direction .:?, GIFUI on LPRE during 1932-1933. 

The developnent of methods for calculatLg the engineering performance of LPREs 
began t o  occupy Tsander at the beglnnhg of the 1920s. Ifis basic idea Involved the cm- 
struction of an interplanetary craft canbirilng the features of an airplane W-th a liguid- 
propellent rocket, in which certain metallic par t s  of the airplane and rocket structure 
are used as supplementary fuel after they are no longer needed, when the craft had passed 
out of the atmsphere. 

The choice of propellents was a fundament& problem. From the very beglnnlng, 
Tsander dwelt on his choice of cryogenic propellents as having the highest energy poten- 
tlal-liquid oxygen as the oxidizer and liquid hydrogen as the fuel. Later he rewed 
liquid Wdmgen as promising the greatest potential, but for the initial stage of the 

mrk he chrxse the more r e a d i l y  available aviation gasoline as the fuel for LPRE. The 
orientation toward aviation gasoline as the fuel in an owgen LPRE, Instead of liquid 
Ndrogen, resu l ted  not only from the dlfficult les in producing and handling liquid 

hydrogen durlng this time, but also because Tsarder, in developing his ideas about a 
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combined airplane and rocket in an Interplanetary craft, wanted to  use a single fuel for 
both engines onboard the craft.' 

pure form, but also in  the form of a mixture of' liquld a b  with various values of oxygen 
concentration, that. permitted not only performing wmk in stages on the LPRE, but also 
improved the perfonmncz of the ordinary aviation i \ :~ tm engines. 

engineering method for propellant calculations of oxygen-propellent rocket engines that, 
for practical purposes, determined the basic parameters of the engine anCl the structural 
elemnts. 
the heat transfer ccefficierit.s of the gases t o  tk chamber wall and of the wall. t o  tk 
surpounding medium, and the calculation of the volume and shape of the canbustion chamber, 
weere characteristics of this m e t h d .  This method produced data close t o  the actual values, 

and establish?? Tsandrrs calculations in LF%E in the class of mture and original scien- 
t i f i c  and t ecMca l  solutions. These calculations were performed during 1930-1931, but 
were first published only in 1937 in the form of an article in the collectlon Raketnaya 
tekhnika (Rocket "eci-mology) No. 5, under the t i t l e  "Thenral Calculation of a Liquid- 
Propellent Rocket m e .  '( 

F. A. "sander provided for the poss~ , l t y  of' . '*g liquid oxygen not only ln 

An important theoretical result of Tsander's w r k  was the developwnt of an 

Consideration of the effect of dissociation of gases, precise determination of 

M A L  INVEST,GATIONS OF THE OPERATING P- AND 

Occupied with the deve;opmnt of methods for engineering calculation of the 
operating pmcesses ard structural elmeits of LPRE, Tsander became convinced that it was 

lngmsslble t o  give a satisfactory answer t o  mmy problems wlthout obtaining experimental 
data lacking In the related sciences and techology. This involved propellent mixture 

formation in the chamber, canbustion processes, discharge, heat exchange, etc. Thus arose 
the necessity of producing a hboratory model t o  experimentally verif'y tk initial assmp- 
tions. The production of LPRE models thus assumed great importance in formulating and 
mastering experimental techniques. 

a description of the OR-1 device, whlch is covered in the technical literature, we will  

note only the characteristics and role of tNs engine in design developmnts on LPRE. 
"sander prepared calculations for the OR-1 according t o  his original technique for 

The result was the production of the reaction engine OR-1. Without dwelling on 

In the 1930s Ehgen Singer p~??sued a similar line of research in Gerrrany, as he 
sought to  create a "space transporter." Se- Irene mr-Bredt, "The Silver B M  Story: 
A Memoir," in this volume-%. 

+ 
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determining the parameters of LPRE. Liquid oxygen In mixture wi5h liquid air served as 
the oxidieer. It is natural that the f i r s t  tests of the engine began with the sinplest 
version, Le.,  with onilnary carpressed air, with consideration of its gradual enrichnent 
with oxygen, concludlng w i t h  p u ~ e  oxygen. 

ExperimenA renilts obtained In tests of the OR-1, carried out with gasoline 
arrd car~ressed air, verified the calclllatim techniques, and gave Tsander the basis for 
c o n t m  t o  design LPRE with the use of liquid oxygen and tpjoline as propellants. The 
OR-1 engine pezmitted selecting the des- ,elutions for the LPRE c h k r .  In tNs 
respect, the OR-1 shu ld  be considered a prototype of the OR-2 oxygen LPRE also produced 
by Tsander. 

Ih evaluating this stage of Tsander's experimental work on the O b 1  laboratory 
model, one can conclude that it marked the production ir. the USSR of the Mrst operating 
model. of a mket engine operating with liquid f ie1 and a gaseous oxidizer, ard sl&nifi- 
cantly alded tb systemtic developnent of works ln producing oxygen LPRE and rocket 
vehicles at GIRD. 

One of the  problem posed by th i s  new t e c b r  1 th? USSR was the develop- 
ment of a suitable aviation LPRE. In order t o  pmvide I Lgh a specific inpulse as 
possible, ard taklng Into account the prunlse of cry3snic fuels, Tsander selected liquid 
oxygen am3 gasoline as propellants for the OR-2 erg-. 
developnent, he still contenplated sing metal t o  supplement the propellants, and also 
proposed using the so-cdllect llcmver@ng and diverging cone," in which the t h e d  action 
and acceleration of the gas f l o w  was acccanplished. However, caking Into account the 
necessity of developing tk OR02 engine In a short time and providing for its high 
o p e r a t i d  quality, M e r  ref'ralned f'rom applying mtal additives and the "converging 
and dlverglng cone" at t N s  first stage of work. 

(21 th basis of preliminary calculations, he selecLed 390 sec as the engine 
operation time, sufficient for valid testing of th? engine I.. flight, a thrust, of 50 kg, 
sufficient for acccvnplishlng fl ight,  and a chamber pressure of 6-8 kg/cm . In such a 
Pressure regbe with a sufficiently high specific inpulse, the heat flow Rwn the gases to  
the chanber wall, as determined by Tsander's calculations, would have relatively small 
values, and reliable cooliFg of the canbustion chmber could be successfully provided. 

first stage of work. The complex engine plant Included a l l  the sys t em ard devices 

In the long-range plan of LPRE 

2 

It is Important t o  rote that Tsarder accanplished the developent of LPIlE In the 
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necessary for operating tk LRE in flight on tfie piloted vehicle-the cov3ustion chamber, 
the fbel supply system, the launch assen&ly, end the i&tion, operatirg, made and cut-off 
controls. We w l l l  also note briefly m e  of the structural chamcteris:(Ics of t h  .evel- 
oped Os2 engine. Tsander gave great consideratim t o  the S O i U t i O n  of tk problems of 
propel3ant mixing. Taking Into accaunt the properties of gasollne canbustion, he designed 
the structdre of t& chamber so that individual j e t s  of gasoline, delivered t o  tk char+ 
ber toward t, 
gaseous oxygen entering the OR-2 canbustion clambe? at its upper part radially through 
s lots  in the chamber wall. The fine drops of wllne mlxed well and burned with the 
proper cmleteness  in the medium of gaseous oxygen. 

as an inpOrtant problem in pmiuArg LPRE. His caScubtions sinwed tht liquid oxygen had 
better cheracterlstlcs than gasoline as a coollng liquld. Mxeover, t b  liquid oxyen 
evaporates In cooling the chamber walls, ingrovlng the mixing, whlch was just discussed. 

"nozzle valve" was developed for this pwpose. Depending on the position of the co~itrol 
lever, various raanbers of radlally positioned hales were gradually covered in  the h e r  
Cavity of the valve. Each flxed position of the control lever corre3ponded t o  a specified 
thrust developed by the engine. In designing the englne, the possibility of rtultiple 
fMng of tfie eng.le was considered and provided for with the appliciLztion of a hlgh-volt-- 
age spark plug ad the iEplltion Scurce. 

Tsander also accounted for the techologlcal possibilities of pmduction; as a 
result, the entire e m  assembly WBS fabricated successfully and made ready for tests. 
The design of the OR-2 allowed for disassembly, and individual ccmpollents a n i  parts could 
be replaced or repalred durjng f iwl adjustment and operatlor.. Tsander and M s  students 
developed a flight d e l  that assisted placement of the assemblies of th? engine p l m t  i n  
th? RF-1 rocket plane. 

The firing tests of the OR-2 were carried out wl t lw~~ F. A. Tsander, was in 
tb hospital in  Kislovodsk during the best deys. The test:. occm(3d on b h c h  18, 
h r c h  21, Mwch 26, and April 28, 1933. These were the tes t s  of the first engine installa- 
tion of LPRE produced at OIRD Ir a fonn s i table  for mounting in P f ly ing  vehlcle. O f  
course, the f i r s t  tests did not achleve the expected satisfactvy results. Tnere were 
chamber burnouts, emlosive combustion processes with fir%, etc. Neve,%heless, the 
results of tk experimental data verified the possibil i ty of Implementing LPRF ?Jr piloted 
qehi21es with Ngh4; loric fuel. To kcrease the reliabil i ty of operation of tfie enqint!, 

¶mpmve its operatioral qualities, and reduce tile time for preparing the enghe for tes t ,  
It WPB necessary t o  carry out labr ious final adjustments and search for and select tk 
most rational solutions wlth p a r t i a ~  improvenrnt of the structural elements of the ensine. 

nozzle along the chamber axis, were broken up Into fine particles by the 

Tsarder considered the creation of a reliable chanher and nozzle cooling system 

Thrust regulation WBS flr& provided i n  the des- of tb 03-2 engine. TF? 



'lh seaxxl e n g h  developed by lbar&r was lntemkd for the tnrguided Uqu5.d- 
pnopellent rocket -10, pmiuced I!! 192-1933 at GIRD for solvirrg a rnmber of scien- 
t i f ic  research pmblems. 
period in tht both popellant carponents were stomd in the G B 1 0  rocket in llquld 
form. Thrs, tk G I H L l O  rocket was the first danestlc rocket that operated With LPRE. 
Numvus cdlculatlons carried out by Tsarder, and particularly his students, prpceded the 
des- of this etlgine. In  th? initial versim of the 10 engine, It was pIwposed%o use 
liquid oxygen, gasoline, and molten or potdem3 metal as a ftel additive. Housever, in 
alltlclpation of tecinical and tectmlogical difficulties, this version was rejected. 

After fWtkr  calculation and design searches, the developaent of LPRE for the 
GIRD-10 rockt was acccnpliskd With the applicatim of llquld oxygen an3 ethyl alcohol. 
Rrls englne, given the index 0-10, as well as the OR-2 engine, was initially designed by 
%%der in t b  form of a canplex engine plant coordinated with the parameters and fea- 
tures of the rocket itself. Tsander later participated in Its developnent. The design 

of the e n t h  engine plant was preceded by thorough hvdraulic, &as-dynamic, and structural 
calculations, Usitt! oonslderatim given t o  the production possibilities available at GIRD. 
We will briefly note sum? ppert les  of this LPAE design. 

It differ& fiom the GlFUbO9 rccket developed during this same 
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The cadmstion c-r was dl1 meta l  and pearcshaped, with a precahs t ion  
chamber and extemal liquld oxygen flow coolbg. lh absence of heat-insulation repfrac- 
tory coatings ped t t ed  producing a chmber of very low weight, which ms very inportant 
since tk chamber was interded for testing on a m k e t  under flight corditions. The 
canbination of external liquid oxygen flow cooling with its partial evaporation in the 
cooling channel, ard the presence of the precardxlstion chamber, ens& good mixing of the 
pmpellants ard m l e t e  canbustian in the chamber. In  this case, the solution of this 
set of problems can be considered identical in the 0-10 and OR-2 engines. 

Tsander, the folloubg data =re ob-: propellants-liquid oxygen and 85% e t b l  
alcohol, chamber pressure-10kg/an2, t.hmst-65-70 kg, specific impulse-175 sec. The 
duration of continuous operation 15-20 sec. 
with a spark plug. An expulsion system f'mn a ca;pressed aFr accuda to r  fed propellants 
to  the engine combustion chamber. 
rocket was so successN tha t  it qbbtained practical application in later designs, and its 
basic features are preserved t o  the present day. 

The first test flight of the GIRD.:O rocket occurred m November 25, 1933, near 
&scow. The entire engine assembly i'mctiomd normally during this test; the engine 

developed a thrust of 70 kg, ard the rocket was successfilly launcM. k i n g  the flight, 
harrever, because of mechanical malfhnctions in  the canbustion chamber, the rocket changed 

its direction of flight and landed with the engine still running. 
The flight test of the fFrst Soviet LPFE verified the pnxnise of tk scientific 

and tecMcal direction developed at GIRD, arld aided in accelerating the developnent of 
subsequent rocket d e s i m  In the W R .  
rrsvder in the area of LPRE as a pnminent theoretical scientist and talented el.le;ineer, 
distinguished by exceptiondl energy and shgle-mindedness i n  the realization of his ideas. 
H i s  calculations, design, and experimental work on LPRE and rockets at the in i t ia l  stage 
of developnent of rocket technology in the USSR show that he created his om school in 
the theory and design of reaction englnes. 

developnts,  "sander fashion& from 2 number of his students a large p u p  of specialists 
who worked successfully i n  the following years in the area of rocket  design i n  Mustry,  
in scientific laboratories, and in educational institutions. 

lb sun up the test operaticr! of the 0-10 engine carried out in 1933 without 

m t i o n  of the engine was accmplished 

rhe munting selected for the engine plant in the 

Frictrikh Arturovich has chwacterized F. A. 

Besi.des his engineering and theoretical 
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FMedrlch Schdedl (Austria)" 

R$r irrt;eFest in spaa swseemharxl mcke%q dates berckalrpgt to  its acthe 
.-j4==-=,wminw-,-P@dnprthinkirrg-- 

the a r o t i m t ~  fbrce * agr later -. I shall tkrefbrp attarpt to Faainlsce 
about  sa^^ early dRlelqmm&s that estab- my carrtact tdth space Fcsrrulch, I u i s  

bcm in schrertberg, Austria, on Ha,y 19,1902, a d  the f%rst event that rmde a penmrmt 
inprpssicn an 
atkntiar. aW Earth bad to pass t€mwgh the tall of the Halley can&. lW fWt tM 
cyan am3 CarbonmDnCludde bm% hed revealed in its spectnrm €rought about deathly fears, 
arrlnwn were not sure ubtm they faced dksster. lhis event mked a newphse In 
ham tkught after it becrrpe evident that space was not that m i l e ;  m e  could dare to 
explm It. Ihe event became the m t i v a t ~  force for npr later mcket -ts. 

zhge #ts still another decir g f'wtctr that led me txxard rocktry. 'Ihe nai? 

canections to the surmmled E b r t  -1 bmke dawn In 1915 durhg W l d  War I. A 

close relative hx3 died inact' A, ard we had m news fkan #m3 fMards theFe for sane 

d?en I srrgglested tow pmfessor that ree propose the dellvery of mil by meam of rockets 
to t&-t of IrBr. thfortumtely, the War aeparhna?t did not take up this sug- 
gestion. After the mr, rn September 8,1919, I nrade a ccnpletely new exp&mnt whse 
dggxlflcarce I -zed only gome years later. I developed a ercrup mket fran d c h  
anowler rocJtet was fired, similar to the Mw cclllllonly used step mckets. Thrs I could 
reach great hems an3 cover lcmg distames wlth relatively low expetues. 

rays I n  1914 and received the Nobel prize later for this discwmy. 

Professor liess's lectures, I started a series of Investlgatbns on the influence of 
intense short mve railation on cell plasm% (plant buds) at the University of -2, in 

adnd OccUrpBd in 1910, rrkn space forced Itself directly to Imn's 

tm. 2k Peper balloolls to Feach the* destinatirn. I ~ a 8  still in School 

In 1923 I d e  the acquaintenance of Prof. Victor Hess who had discovered c d c  
Inpressed by 

+ Resented at the R w t h  History synpositnn of the International A ~ & ~ ~ R Q J  of 

*An early experimenter wlth solid-propellant rockets ami rocket mail delivery 

Astronautlcs, Constance, Geman Federal Republic, October, 1970. 

system in the 1920s and 1930s. 



rdditioo? to 11;0r studlea at  the Institute of l'kcmdlagy. Alt- this type of 
lmmst&ation yould be iaportant f' f\rtuFe space aivmhms, I abendaned research in this 
f3eld 8ftw I reallzed that the bacter52 an2 bacilli tmld go t- rm~tion6, ard that 
1 ml@ rrpt be able to control their miltiplication. so I hJrned a l l  tk lediated plants. 

att first of all I had to convince 19y professors, Illfr, considered my Ideas on m e  flight 

as a scientific illusion because of rqy ycuthful eagermss to assur~ that space flight 

- was possible. W experiments were carried art in miniature scale. I develaped a %~CIW 

start tawer" which pamitted me to test the 
various pnmum?~; wder th hmdof a vacuwnputp I fired t h y  rockets and tested the* 
efficiency W e  the air was evacuated. lW.s 
in space nswm9-1, but it BELS decisive for convincing sane of my professors that th? 
efficiercy bleed fmmased with louer presmrres. 

urpartunately the vacupnp84, at disposal dld mt fast enclugh. I 
decided, therefare, to fire a miltistep rocket d t h  higNy explosive fbel &m a belloon 
at a height of 15,W meters and test its space suitabil i ty right theFe. The tallom 

In the 1920s I started Sam? ILlzX!- mcket -ts eowrrds space *bight. 

efflciemy of rocket nozzles at 

set-up l p ~ s  mt fhr tbr  USBd 

R 1 YBS the transport of the small rocket, but It k d  also to perfarm saae scientifyc 
experiments rJNch I CMild fbatEhlly affckd. The kllm fwnished Ulth w- 
netized steel wlms to hold it in a predetermined east+& position which could be 
acconpllshed due to the ndnlnral surface Mction at tkse helghts. ll-e rocket osds fired 
In the direction of the Earth's revolution: eastmrds. Rarthenmre, the steel Wires 
bad to hold an alminm flag (300 cm x 70 an) In a certain position relative to the slu? so 
that it cculd reflect the Sun's rays to an observation post on M h .  'hs one could 
pursue the position of the bal lm despite its height. lhe mcket was also nDlrlshed 
with an a lmi rm foil tap fa? Sun rkflection. 

e n t d  into this experiment. Anym, the balloon wns f d  3l HulegiFy an3 ras sent beck 
to me. I should add tht ngr stratoballoon carrled sune silveraclde whtch Mxtld explode 
at a high altiMe. Due to the law density of the air at 15,000 m PltitUie, vlsible 
Y i d s  of ionized dust should eventually form, and the dispersed mttw could be w e d  
out of the Earth's gravitatiotal field by solar lwt pressure. I cbse silveracide for 

a win of silveracid on a steel sheet bxmght about a strong explosion because the steel 
proves less tense than the layer of air on top. The brisance mikes the air more rigid 
than the mtal and thu a feather will balance in the air above the explodhg silveracid 
wlthmt moving, whlle the steel sheet is deformed. In silveracide explosions wlth iron 
present, finely dispersed mtter can be detected ( s M l a r  to  the b l a c m  of the inner 
wall of long used electric bulbs) which is sensitive t o  light pressure. 

My afm was always the construction of space rockets, but I realized 0: course 
that a sl@e person wuuld never have the firrancial means to acc~rmpllsh it. I hoped ttat 

Mbrtumtely nobody seened Interested In my stratoballoon, and no observabry 

experlmnts i n  space s'nce I had tested it before in explosion experiments: 
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I dght fird saneone t o  support the construction of postal rockets with autolaatic 
controls, but my hopes were disappointed. 
propellant postdl rockets V-1 anl V-2. ?hey were autunatically controlled, landed d t h  

pamchtes, ard carried letters with the renrark "The final aims of my experiments are 
postal rockets ard space flight." After I h d  saved sane mre m y  t o  fimnce f'urtkr 
experiments, I constructed V-3 ard V-4 in Mrch 1930, and V-5 and V-6 in k y  1930. V-5 
carried letters where I stated". . . it is theoretically possible t o  deliver mall f'run 
EZulope to  America via rockets within 40 mimtes . . . it I s  theoretically possible to 
reach any point on Earth in less than one hwr with rockets . . . it is theoretically 
possible to leave Earth with rockets: space fllght." I b t  V-6 failed and the letters 

In July 1%8, I started alone on the solid- 

WeFe partly kuned (Figures 1 thtwgh 3). 
Fbr exper-lmentdl purposes I bui l t  relatively snrall rockets about 30 cm long, 

flrst of all because I could build them more uniformly, Whmmre there was m danger 
of explosion and they didn't need a parachte for larding. The opening of the parachte 
(at the rlght moment) housed in the top of the rocket almys proved the most carpllcated 
detai l  i n  these experiments, and I never solved this problem to  my ccnplete satisfaction. 

In  those years I gained experience that was of advantage at the first public 
postal rocket fl-t (V-7) on F'ebruary 2, 1931, fran the Scheckl Mountain to  R a d e g ~ ~ L  
This fli&t was extraordinarily successful; 102 pieces of mail were delivered a d  I proved 
that this new system held out prospect for a fast and reliable postal delivery, especially 
t o  isolated maultain areas. But econanics forced me t o  use some rockets twice, addlrg 
new fbel cores. Repairing the damge to the casings, however, f i m l l y  proved to  be more 
costly in time and money than a ccnplete new construction. 

mnt: a spectrograph with Zeiss prisms, and instrwnents t o  recoxl the pressure, height, 

and Vibrations. Unfortunately the high initial acceleratloh ard pressure during launch 
danaged the instrumentation. One rccket was constructed l ike a Greek c o l m  with parallel 
@coves along the  longitudinal axis that had been worked into the aluminum casing to  pre- 
vent rotation during t he  flight; this should have pemltted an undisturbed spectrum 
recordhg. The secord rocket, on the other hard, I provided with diagonal grcoves in its 
cas- for fast mtation. IQ purpose w s  to  inprove guidance accuracy (like in  a spirmlng 

centrifbgal top) ard, fbthemre, the  rotation could aid in sirmlating gravitation, at 
least to  a small extent, a feature that might benefit m e d  space flights. Both mxiels 
of the sourding rocket were constructed with intamittent thin layers of non-inflanmble 
mter ia l  between the solid f ie1 and casing in order to  accomplish an unlisturbed a x l  

shockfree operation of the measuring e q u i p n t .  
It 

carried 333 pieces of mil, including 33 special delivery letters. 

In April 1931 I launched three sounding rockets with hane-made recordbg equiP 

Late In the year, on September 9, 1931, I lamfred postal rocket R-1. 
With th?s enormous 





Mg. 3 
Sanple o f  lvbil Posted Retween 1928-1930 

success I hoped t o  draw publlc attention to my experiments and lccate saneorre to  support 

my plans for htfler research: 
English channel (1  started prelirnimvy tes ts  In 19321 and, as for the clream of my l i fe ,  
the construction of a space rocket .  Such efforts were way beyond ny ~ersonal fbancial  
mans, requiring a t  least three wagon loads of solld f’uel W c h ,  I am still ConvlnctYl, is 
best suitable for  space. 

Ineffective. 
only one of them bothered to mwer-ard tkn with an apolow that the  subject was not 
suitable for its readers. 
although Thct Nw-Yo_r&_Y’s f i n a l l y  asked for the copyright for a l l  reports on my rocket 
flights, and reporters appeared t o  take pb”,aphs. 
pasta! rocke‘, successes received so l i t t l e  recognition. 

tk construction of a rocket cqxible of crosslng tk 

However, enleavows t o  stirnulate world-wide lnterest In space flight were 

I submitted a r t i c l e s  and rocket stamps to the mJor mrld newspapers, but 

To my b w l e d g e ,  there was never one single word printed, 

I was person;Lly distressed chat my 
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I want to say a few Mnal mrds on my experiment V-8, whlch took place on 
October 28, 1931. I laumhd the rocket with a selen cel l  as an optical control which 
shdd &ive set its course toward a lighted balloon. TNs rocket was interded 8s a pre- 
um3irrary test far. fiture flights txmanls a star or analrplane containirrga light beam. 
Unfmtumtely, tNs nigm flight failed. 

I continred b u i u  postal rockets until 1935: m y  were constructed as 
and step rockets a8 well ,  but they rrever exceeded the welght of 30 kg because I 

could not afford to W bigger ones. Wmgh each ms built differently, all of them 
were intenied to advame the cause of space flight. Iater, I destroyed nearly all of my 

used @r the military. I abamkmd space research entirely after World War II. 

best reflected perhaps by that enormous success of science and teclmlogy: mme3 flight 
to tk m. 

resear& notes and photosraphs of rocket launches atxl proceedings, far fear they might be 

In the yeerrs that h v e  follawed, rocketry has Ip3ne tm i!rpressive advances, 
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N77-33057 

wdolf Nebel (Genmn Meral Republic)* 

There is no StIOnger fome In nature than an idea wb8e time has ccm. About 
the turn of the century, It was the idea of flylng. Rus, the "Journey t o  the %onw had 
already begun In 1908 when I baugM fm 25 Pf- In Hirnberg, Jules Verne's book - 'I& 
Journey t o  the hbon that described b w  thee men were t o  be shot t o  the ban in a giant 
Faojectlle fipn a c8~1on near Cape Kemedy. Haever, I soon figured aut that tNs w88 

lmosslble ,  since al l  three would have been killed inmediately r$len the projectile was 
fired. I took Verne's book to rqy physics pxofeessopl, Dr. Hess, at t%e high school in 
Niirnberg, and asked himhow ard w h e t h e r  a person could actually f l y  to the Moon. After 
reading this book, he said that he did not know either. But Veme gave a ngUre of 
11.181 Wsec as the velocity that a boay mmt hiwe In order t o  leave the graHtatloml 
attraction of the Earth, and that pointed t o  rocketb! Rut a t  was laown at that time 
abaut Rockets? 

we knew that the Chinese had invented rockets in 800 AD as incewttary arrows, 
and that &nmn mcket corps had played a role in the k r  of Liberation (1813-1815). whsn 
r l f led  guns came on the scene, military rockets a m ,  In general conaigned to firp- 
mrka an3 siep.ral appllcatlons. Professor Hess ad- m to s t  Involved with flying 80 

that I could get an Idea fm myself of how and whether we could actually get to the !%on. 
But whit did we h o w  about fly- at tht time? I found out ti& Otto U l i e n t k l  had 
already nade mrt? than 2500 flights In the years 189Ck1896 in a glider he had put togethcr 
himself, thus laying the foutdations for presentday PaWerleSS a d  powered fll@t. 
at the star t  af' the century, powered flight began in RerUndohmnisthal (Figure 1). 

go out and buy myself a t h  ticket, although a fourth-class ticket fmm Niirnberg t o  
Berlin and back would have only cost 5 Wks. Instead I built wself 8 bicycle fm 

I wmted t o  see this gwered flying for myself, close up. Now I did not just 

Presented at  the Fburth Histmy Spposlun of the International Acadeq of 

An early experimenter wlth aolld-ard llquid-propellant rockets In the 19208 

+ 
Astromutics, Constance, Geman Federal Fkpublic, October 1970. 

and 1930s. 
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airless space, one requhed an entirely W e r e n t  type of drive, mm?ly Jet or Focket 
drive wfiich I later patented as th? liquid-pmpeilant jet engine 

After the Yar, I initially had other worries. I received mgr en@mmkg degFee 

tk wrkm 

DRP 633,667. 

at the h i v e r s i t y  of W c h  in 1919. In  ONI~P to finance Mher m&et research, I 
fauded a fimmrks factory at Rilsr i tz  in Saxow. I sold firewa23rs to  rifle clubs and 
continued my research on &ts. with sune cacmcades wfu, had Survived Wld 'I$r I, I 
believed tht ye had to do smething to prevent a secard world War. Che contribution 
could be a mdcet rJhich muld fly at least lo00 h. We chbse t b  slogan "no m x e  war," 
arxi fauded an International Research Society tht later received the  lame TAN'iWtW." 
Chr objective was to Stimllate the interest  of the peoples of the Earth in the major 
.mblens of science and techology, and divert unnecessary ninds for armBaents to peaceN 
and productive mrk. e orygnized this world peace prugram of PAMERFtA as follows: 

1. Fbcket fl igms for the p u p s e  of space travel. 
2. Atanic energy for peaceful purposes. 
3. Robots to relleve mankM of mirmxLl labor. 
4. Geothanal powe!r plants for exploiting tk heat of tk Earth. 
5. World power plant Gibxalter-1owerlr-g tfre Meditefianean Sea. 
6. t'8king fertile tk Sahara Desert. 
7. Large-scdLe WLnd power plants. 
8. ndal power plants. 
9. Solar mirrors to influence weather. 

In 1927 the Society for Space Flight was founded, and in 1928 t k  first mket 
cars we= driven on the A m  test road. 

tht ernployed Hernann Oberth as scientific advisor. He had already published the bo>k 
Rockets t o  the Planets in 1923. I met Hernruul Oberth on the UFA lo t ,  and this meeting 

turned rocket flight into reali ty.  UFA provided 35,000 Marks for  the first liquid- 
p p e l l a n t  rockets bui l t  at I G  Farben i n  Bitterfeld, brought about the first carbustion 
tests'with liquid owgen and gasoline, and resulted i n  a meting (Figure 7 )  on 
July 23, 1930, with personnel at the Reich Chemical-DgineerIng Laboratory in Berlin. 

Thus, on September 27, 1930, I established the first launch site in the world 
in Berliri-Reinichendorf. S t a r t i n g  with minimum rockets with one l i ter  of liquid pro- 

pellants, abbreviated MIRAK 1, and through four liter, 50 liter, ard 500 liter rockets, 
the theoretical foundaL.-ons of the V-2 rocket were mrked out. 
patent DIip 633,667, a jet  engine for liquid propellants, and the DRP l iquid pmpellant 
mcket as a secret patent with the number N 32827 I 46g. 
rockets driven with liquid oxygen ami gasoline were launched f r o m  an island in the 
Tegeler Sea. 

the &tyQr of Berlin, Professor Reuther. 

In  1929 UFA filmed a movie "Wanan on the ban" 

This mrk resulted in the 

The first liquid-propellant 

A m m e d  rocket ,  the "fk@eburg p l h t e d  rocket,'' was also b u i l t ,  financed by 
It did not get beyond a test launch h 





att despite all the outstandirg outerspa 2 atnirvmts made possible tfn0Ue;tr 
thf? pPimiple 0 

placing a large in orbit by m k e  
mlccmed a st&y made bj b. W. H. Kurpanek about a metho-' +t 

orblt by electxmpgeticallv accelerating it in a evacuated lo-mile-long tube (Egum 8). 
we submitted the strr3y in 1969 to  NASA. 

we m e h &  a n+seamh $rant of 
tube for SiraULated meter  f ~ m t  studies. 

CalffCaTlia, was chasen to b1Ud the accelerator tube but t 

'?pace Flight Center in Huntsville, 

Physics canpany in mta 

business aTz.angBnent with NASA, so we postponed t h i s  pmject. 

large SpaGeStatim and nast of all t i& 

us to show the mst ecawmid may to 
is the most ecOnanical and clean way to  launch things into orbit, for only the peyload in 
a h U  wit- any instrummts or e o r s  on boa& is brought into orbit. Tbe needed 

energy is produced cn the ggmtfi with a MHG-Generatur. 

The maurting dimcult ies  wit 

A half century ago I mt th o%k~rs  the ffrst generatian of 
to InnTtiate together- wfth Mr. W. H. man tmts reached th? mMn, m I 

the secorrl generation of apace fligm arr? let  rn reach the planets. 
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Switzerland has no claim to a pioneering role in astronautics, mr is OUT 
country 811k3ng the leadbg nations in tNs Meld to(iay. Also, Swiss contr Ls?ltions carnot 
be measured on the scale of those made by larger countries. Yet, on takhg a closer 
look, olse discavers sane daring and way-breaking tbughts and experiments originated by 
swiss scientists and researchers. 

The task of settirlg a date on the origins of tncdern astronautics can be rather 
d i m c u l t .  As part of the natural sciences, astromutics built upon a l l  of the major 

matkmatical, mical, and chemical principles--all closely related t o  most other 
branches of research. 'b early Swiss scientists,  for  exanple, W e  basic contributions 
to  astronautics: M e 1  Bernoulli, a natkimtician h Basle, with his prlnciple of 
flow (-ca, 17831, and konhwd Ezller (1726) with his textbook on different ia l  
calculus. 

has it that each of the f m u s  Bernoullis lived i n  the hope that he 
m i l d  create an abstract mtkmtical principle that had absolutely no application. five 
of them died disappointed; someone always fotnd good use f o r  every concept they p d u c e d .  
The sixth one, it is  said, died hqpy because he thought he h d  Mndlly produced a prin- 
ciple tht was thoroughly useless. 'Rat was the theory of the mlution of s h l t a n e o u s  
equations (now the basis of so mch of our advanced mathmatics i n  daily use a l l  over 
the world). Whether or not this legend is apocryphal, it does illustrate a point t o  be 
kept i n  mind: any mtfiematical discovery, in  the long run, w i l l  l ikely contribute t o  the 
solution of sane problem that are che concern of man. 

neutral country, it would be useful t o  nrention the reasons why space teckPlololSy t o  this 
day has not attained its &de r ecog i t ion  in Switzerland. 

&!'ore reviewing the modest contribution t o  astronautics rrade by our mll, 

'Presence3 at the Sixth Hjstory Sy..lposium of the International Academy of 
Astmnautica, Vlenna, Austria, (October 1972. 

% r e c t o r ,  swiss msm of Transport, Lucerne, Switzerland. 



In larger nations, the developmnt of launch vehicles for  artificial 
satellites ard space probes was made possible largely by armament or  
hlgtily-specialized aeronautical industries. 
imnediately after World War 11, Switzerland had neither an arrrament nor 
an aeromutical indust-y capable of such a task.  
Aerospace developmts in today's lead- space nations depended on 
substantial goverranent @mats or  subsidies. 
relies entirely on private industry fo r  applied research. 
possible, within existing laws, t o  create a national space proigam 
providing the necessary f'unds fo r  even a d e s  research program. 

Federation in Zurich in 1953, the well-known Swiss professor of aerodynamics, 
Josef Ackeret, very accurately sumned up the essential  considerations for the cooperation 
of individual researchers and mal l  nations ir, space projects: 
the s i t u t i o n  is frustrating. 
themselves build at least s m  primitive Mnd of flying mchine with which t o  experiment, 
this is a l l  but inpossible in  astmnautics where ac t iv i t i e s  seem t o  be restricted t o  
'theoretical hobby craf t .  ' Real development work," Professor Ackeret continued, "can 
only be realized on a t r u l y  large scale. And this scale is bund t o  be so big that not 
even the largest c m e s ,  let alone private individuals, could embark on the venture. 
Here, an entirely new form of teamwork is required. 
mst fit i n  a scope within 
suggest the limits t o  the range of space ac t iv i t i e s  In 

In the period during and 

Switzerland tradit ionally 
It was not 

In his opening address at the Fourth Congress of the International Astronautical 

'Tor y e w  enthusiasts 
While i n  aeronautics one or  a hwdf'ul of amateurs can by 

Each nation and each individual 
i c h  he can &e a usefU contribution." These thoughts 

country t o  the 1950s. 

FIFlsT STRATOSPHERE FLIGHT 

h e  of the pioneers who t r i ed  t o  widen th i s  dimension was the experimental 
physicist, Professor Auguste Piccard. 
Piccard's historic balloon hi&-al.titude flip$& of my 27, 1931. 
world attention In a highal t i tude flfght for  scient i f ic  research. 
Paul Klpfer, Piccard ascended t o  nearly 16,000 m t e r s  t o  conduct radiation measurements. 
The spheric cabin was made of 3.5 mn-thick alunlnwn plate,  and consisted of three forged 
parts assembled by autogenous welding. 
the fram and supported the crew. 

kt us exandne a few interesting de ta i l s  of 
This event captured 

Together with Engineer 

Eight vertical  supports in  the inter ior  formed 
Professor Piccard's ascension had its dramatic moments. 

A t  take-off, a sudden gust p r m t u r e l y  swept the balloon out of the hands of the 
launching crew before the take-off weight was under control and the  instruments properly 
stowed away. Adding to the troubles, the revolvLg device for the cabin did not work; 
as a r e s u l t ,  the dark outer side was exposed to  direct  sun l i gh t ,  while the reflecting 
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alunlnim side Femained in tk shade. lbqmatures In the upper part of the cabin 
reached 41' C, a l e  the researcher's feet froze In -10' C. Pmfessor piccard made the 
roll- entry in his logaook: RRre situation is serious. There are various dangers. 
We &dl not be able to tiere our 3andirrg as we amse (the valve line had not .amoutxl 
properly). If there is a leak in the cabin, we SW die of suffocatim. It depenas on 
the dnd if we drcp into the Adriatic to-night or have land below US." Leaks in the 
cabin actually occurred several times and had t o  be repaired In a h n r y .  The scientWc 
-s were cmnsiderably coapllcated by thls Bct .  A t  9 p.m. the cabin carny- the 
two scientists h l t  tk ice of tk Qurge glacier. 

In the Meld of aerodynamics at high speeds, a8 applied in mcket tednology, 
Professor J. Ackeret has been switzerLandts leading scientist.  His basic paper of 1928, 
"Alr Reclstance at Very High speeds," not only &ave an excellent survey of the state of 
this particular f ield at that time, but suggested a pmgram of f'uture research. A c m t  
ls~s convinced tkt the future of mmed flight lay in aeI.odynBmics of hlghest speeds. It 
WRS hE -.dm colned the texm W c h  lhxrber" in homr of the celebrated physicist, EFmt Mach. 
Ackeret mte :  "In mmdynmlcs of higher speeds, the proportion v/a canes up tlm and 
mi (v = speed of the examined body, or the &flow, respectively; a = speed of SOUXI). 
A short tenn therefore seems itdicated. Slnce the well-known pmsicist Ernst Mch 
recoplzed the h i c  sl@flcame of this proportion with particular perception, v/a may 
justly be termed *&ch Nmber.'" "Mach" has been used ever since in scientific lappage 
as w e l l  as in popular texts. 

Ackeret decisively influenced the development of aerodyrmlcs of high speeds 
with his publications on &as dynamics, aerodynamic forces on wlngs, boundary layers In 
ccaqmsslble flow, and rocket theory. He began t o  read on rocket technology in 1941- 
1942. His paper, "Camrents on the Rocket Theory" (see references! finally mid swiss 
en@gemnt with questions of space. Tb Ackeret's way of thinking, such a s x p  was a 
natural conclusion, and he later &ave the openlng address at  the Fburth Congress of the 
International A s t m u t i c a l  Federation in 1953. In 1956, he published an ar t ic le  on 
the "Limits t o  the Attainabi l i ty  of Remote Celestial Bodies." In it he obsemed: 'The 
m j o r l t y  of the following renrrrks were written several years ago, but remained in a 
drawer, since the conditions for attaining high speeds (ccmparable t o  the speed of light) 
seemed to  me all too vague." From mthematical-physics he drew these conclusions: "It 
becanes clear, therefore, that despite th? most darfng asstarptions, we can no longer 
t l  .Ik of space travel beyond the marest fixed stars. A journey of this klnd would only 
mke sense If it could be hoped to discover and observe unknom planetary systems. Per- 
haps forms of life-very different from ours-could be found there. Thus, biology could 



gain fmn such a discovery. Iht one nust ask whether IIY)I.~ is not to  be gained by 
terrestrial research whlch actually is only on the threshold of exploring l i fe .  Astro- 
pmsically, the yield would presumably be mdest, since 99% of the substance is in the 

form of gas. An a s t r o ~ c a l  observatory on the Mom W i l l  hanish all the results that 
can be expected in this regard. So we my have t o  res- ourselves to  the old saying: 

"Tb trea upcn the infynite, 

keep going in all ways of the finite." 
The construction of the Mrst large closed-clrcuit transonic wird-tunnel d t  

Professor Ackeretts Department of Aerodynam 'CS of the Federal Insti tute of *chology 
in Zurich, In 193-1934, caused a sensation in scientific circles and opened the way for 
rmch rn work in  the field of rocket aerodynamics. 
of the great number of publications: Tb the Theary of Aerodynamic Forces on Slim 
Profiles and Slim Bodies of Revolution," by H. R. Voelw, and "Of Tbmidal W-," by 
Z. Plaskowskl. Here, K. Iserlandls experiments in 1952 with thrust reverse mrst also be 
mentioned. He placed a number of senri-toroidal turn-tack ring3 at  the end of a rocket 
nozzle. Before be- ejected frcm the nozzle, the gas Jet  I s  set spbnlng by a circle  
of revolving blades. 
rw and is turned back by them. If the blades are set in the direction of flow, keep- 
the Jet  free of spin, the gas I s  ejected fYan the nozzle in a straight line and flows 
through the centre of the rings, without chmglng direction (Figure 1). 

'lbn papers appear representative 

As a resu l t  of the centrirugdl load, the Jet  spreads out, hits the 

Fig. 1 
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h t k r  farsighted Swlss pioneer in the field of rocket pmpulsl.cn WBS the 
engineer, Jasef Stemner. After mny minor experiments begiming in 1925, he succeeded 
in 1934 in realizing what he called wa reasonably successful form" of test s t d  for a 
reaction t-t erglne. In the period betwen 1932 ud 1945, stemner build various rocket 
englnes and test stands. 'Ihe tYrst experimental rocket engine had two caabustion chmbers 
and two ejection nozzles. Propellants were InJected separately from the mzzle xlde in 
the apposite direction of flow. Given very limited f'unds, Josef Stemm's experiments 
had to  be carried out on a very modest scale. With the exceptdon of the t ! t i o n  
chembers for the first test stand which came from an old two cylinder Mercedes gasom 
engine, a l l  the parts he used, such as ccmhstion heads, huectm snd ejt&ion nozzles, 
were hcme made (pigure 2). Hls second rocket engine poplled a d . e l  aiqlane. A third 

was fitted k-ith a mix- injection nozzle and a special coolhg jacket. 
study problems of cooling and fuel. 

It served t o  
The fourth rocket erghe had a changeable canbustion 
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chamber and a special coolant supply system. 
determine the duration of gas presence. 

In a series of publications ent i t led "The Development of Rocket Propulsion in a Generally 
Understandable Presentation'' (19451, he proposed a developmnt program intended t o  be 
applied on a Larger national scale. In 1951, S t m r  was appointed Secretary of the 
International Astronautical Mera t ion .  A t  the end of the same year, he founded the 

Swiss Astronautics Association. 

It was used t o  test ejection nozzles and t o  

Stemner continued his experirnents with f l y i n g  models and t e s t  stands until 1945. 

SPACE SCIENTISTS 

i n  1932, another Swiss scient is t ,  Fmfessor Dr. Jakob Eugster, 
concentrated his studies of the effects of comic radiation. His investigations were 
first conducted joint ly  with Victor Hess, who discovered cosmic rays on h i s  balloon 
flights in 1912. 
altitude, and in the former salt mines of Hall), and, after 1937, at  Fordham University 
i n  New York. These studies concentrated on the effects  of cosmic radiation on uni- 
cel lular  organisms and on healtw and diseased humn tissue,  and, more recently, in 
physiological form, with astronauts.  Since 1950, a special observation s ta t ion for  
biological contmls has been operated in the inter ior  of the Sirnplon tunnel. Prcfessor 
Eugster used the so+xdled "sandwich metM," i n  which the objects t o  be examined-seeds 
of plants o r  ova of mll animals fo r  instance-were placed in the cavities of a plexi- 
glass screen-plate. 
erroilsion. The package was then enclosed i n  a light protection wrap arid transported t o  
Pdgh mountains, or  attached t o  stratospheric ballcons, or  carried t o  hi& altitudes by 

rockets. 
m l s i o n  helped t o  evaluate the exact locsfion of the hits in the biological matter. 
The untiring effor t  of tNs scient is t  is  refiected in over 1CO original publications. 

arid the pduc'U,an of explosives, mng them the most violent of al l ,  "Pectrinit." 
his book on explosives published in 1933, he clearly predicted the use of rockets as 
long-range weapons "in the next, war." Another work, published in  1948, included a 
chapter enti t led,  ''The Rocket o r  the b n g  Range Shot," describlng the various rocket 
propellants and adding c m n t s  on rocket bal l is t ics .  

industry. 
"high speed rocb!ts." In  these developments, one tried t o  achieve speeds of over 
600 d s ,  with the i-esult that conventional projecti le hea& were no l o w r  suitable 
aerodynamically. 

lk studies were pu-rs~ied at Innsbruck (Hafelelolr, at 2340 meters 

?his preparation was f ixed between two photo-plates with n u c l m  

After exposure, the photo-plates were developed; the traccz left in the 

A l f r e d  Stettbaw9r involved himself with the chemistry of i w k e t  propellants 
.i 

After the Second World War, rocket developnent; was taken up by Sdiss private 
A t  tk t  time, solid pmpellant rockets of up t o  350 d 3  speed were considered 

Consequently, new forms of solid propellant rockets were developed 
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that could be launched with particularly Mgh precision and with a nininaOn of air 
resistance. 
(flap-back) tai l  unlts. 

tests with this rocket led t o  the addition of tail unit surfaces f o r  guidance control 
after canpleted combustion, and of longitdlnally shiftable wine;s t o  control changes of 
the center of pressure. In the course of wincl  tunnel tests a speclal measuring device 
was developed. It worked on the principle of an analogue carputer, and helped to reduce 
WM tunnel t e s t s  t o  a mlnlmum. 

Ini t ia l ly ,  f u l l y  fixed tall units were used, replaced later by adjustable 

Developnent of a Swiss remte control rocket started in 1946. Aerodynmlc 

Table I, though Incomplete, Indicates the activities of aWss sc i en t i s t s  in 
various astronautical f ields.  
Infrastructure for Industrial production of parts, c q e n t s ,  ad conplete structures 
for  use in space. This basic research has enabled Switzerland t o  produce a high-altltude 
research rocket, developed by Contraves that reached m al t i tude of 300 km. Satellite 
structures have been successfully built ,  and quite a number of corrgonents fo r  space 
vehicles and rockets prove Switzerland's a b i l i t y  t3 meet sophlsticate requirements in 
apecidlized sectors. Most Swiss universit ies arc engaged In some type of space research, 
i f  cnly on a d l  scale, and ths carry on the e f fo r t  franmodest begbnlnjy. 

1' holrre have engaged their knowledge and work i n  American space programs. Representative 
of these are Fri tz  Zwicky, Professor of Astrophysics at the Californla Ins t i t u t e  of 
Tech~ology, and h.. H. U. Schiirch. Professor Zwicky 1s known as the 'mther of Ultra High 

Fliergy Propulsion." He succeeded in 1957 with Project bteor, in placinp; the first 
a r t i f i c i a l  meteorites in deep space.' Schiirch successfully b u i l t  a variety of satellite 
StlI-lCtureS. 

?Ns work indlcates sane of the state of research and the 

A great mmy Swiss scient is ts  w h  were unable t o  realize their  research projects 

01 the other hand, pranlnent f o r e m  scient is ts  pursued studies at Insti tutions 
of hlgher learning in Swltzerland before achieving success in tk United States. h n g  
these are Wernher von Braun, who studied with Professor Ackeret at  the Federal Inst i tute  
of Technology (F.I.T.) In Zurich In 1931; Professor R. Bisplinghofi' and Dr. John C. Houbolt, 
who both defended the* thesis cn technological subjects at our F.I.T. In Zurich. 
Dr. Bispllnghoff, the Dean e t  the Nassachsetts lns:-itute of ~chnology,  also served in 
NASA. Dr. Houbolt is kr-~own In  modern space techoloey as the "father of the rendezvous 
teckique" used In the Apollo program. 

remabs a question of g o v e m n t  support, 
How much Swltzerland may contribute In solving aerospace problem in the future 

TWay, it does not have a national space 

See Fri tz  Zwicky, "A Stone's Throw Into the Universe: A Nmc)ir,tt In + 
this volume - Ed. 



prowam. 
projects. DeSpIte fV@qient disappointments, the niantterlng spirit-shovfn by JakQb Bcnmell 
of Zurich who lectured on "A Fllght !Pxwugh the L d v e r s i - ~ '  In 1897--has not left swiss 
engineers and scientists. J3ut as long e8 f'imds are unavailable for t'he realization of 
even m e s t  projects, their activities remln limited. 

to this report, partIcularQ,: Fbgheer I3ger-i &ml of the ~s;c.+tute of Aer0nautic.d Stxic- 

ture ard LJ.ghtwel@t Des+ i'f the Federal Institute of TkcLalogy in Zurich. 

Clur parliament io debating p a n t s  for L;Ro hlgh rzltitcle research arxl setelllte 

In cor.clusim, the author nust add here sincere t M  to these w b  cmt:.lbu+d 
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N ? l - 3 3 0 5 9  

Mieczyslaw subotowicz (Poland)++ 

.Tire first mkets were des-ed i n  chi= after black powder was invented, 
.probably not earlier than the 10th century ard mt later than in the second half of the 
12th century.' The first  h w n  mili+;ary application was during a military engaganent 
mund Pekirtg in 1232. In  Eslrope, rockets were used fo r  the first t h e  by the ?8rtars, 

probably d u r a  the battle of lleeJlica (Iblny Slask - Silesla) in 1241, as reported in 

a book by the Pollsh 15th century history writer, Jan 3zUgo~z.~ 'Ihe used the 
poison gases coming out of dragon heads mounted on long s t icks .  A l ittle c h m h  vas 
built  on the battlegmund near Legpica. 01 the walls inside of the c m h  a fresco 
shows the battle3 (Flgme 1). T. PmYpkowsk~~ also foml that a mDnk Seweryn (about 13801, 
living In the sam m s t e r y ,  had written on the application of m e r  to propell the 
"tubes," which p h a b l y  were rockets. If tNs is true, it would be the first written 
s ta temnt  on rocket application in PoLard. 

M. Bielskl, published in 1564,~ (Figure 2). 
ments, the author provided exact descriptions of how t o  produce military m e r  rockets 
(Figure 3). 
(1577 - 1657), fnm Raduszkowlce by O h w a  (Silesia). 
tsrocZaw. 

ard contain sketches of rockets with delta-type stabi l izers  (Eigure 41, conic nozzles 
in rockets, a rocket battery (Figure 51, anl a device s M l a r  to the two-stage rocket 

The first Polish description of rocket production appears in the book of 
According to N s  own experience an3 experi- 

Tkre mAt Polish authdr t o  deal with rocket problans was Walenty Sebisch 

His manuscripts, discovered by T. Przypk~wsM,~ date from about the yea r  1600 
H e  was the rnil i tary architect  of 

(Mgwp 6).  

1654) Praxis rwxna dzia2a (Hand Production of Guns). Dell ' Aqua came t o  Poland fran 
?he most outstanding early work is the rmnuscript of A. Dell' A q u a  (1584 - after 

Presented at the Sixth History Symposium of the International Acaderw of + 
Astronautics, Vienna, Austria,  October 1972. 

Professor, Inst i tute  of Physics, 
M. Curie-SkZodowska University, Lublln, u l .  

+t Experimental Physics Department, 
NowotM 10, Poland 
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build- a rocket test stand at the Warsaw TWnIcal uliversity, begun in 
direction of T. Felsztyn together with A. Kowalczewsld, Z. Pac-, D. 

- I  

1938 urxier 
!hOleriski, 

W. Stolarek and Z. ~~dzieckl.~' ?he contributions of A. Szternfeld, born in Sieradz 
(19051, also nust be counted among the achievements in Polish space research. He studied 
at the Jagiellonlan Uliversity in Cmcow, and later in Nancy In Frculce. 
of his  we l l  known book Introduction to cOsmonautics17 were written in France (1929-32) 

Ihe main part3 



aprd Zn Poland (1932-1933). A. Sztemf'eld mcNed tc tk Soviet union in 1935 where he 
contlnwd hb successAil scientific WOFk in astmmutics. His book'' WEAS published in 
an extended versicm in tk 1;6sR in 1937. 

b r l d  kkr II tbat inftnaed the Allles in Ehglana about k r m m  w r k  on rocket.Qvr?lapnent 
In- - on the S z C e i n - B s y ,  and Tl the v-2 rockt fly- tests in lvliddle Poland. 
ane Mrpdx-ocJu5t = xwxm?red by m1mpartiSans and sent without danrage to !&@ami 
fm crupfbl scientific and techrologkal mestie;atiOn. some parts of the racket WmW 

also invlestat& in occupied Warsaw by Polish scient is ts  and e@neers. 

We should also pay a t r l t ~ t e  to the Polish u n & m  movemmt d u r a  

After World War XI seveml countries pur-led t k  deyelopnent of rocketry, and 
scientific and practical applicaticms uere achieved in camunieatians, meteorologv, 
military, and the exploration of the Solar System. &my lnvestlgations were also per- 
formed In Pozand. 

A t  the beginning we shall mention sane of the wrkers ard papers on rocket 
14 tecirology. Propellants we= investigated by L. Heppr, W. BOZdmiuk and S. Cibomwski; 

Bted by D. Saolaiski, M. ZembrzusM, M. Dybek, W. Kowlczyk, J. Dmmynhk, E. Wow, 
M. Parulska, J. kzegometrski and J. JcirCzak. 5l-e-c~ and rockt btemal 
ballistics were tk subjects of the WXJC of 2. PaczkowsM (in a mncgraph Rocket Flight 
Mecbnics), D. I@rckl, P. Wolnica and R. Odolinski; s tab i l i ty  of the flight of rockets 
with stabil izers 2. Paczkonski and L. Wasilarska; measuzpments i n  rockt techique, 
K. Kowalewski, J. Pakleza, W. Styburski ard M. zembrtusld; rocket ppldance, S. Sfawifiski, 
R. lhowski, A. L i d ,  K. HoleJko, E. Oleamzuk, 2. Katliiiski and S. Paszkrmskl; some 

military rocket applications werv developed by S. Wojciechowskl, A. Archch, 
W. Kozrrkiewlcz, J. W i i k i e w s k i ,  S. Zukowski, 2. Paczkowski, S. PaszkawsM, T. Burakowski, 
A. &la, S. Homurg et dL. 

Meteorological Inst i tute  (1 XM), measurements are conducted on the direction znd velocity 
of the wind at different heigkrts, ard the t-ture of the troposphere and strato- 
sphere. Pictures are received of cloud fields transmitted by mteomloglcal satellites 
as w11 as pictures in the M Y a r a i  part of the spectnn. Atmosphere mmdfrg is per- 
formed with the meteorological rockets "Meteor-1, 2, ami 3." These investie;a?:ions were 
begun by J. Walcwwski, G. P a w l a k  and J. K i b l n ~ k l . ~ ~  0. Wolczek and 14. Subotowicz b v e  
worked on the theory of the nuclear, ion, and plasma mket engines. M. Bielecki, 
W. lxldonis, R. Janiczek, 2. Kotlin'ski, B. Korner, K. Pkkowskl, E. Olearczuk, 

ligUid PrOpelMtS by S. W5jCIC.M; ba l l i s t ic  W i e ~  of solid M l l a n t S  .*IF investi- 

14 

In the Rocket and Satellite Research Department of the Polish Hydrologlr-l- 
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2. paczkowskl, €4. subotaricz, K. ZarankLeadcz, W. Zakwski, et. al, h8ve cmcentmted cn 
the theary of tbe rocket n-t. In meny papers, M. Subotowicz imrestigated the theories 
Qf classic and relativist ic  tis step rockets. He also generalized the well-hxm 
formila of Aclreret, of tl.le velocity of the one step relat ivis t ic  rocket on the case of 

characteristics of th? mckets and spaceships, wem invPstigated In the papers of 
the miltistep relativlst ic rOcket.l8 merent rocket parameters, and the general 

M. SubtowIcz, R. S z y d s k l ,  R. Vogt and S. W6Jcicld. 
The papilaripltion of mcket and astrollautical Frobleas hs been perfom& by 

E. R~&.~~oI&cI ,  K. m, 2. m, J. Gedanrsld, W. OeiSler, A. m, J- SdLabUns 
M. Subotowicz, 0. Wczek, K. zaranldewicz, et al. The following people are dealing 

with the history of rocket and space research in  Poland: W. Geisler, E. Olszerrski, 
T. -, T. Nouak, M. subotawicz, J. Rar, et. al. 

POLish scientists. A t  the beginning, this wrk was ccncentrated In the Astawnautical 
Department of the Polish AcadarEy of Sciences (PAN), directed by K. zacankiewicz (1955-59). 
In 1960 the mixmgmph of M. Subotowicz Astmmutykal* uas published, c o w  progress 
In astronautics up to 1960. In 1964 the Cunnlttee of tk Research and Feaceful Use of 
th? space uas established In PAN; rocket arxl satellite Investigations of the Sun were 
realized d e r  J. Mergentaler, and of th? interaction of prinrUy cosmic rays with matter 
under M. Mlesowicz. Also, a mlar service a. organized to  observe a r t i f i c i a l  
satellites of the Earth. 

of about several llght years amud the Sun has becane widely how. ?he ecosphere 
8t.Dund a particular star means the "life zone," where the thenndl conditions exist near 
the planets, enabling mcrwmlecules t o  develop of essential biological importance 

In the developaent of livlng organlsnrs. It follows fhm the analysis of J. GodornsM 
that at  a radius of about 17 llght years arornxl the Sun there exist 1 4  stars of solar 
spectral class that possess ecospheres. 8ut there are only three stars of astroslautical 
Interest. 

possibiUty of using new mcket techlques for s p ~ e  I.esearch stlnulated 

'Ihe investlgiticns of J. G a d c m ~ k i ~ ~  on the ecospheres of the stars at distances 

An interesting project was suggested by 0. Wokczek20 to  Investigate the 
cornlogic processes in space by exploding hydrogen banbs beyond the Earth's atmosphere. 
Mfferent problem3 of space physics were Investigated in the papers of W. Fiszdon and 
J. Jatczak (cosmic my physics), K. Ko~~Iylewski (the mtter of the libration points of 
the Earth-Moon system), and A. Januszajtis, M. Iunc, A. kirks ,  M. Subotowlcz, 0. Wolczek, 
and J. Walczewski. Sane suggestions concerning the possible verification of the gem1 
tMry of relativity using astronautical methods were presented by M. Subotowicz. This 
same author presented some proposals to detect a n t h t t e r  in a W n  laboratory. 



The mferences corrc- all the papers mentlaned in thls sectl(311 lmy be 
astrmautlcal ikard either partly in refireme 14, or in the scientific and 

journals p&Msbd In Poland: Tkchika W e t a w  (1957-631, Postepy Astnnauty M (h.cm 
igtin, mtnm ~r>tnicp~ i Astrmauttycpla, BiUletyn I i r fonrrrcyj~ or the p0u.s-a AS- 
nautical Society (1956-57), and Astrrxlautyka (fran 19%). we hve not cons- here 
the papers on space medicine dirpcted by Faulbersz, Bilski, J. walawski, S. Bmiisld, 
2. Jethm, 2. Kaleta, or papers on space law directed by F. Iachs, 3. kchowski, 
J. Sztuckl am3 otkrs .  A l l  these papers s h x l d  be referred to sepawtely. 

Society), founded on Ekcember 30, 1954, and Mtet d/s  Badaii 1 PokoJou~go Mykorqstania 

Feacefu1 Use  of the Polish k a d q  of Sciences), (leal with pmblems Canoerning scientific 
and POpiLar mrk in astmnautices. The Polish Astmnaut1ca.l Society (PPA) about 
800 manbers and publishes the scientific quarterly bstepy Astmwtyki ,  ami the 
scientiflc-popular bimonthly Astmmutyka. Every two yez!rs EllA oqpilzes Sclentlf'ic 
Conferences an the Rocket TecMque and Astzonautlcs, and repmsents PoLand during the 

IAF ard the Internationdl Academy of Astmnautics in Paris. 
scientific research in a s t m t i c s  and popularizes a s t m u t l c a l  achieveFlents. 
the Polish A c a d m  of Sciences established tk  research in close cooperation with the 
soclallst countries pgram "Intercosrm~,~ lnclu3lng nrylTKd arxi unmmed flights around 
the Earth, ard t o  the Fbon and planets. 

In blarrrd, the blslde lbarzys two Astmxlautycare (Polish Astmrrautical 

pneseneni Kosndcprej PoIsldeJ Akadendi Nauk (G0nmitt;ee (311 space Research am3 Its 

Internatlcnal Astmtlautlcal Federation (IAF) congresses ard in the camdsslons of the 
I T A  also spansors the 

In 1976 
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F. J. klh (USA)* 

TNs menroir is a sequel t o  the me I m t e  on t i  GALCIT (oupgenheim Aeronau- 
tical Laboratcry, California Inst i tute  of Technology) Rocket Research Praject 1936-38, for 
the First International Synposiwn on the History of Astronautics, organized by the 
International Academy of Astronautics at Belgrade an 25-26 September, 1967.l As I pointed 
cut then, I fully recognize the fallibility of memory arA the unavoidable lnjectim of 
personal evaluations and judgements. 

&reas few written records for the period 1936-3E oi' rocket resezrch at the 

California Ins t i t u t e  of Technology (Caltech) remain, during the period 1339a6, numerous 
formal reports were prepared under contracts t o  agencies of the US. g o v e m n t ,  aril are 
available t o  wane interested. 
work became secret, so that there are not many personal records of an intimate idnd to  
tun? t o  for  aspects of developnents that frequently are more interesting than cold, formal 
reports. 
1939 and April 1944 are no longer t o  be found in the archives of the Jet Propulsion Labor- 
atory (JF'L).* Secret classificaticm of research also prohibited the free puklicatim of 
results between 1940 ard 1946. 
w e l l  known as the mre highly publicized a c t i d t i e s  of other groups during this period i n  
the USA and in other countries, especially in Nazi Germany. 

On the other hand, during the latter period our research 

It is a misfortune that minutes of the weeklj research conferences held between 

For th i s  reason, sane of these resul ts  are still not as 

This si tuation was aggravated 

-~ 

+presented at M  ist tory synposiun of the International ~ ~ ~ i e n i y  of Astmnau- 

*Co-Founder and Director (1944-1946) of the Jet Propulsion Laboratory, C a l .  'ornia 

t ics ,  Mar del Plata, Argentina, October 1969. 

Inst i tute  of Technology. 

JPL is considered t o  include rocket research at Caltech initiated by the Oalcit Rocket 
Research Group fran 1936 onwards. 

Trustee-Past Resident, Intermtimil Academy of Astronautics. 

*Although the des-tion JF'L was used for the first time in 1944, the work of 
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by the mt that seveml key persctls who led the research at JPL dispersed af'ter the end 
of the serori world war. sumraries of various aspects of this work, SQIIIC? published, Carl 
be rum3 In References 2 to  10. 

In Septaber 1939, Nazi G e m  invaded Poland and World W a r  I1 began. This 
had a direct inpact upon the rocket research plans of the WIT Rocket Research Group. 
Work toward our dreams of designing rockets for scientific research at high altitudes and 

for space fllgtlt had t o  be deferred for several years. We had anticipated the outbreak 
of WBT in ElLCrope same time befare it began, and our thoughts tumed towards the use of 
rocket propulsicm as an auxiliary t o  the pmpeller-piston engine p a v e r  pls;its then in 
epeneral use for aircraft. We had been authoritatively told by a senlor officer of the 
U.S. Ordnance Department that there was l i t t le  possibility of apply- rocket prc+ 
pulsion i n  m i l i t a r y  missiles. 

Inter-service rivalry over rockets would appear several years later. As late as 
1944, the Air Corps, by then called the Army Air Forces, readily allwed the Jet 
Rapulsicn Laboratom to der take  America's Mrst research program m l q  range rocket 
mbsiles fa? the Amy Ordname Department. A t  the the, 
possiblllty of such missiles replacing mny functions of ba!ber aircraft in warfare. It 
Is surprising that U e d  military intelligence had no inkling of the  advanced state of 
military rocket development i n  Germq,r until 1943. 

In  

developing i n  the use of rocket pmpulsim fat. military aircraft. I prepared a report in 
August for the Ccnsolidated Aircraft (Ampany (now called General Dynamics/Convair) at San 
Mego, Califcunia, on the possibillty of using rocket pmpulsicn fop assisting the me- 
o p ~  of la~ge aircraft, especially f l y i n g  boats'' (~iguto 2 ) .  ~n early m r ,  after 
giving a talk entitled "Facts and Fancies of Rockets" at 2 Caltech luncheon of the Society 
of the S l p a  XI, I was informed by von &&, R o b e r t  A. Millikan (166&1953), and Max M. 
Elason, that I was to go t o  WasNngton, D.C., to  glve e m  Infomation on rocket pwpul- 
sim to the National A- of Sclences Cannittee on Army Air Corps Research. Mascn was 
chalnmn a d  R. A. Mlllikan and von Khdn were mmbers of' the C a n i t t e e .  

General Arnold had asked the Academy fur advice on a nmber of subjects, one of 
which was the possible use of rockets for the  assisted take-off of heavily loaded aircraft. 
Sane feared that sufficiently lcng IVTIWB~S would be unavailable in carbat areas. (Later, 
others feared that the new Jet  ergines would have lo!# power on take-off' and would require 

very lang runways.) Actually, the bulldozer solved the problem on lard, making long run- 

4 

Air Forces foresaw little 

Wkn oetlerdi Henry H. Arnold, Chief of the Army Air Corps, visited Caltech8' 
1938, Tkodcm vcn 6 (1881-1963) (Figure 1) first learned that interest w a s  

bays practical. Rocket-assisted take-off of aircraft on airzraft carriers, however, soon 
assuned inportance to  the U.S. Navy. 

I prepared a study entitled '%eport on Jet propulslcn for the Natiaml Acadw 
of Sciences C d t t e e  on Air Corps  Research," which contained the followirg parts: 



(1) 
applications of jet propulsion i n  connectfon With heavier-than-alr craft ,  (4) present 

Fundamentaf c m e p t s ,  (2) classification of types of Jet  pmpulsom, (3) possible 

tate of development of je t  pmpulsfon, ard 15) 

i M c  circles in the USA at tNs tine that von &!E& and I felt it advZsable t o  follow 

vocabulary until several years later, when the w o n l  "jet" had becane part of the name or' 

bcn' laboratory (JPL), and of the Aerojet General. Corncmtfon. 
I presented my repart to the &tioral  ~cadw~s camrfttee of; 3ecenber 28, 1938, 

a prq>osed. research program for develop 

the precedent of the Afr Corps by droppm t k  I J S ~  of the W a r d .  It did not return to 

thereafter the Acsdenty accepted von Karmin' 
GALCIT msearch poup of the problem of the assisted take-off of' alrcraf't as well as t 
pmeparation of a detailed plan for an extensive twearch progran. The Ac!xkmy pmvided a 
sum of $lS000 for this study, which w a  to be cwnpktcd %n about six 
when CalteclCl obtained t h i s  first w v e m n t  
of the Vassachusetts Institute of' TectinOlo~?4 apreed t o  study for the 
icing problem of wlrdskields, t i n  a serlow aircraft problt?~~, arl f t 
can ha~e the ~ l c k  Roger's jot2.w' 

for rocket wsemh, Se 
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%he aiw3les and experimen:s we dappied out In the sprlng of 1939 mcle us s:$fi- 
clently cwnlydarrt of tk pomibll?ty ~i' bevelopLJ, both s-UQ asd llquld pmpellent rocket 
emlnes to the extent that we prspared a praposd t o  the N a t i d  Aca- for a $1O(r,OoO 
PrcdpBn of re&jearch and f8cilltIes camtnlctiar for the flscal yew 193p-40, tmglmhg on 
July 1, 1939. Van && twit the to washirlgtcn cnly to flnd that our optindm 
VSBS noc ahared elther by the Natlcrnal Acadw or by the Air ccffpa, In  his hutobimw, 
vm I&& zs that * r~ le  ciiscussa the pmposal ~ l t h  tqjor warnin ~ d l a w  (later 
carmandit.lg Qeneml of the Air Material Cam&) he was asked "do you -st& believe 
that the Air Coqx shauld spend as nuch as $10,000 for such a thing ers rockets?" TNs 
anapnt tLlrned aut to bt the naxluam that could be obtained. It mant that our exper- 
tal wcwk would have to be &om either cn the capus of Caltech, vrhere OUF psence v w  
not wry popular, or with tempaaary -le setups j.1 the Amayo Seco river tc4 a t m e  

Ikvil's 0S.r;e la a? t h  mtern edge of Pasadena. 
The contract, spnear A tw the National of sciences, cam into farce 

on 1 July 1939, bringing lntr be- the Air Corps Jet Pmpdsictn Research b j e c r ; .  
(A year later the ~ n r f y  Air Ccnps took over dimt spmsorshlp of the Project.) Under . t s  

terms, studlee we- to b- made of a number of basic prablems connected with the develop- 
ment of racket engfnes for application t o  the "super-pr?f" of aircraft. The tern 
nsuper-perfomcew was defined t o  Include: 
r q u l r e d  to takeoff, (b) taqorazy Increase of rate of elm, and (c)  tenporary i;?-==se 
0: level flight speed. R.le cartract also dsely authOri?&d wwk to  be done on b t h  liquld- 
and soliC -propellant rocket -9. 

(a) shortening of the time and distance 

Van K&n&, then 58 years of agc, became actively comnitfxd t o  the developnent 
of rocket propulsi~n by 88s- d i r e c t l a  of the &,jet. 
as chief engher ,  formd the nucleus of the staff. He brought t o  our work his vast 

of dlfflcult  engineerirg prcblems, and a rare skili in. negotiation atxl argani%ttiOn. 

d e s m t l o n  WIT hojec t  No. ?. far the Mr Corps %search. When he returned he sw-  
prlsed me by fromlng at the desl@xition. lie said I evidently did not laxrw what House 
No. 1 meant In Chlna. A t  the A i r  Y?iterlal Camend, Wright Field, Dayton, dido, the Pro- 
ject was known by the bslgnatlm Aircraft Ltlboratrry Project MX 121, 

In the Arroyo Seco above Devil's Gate Cam In Pasadena during the first year of the Ru- 
ject. In  1940, six acres m the western benk of the Array0 &eo were 3?8sed frc71 the 
Water Depwtmat of the Ci ty  of ka8adena for the duration of World Wax 'I. t\ppmoXimat 'ly 

40 acree M d  been leaned n?cm tk City by 1946 ard this area I s  stlll a ,>art of the trr c t  
QI whlch the Jet Prapulskm Lebmtmy is lwited. Most of the txnyorar j  structures f Jr 
offlces at$ testing have diaap, afed, since t k n  replaced by permaner,% lnstallatlonc. 
Ftesidfmts near th  Project put up With the noise o C  r'cket testing t & j L t i  :k- end of the 

P-an~,  F o ~ ,  and ngrsdf 

of ut=- mathemati& and fb-+"d p w s i a  principles far the WAUtion 

was then 25; ami I were 27. while vm d t d n  w&q away, I chose the 

We carried out the experhmtal mrk partly on the campus of Zaltech ard partly 
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pig. 10 

Propellant b c b t  Irbtor 

Rur MfYerential Equations !Wt Describe the 
Operation of an Ideal Solid 

cast on the principle of regenerative cooling for mtom operatirig at higher values of 
specific Inpulse because it ameared to be a "boot-strap" pmcess. But theoretical end 
e x p e m m  studies sho~led that the principle was sound9 and data were accmulated to  
pemdt the design of such motors. 

Search for Materms 

?he high gas tenperatures and velocities encountered i n  rocket motm and the 
unusu characteristics of chemicals used as liquid propellants posed special probleIIB 
wfrose solution could not be found in other clomlns of heatsngine technobgy. Systematic 
studtes of materials we-% begun by the Project in 1942, lncludlng the properties of steel, 
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almlnun ard nraeJlesiun alloys, ceMIIII;Lcs and miterials produced by means of mer  metal- 

lurgy. It is canfortircg t o  note that -, in  cocgeration with nature, provided the 
mterlals required by the des- of various tws of rocket engbs. 'Ihe trials ard 
tribulaticns of those that eearched far mterials am evident in the early reports by 
N. Kaplan and R. J. Amlrus and by Mills, 21,22 in the mortw reports in the w e +  

23, 24 etlce ndnutes of the P1.oject. 

when the developnent of a liquid prapellant rocket unlt far use abaard aircraft 

was discussed with the Air Corps, we decided that the project should attenpt to use 
aviation gasoline as a fuel and sanething besides liquid 9xygen (LX)I() as an oxidizer. 
LiWd oxygen, the ideal oxidizer fhm a rocket performance point of view, had been used 
by Goddard, nui!&?rs of the American Rocket Society, and others. Hmever, tk problem of 
producine, tramporting and storing IxlX in 1939 (ar at any time, as far as the mil i tary 
Semnces uere cancened) were considered so formidable that it should be avoid&. In 
today's idian, the A i r  Corps wanted rocket engines that utilized "storable propellants." 

a mixture of n i t r ic  acid and nitrogen pentoxyde. I n  1939, he re-& the choice of 
red ftrn5ng nitric acid, a solution of n i t r ic  acid ard nitragen dioxyde, hereaf'ter called 
RFNA. This oxidizer has poisotlous properties ard is very corrosive, I.equiring the use of 
stainless steel or alunimm t o  contain it. Nevertheless,. it was mare acceptable t o  the 
Air Corps than LOX. Just befare Christmas, 1939, tests in an open crucible shawed that 
RFNA would burn with gasoline ard benzene. As pointed out in  Section V, Sumnerfield atxi 
Pawell subsequently found in testing actual locket mtors  that RFNA and gasoline led t o  
unstable canbustian. The resultfng pulses in some cases became so great that the carbus- 
tion chaber exploded. The phenamnon of "throbbing" has not been carpletely cured to  

Parsors, in his repcact of Jw 1937,25 suggested, a m ~ n g  other storable oxidizers, 

the present day. 
A Chemistry Omup, directed bj Sage, was set up at Caltech at the beginning of 

1941 t o  investigate the RFNA-gasollne reaction and the properties of other possible liquid 
pmpellants. We began t o  &em of the advantages of a fuel that would be spontaneously 

lgni t lble  with AT;NA. It would dispense with the need of an ignition system and might burn 
mre satisfactorily w i t h  the oxidizei?. In early February 1942, I Visited the rocket 
mea rch  group at the Naval Engineerin! Experinrent Station at AMapolis, Nwyland, direc- 
ted b) an old friend, L t  , R o b e r t  C. Tram. WNle discussing the problem of RFNA-e;asoUne 
canbustion with Ensign Ray C. St i f f ,  the chemical engLneer of the group, I learned tint he 
had fourd in the chemistry literature a reference to  the property of a n l l i n ~  to  ignite 
spontaneously with ni t r ic  acid. He wondered If it would be of any help 
gasoUne. 

3 add aniline to 
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mlng the overni*t tmn t r i p  fran Antwolis to Deyton, Ohio, It occurred to 
me that we should t ry  replacing gasoline entirely with aniline as a n\el. This ysould coni- 

fcr an er\gine that would not explcde w c t a b l y .  Upon arriving in Ceyton, I sent a 
telegram to surmerfield asking him to t ry  the Idea. When I r e m  t o  Pesadenaa few 
days later, he greeted me with exultation. We had a reliable, storable, liquid prcpellant 

plixlate Ab? carps logistic probklm, but, it Seerned it mI@t be the necessary price to pay 

rocket engine! 

Uquid propellants and the method of operating it-a mtor using spontaneously ignitable 
after the war, I learned tbt h t z  awi his collatmmtors in ~ermerry 

had stmled on what they called hypergolic propcilants at about the saroe tinre. It is 
Interesting t o  note that our patent incltded, other suggestions, the use of bychi- 
zlne as a the1 with nitrogen dioxide. This is the basic cunblnation used i n  the engbes 
conskuceed by the Aerojet General Cmpuration for the Apollo Service MxhiLe, and by the 
Bell Aimraf't Corporation for the Apollo Iru?ar Excursim Module, which so far have p e e  
formed without fail i n  the fvghts of men to the ka~. ?he project initiated research m 
t@razine and its capoun3s in  1945. 

We encountered corsiderable resistance fnm the military semrlces t o  the accept- 
awe of the toxic aniline as a replacerent for gasoline. The A i r  Material cumrend f ina l l y  
gave way M it becarne evident that the A-20A flight tests, scheduled to start within two 
wnths, could not be made without r isk of catastrophe If gasoline was used as a fuel. 
?he Navy Bureau of Aeronautics continued t o  resist the use of aniline by the Annapolis 

group for dmst another year, when a violent explosion that wrecked their nitric acid- 
gasoline test stand made them accept It. 

After carpleting the successfhl fliat tests of the A-20A aircraft equipped with 
two uncooled 1000 lb .  thrust, 25 seconds, RFuA-analine engines were conpleted (cf. Section 
VI),  the project initiated detailed studies of the problem of propellant 3nJection into 
the rocket rotor, a secrch far other spontaneously *table pmpellant cor&inations--euch 
as flrf'uryl alcohol ard nit r ic  acid not containing nitrogen dioxide or "white acid"-and 
of methods of coollng long4uration .mtors and of supplyitlg pmpelhnts by meam of &as 

p r e s s m  and of pwnps (cf. Section V). Work was initiated on the developnent of engines 
utilizing liquid oxygen in October 1942. 23s 249 27 33e outlook of the project on liquid 
pmpellants i n  1943 13 described i n  Referem 28. 

In 1944 studies of m p r q x l l a n t s ,  such as nitrcrnethane and hydrogen peroxide, 
began. I n  1937 Parsm already had listed tetrvritranethantt as a p a i b l e  rocket pro- 
pellant. ?he advantage of a m p r o p e l l a n t  would be a ruch s. p ' ? ~  en@,Ae, since only m 
propellant tank, one pump and one control valve would 3; required. 

I s  conparatively easy t o  hardlt?, it is sensitive rVu tenpciazim. has a tendency t o  explode 
under impact or shock, ;ud is difficult. to  ignite and sust.i+-t? a reizctlm in a canbastion 

Parsans and I fi led a patent an 8 May 1943 for a reactian mtor operable by 

Aith- dtrwnethane 
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To the best of nly lawledge, a satisfactory rocket engine utilizing nitro- 
methane has not been developed. 

was regarded with fear and suspicion by the Project. TNs attitude arose whm 60 powis 
of Hz02 i n  a stainless steel tank exploded i n  the sum It)r of 1944. 'Ihe cause was not 
defllnitely detemhed; however, the sumner atmospheric tenperatwe of about 100°F and the 
possibility of foreign mterial irr the tank dere felt t o  have been contributing 

Hydrogen peroxide, althorn it has found a place i n  p~sentday  rocket technology, 

Solid Propellants 

Although there have been centuries of experience with black pcrwder rockets, and 
several investigators used smokeless powker and bllistite i n  rockets between abcut 1918 
and 1939, none of these rockets had the thrust and duration required for the &cmft 
"superperfommce" applications. Parsons and Foxman in 1938 built  and tested a smokeless 

1 pow?er constant-volw combustion totor sindlar to the one that had been used by Gcddard. 
We concluded after these test; that the mchanical conplications of comtructlng an engine 
using successive inpulses t o  obtain thrust durations of over 10 seconds was inpractical. 
upol~ Parsons' recarmendation, we concentrated our efforts on the development of a mtor 
provided with a restricted burnir,? ; .der  charge t.at would burn at  one end only at can- 
stant pressure t o  provide a con=:- iz t mt. 

device was propelled by a blacK powder charge pressed into a cardboard cmbustjon chmber 
with a conical !mle i n  i ts  center. The gases escaped through a rounded clay orifice. Its 
efficiency was very, very low, but it was reliable. 
believed t o  be the secret that kept the charge froan burning down the sides of the con- 
tainer to  prcduce chamber pressms that  wuld burst t he  container. 
of thrust  of this motor did not exceed about 1 second. 

black m e r  with smokeless pawder were tested i n  1 in. and 3 in. diameter chambers. The 
charge for the 3 In. chanber was mde up of 6 in. long pellets c q r e s s e d  at  a r o d  
u,500 p.s.i. that were coated with various suhstances t o  form a solid or l iquid seal 
between the charge and the w a l l s  of the chamber (Fir-rre 3). 
ber was F E S S ~  directly into the chamber in  mll increments a% pressures between 7,700 
ard 12,000 p.s.1. Mecbdcal 
causes for failures, such as burnine, of the charge on the surface next t o  the w a l !  
because of leakage, transfer of heat dawn the wails sufficient to  i@te the sides of tb? 
charge, and crack- of the c M g e  under combustion pressure, were suspected. However, 
t h e r e  were those who were convinced that the ccmbustion process of a restricted burning 

Parsons started wif i -  t..- ;raditlor!! sky rocket. This type of pyrotechnic 

The conical hole in the charge was 

The longest duration 

During 1939 and 1940, various mixtures based on black powder md mixtures of 

The charge O f  the 1 in. C h a m -  

Most of the tes ts  of these charges ended in an explosion. 
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chrge i n  a rocket motor w a ~  basically unstable. It was only when the vcn i&mhaJ.h  
analysis of the characteristics of the ideel solid propellant rocket motor was Irradr: In the 
sprbg of 1940 (Section 111, that proved the process was stable, that a concentrated 
effort was made tc st- the mechanical causes of failure. 15, 16 

Humhds of tests were then We  With different pcmder ndxtms,  using black 
pasrder as the basic inep.edient, With various loading techniques arrd wlth variou8 motor 
Cgeslt7p. The dependeme of chanbe~ pressure on the rat io  of chamber cross sectian area to 
m a l e  throat m a  was detenrdned for each specific powder ndxture. 

By the spring of 1941 results were sufficiently encouraging t o  schedule flight 
tests of an &?craft equipped with solid propellant rockets specially des- for It. 
(A  alsarssim of the flight tests of the h o u p e  ahplane is given in Sectim VI.)3o The 
p q x l l a n t  charge used in the Ercoupe motors w a s  a type of amide black powder designated 
98 pWI.CIT 27. me 2 lb. charge was pressed Into the am&ustion chambez, which had a 
blotting paper imer, in 22 incremtnts by a plunger with a conical nose shape at a pres- 
sure of 18 tons. The diameter of the charge was 1.75 in. and its length Varied between 
10 and 11 in. The mota-  was designed t o  deliver about 28 lb. thrust far about 12 seconds 
~Flgures ll(a) and IUb)). EXghteen rocket motors were dellvered every other day for the 
u t  tests at March Held, California, about an hour’s drive fmn the b j e c t .  rxlrlng 
the first phase of the flight tes ts  one motor failed explosively In a s ta t ic  test and one 
vrhile the EFCCUPS ~ 8 8  in icJ r i  mgw. %ereaft=, 152 motors  ere used in s~cessim 
without explosive failure. ‘ihe motors were prepared by Parsons, %m, an3 Fred 
rtHller. 30 

It was most fortunato that the fl ight tests wen srried out close to the loca- 
tdm of the Rwject, which permitted the rocket mtors to  be fired within a few days from 
tb  tinre they were charfwl with propellant. Following the fllght tests,  it- was fourd that 
after the mtors were t.:pxed t o  slmlated storage an3 temperature cadi t ions over several 
days they exploded in mt cases. It was evident that either the blotting paper Urrer or 
the mechanical characteristics of the propellant w e r e  unsatisfactory. But the Navy 
Department regarded the successful Ercoupe tests with mch interest frcm the point of view 
of application of rockets for the assisted take-off of aircraft  frun aircraft carriers. 
Upcn the urghg of Lt.  C. F. Flscher of the wuleau of Aercnautls, who had witnessed the 
teste a contract was placed by the Navy wlth the ho jec t  i n  early 1942 for the deveiop- 
mt of a 200 lb. thrust, 8 second unit. The mlt was designated by the ?icmnym JATO for 
Jet Assisted Take-off, ard tNs designation is stl l l  used, 

l h l s  Navy contract came In the midst of the explosive fai l i is  of the JATO mtt 
developed for the Ercoupe tests. All efforts t o  improve the amide-black powder prgc lLent  
and loading tecMques of the motor developed for the Ercoupe tests failed t o  mt ~ p e -  

c l f led st- conditions ranging fran Alaska to kfrica. Investigations of mtora using 
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a. 
b. 

C. 

d. 

e. 

f .  

i3. 

sers l t lvi ty  of the Fpppeuant to 8&lene teuperature 
Ccnbustlm pressure Umlt belw which the pmpllant burrrs in an irmgulm 
m r .  
Ccnim3tlon pressure limit abuve which the propellaplt bcans In an unpredictable 
I118mer. 

canbiustlm. 

stcirage characterlstlcs of +& pmpt?llant charge Rpm t k  point of view of 
ninimm and maXimm &lent teapemtures dllowed and possible decoaposltlin of 
the propellant with pro- storagp. 
Ignitla- tenperatutv of the prqellant. 
Fhte of burxbg of the PMpellant as fbnctlon of the cathstim pressure. 
Rerfcamzurce Lha-aterlstfss of the pmpellmt to pmhtce rocket thrwt. 
The @wat pmgress rnxk In the sclentlfic des- of solid .rrpellant rocket 

mtors fi, C a r p a F i S c n  with the €lfpirical, t radi t ld ,  method used in prevlars centtlr.k?s 
can be appleclated by refermce to the text "Jet ~ ~ l m w 2  prepar& for the course at 
Caltech at the request of the Air lkclmlcal service carmand in 1943 and ccntirrued in 
follculng years (cf. Section IX). The developnent of the solid propellant JA'R) unit 
shawed that f3r mny appllcatlorrs It was superior to liquid propellant errgines; because of 
its sinpl lc l ty  and re l iabi l i ty .  The debate on the superiority of solld vs. llquid pt'o- 
pelht  mckt engines far boosters of space veMcles still rages today. 
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would 1 -e& at a pressure below the bursting pressure of the chanber. '&e volrmre and 
shape of the chanber arrl themode of injecting RFNA and gas- into it to obtainregu- 
lar, e m c i e n t  c a b w t i o n  had t o  be debemimd as well as the method of obtahlng ipplitim. 

?he fYrst type tested had an inpirging-stream injector with faur orlflces in a 
flat plate two for RRiA and two fcr gmlhe, and a spark plug for Qmlticn. Since t h  
motor ln  a JATO unit would be placed in a Mmtal positicn, it WBS so tested. Wree 
motm were tried ard all fai led explosively. The third one, in My 1941, set fbe to thc 
railroad ties that rnade up the sides of the test p i t  md caused ccmiderable draraepe to the 
test equipent. The test p i t s  of the h j e c t  were deliberately built facing b x u s h - c o e  
hillsides In  crder to stop jets and f l y ing  metal .  Tbe brush, which durlng the hg, dry 

southern Wfmnia  searson is highly flannrable, was cleared near the pi ts .  But we were 
constantly mrried that one day the brush higher up would W t e  b a big nind and +hat 
the fire U d  race up the mau?tains tanard the W,. Wilsan Obsematmy above us. A fire 
did m e  break mt, but It was stopped w l t h  the help of a l l  hands at the Project. A 
sprinkler system was then installed cli the hlllsfcles and r1o further brush fltps -led 
us. 
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me ilmpe&y of arriline to a t e  Upcm ccntact with nitric acid mtly SjBpU- 

fled moecp. des*. Araillary iepliticn laethods could be aspens4 anth, ani the danger of 
mqellant accurulnta in Large quantities in a mounted mtar VBS avoided- 
provided the plropellant COnpaKnts arpived s l l l u l ~ l y  at an appappriate miXl3RE ratio. 
me - IBlitAcm lagwkn milim comes into contact with RFNA, ccmprrred to gasoline, 
greatly helped to miuce throbbirg and eliudmteci ule destructive buildup of pulses. lIlhe 
inpcrtance of qmtamwily mtirg chepacal~, or -UC" pmpellants (a ~erman 

tend, fm rocket engines opened up an aspect of chendcal =search that had been even 
very l i t t l e  attention in the past and this r e m h  contpibuted to  a better tnrrherst-miirg 
of the kinetics of chencfcal reactions. 

The liquid r-q.x?llant J A l D  tlnit pmp, cmsist- of Sumaerf'leld, Eareu a& 
E. G. CIDfcl. :ncorpaMted the RIWnillne cambination Into a revised deslgn. It was 
fowl that m*anmnce specificatim established fw the io0 lb. thrust mtor us- tk 
stombld pq)e2lants could be mt by an injectm with cnly four pa3.m of inp- 

streans. Ebr 'he A-20A flight tests, 110 attempt was nrade to woduce a li@twelght rnit 
but rather eff'ort was mcentmted cn rnllability id Wety.  Ihe tal l  surfaces of the 
air;.& were est-ted to be 
miultest in the nacelle tail cones, &IT? there was also sufficient space for the two pro- 
pellant tanks and flm contml valves. standacd camrercial nitmgen tanks and p s s m  
regulators were b t a l l e d  In the m l a g e  togpther with controls far star t ing  and stopping 
the larits, cperable by a mechrrmic in the rear @mer's cockpit upon instructlam f'ran the 
pilot.16s 37 A view of the instduatlon in om of the nacelles is shown In Ffgure 14. 
The motor was rmmted on slldes and provided nith hydraullc jacks, so that If an exploslcn 
separated the exhaust mnzle block, the ~vmairder of the mtor would not inpase too m a t  
a shock on the &raft rmcelle structure. 

?he two JATO unlts perfom& satisfactorily durlng 44 successive firings a? the 
A-20A. prcgellant contml valves, which were b&aullcally operated, and the check 

emugh to clear exhaust Jets rrhen the mtcm wen? 
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been spent! I Qmt  remm&mtdm flew to the Mr Haterial coasaend, Vri&h Held, ma 
Qllo, to get m xm5y, but it w88 QtairYd. I was then prqmtng f b r 1 1 3 ( y  kro-yem leim? 
of absence fhYncaltech to 
at wmx, and I 
h& 0. As I this e mQ+f'Stn, later, I Bm ail1 in m a  

where I have been occupied s h e  1953 wlth -tal international cocperatia In 
astmnautics ard viaual flne art. 

the ProJect: the gas pressure feed qstexn using stored air or nitrogen i n  tanks at amutxl 

to &is to uork for htematicnal Sclentmc fxoperatla 
turning atfermvibillty f a a . t h e ~ t i m  of JPL to w -a 

Rapellant Feed system. Ihe follovlng types of feed systems wem studied by 

2Ooo P.S.1.) and usirrg gas generators; Centr.lf\rgal purps with various Mves; a& the! 
Centrojet primiple proposed Q: AeroJet. 
sively kavy if thrust dwatioas eXW~.rlg about bo secuds are lvqulnd, aIXl I f  carbus- 

t ion pressures hI&ler than 30 p.a.1. are desired to obtain better specific Inpulse. 

38 me system uslm 8- gas bewsles exces- 

Ime 
idea of providing gas at pressure by mans o f  a cheadcal reaction to  replace storage tanks 
sow3ed very gmd and, beginni.Ile; in 1982, cansiderable eff'art w ~ e  mzuk to ckvelop it; 
hanever, a practical system wa8 not achieved by the end of 1946. 

Ir. 1942, the Project began the dewlapnent of high speed centrift@ punps. A 
satisfactory 10,ooO r.p.m. aniline plnp delivering 20 gallons per mlnute at 900 p.s.1. 
was developed in  1943. Tkre constructIan of a nitric acid puap pnwed to be m\ch mm? 
dipMcult because of the special mterials this oxidizer requ3.m~. Drives sdch as elec- 

2, 23 L 24 

tr ic motam and gas turbines were also investlgated.*a 38 
The Project undertook to test for krojet, during the sums of 1943, two 

umsual praposals far supply- propellant ta a lcng-duration rocket motor (30 lldnutes at 
idling thrust, 5 minutes at full thrust). The first would obtain parp drive from rotat- 
ing rocket motors mounted so that a ccnpollent of thrust would be made available far 
dell- torque - the system was called a tbtojet. Ihe second used the principle ,f +& 
Rotqjet wlth a built-in centrifugal putp. A single carbustion chanter was equipped w i t h  
nultiple angled exhaust nozzles. Cooling passages around the cha&er walls served as 
punping ducts when tk whole assa&ly rutated-the syztem was called a Centrojet. 
SumETfield, at that time QI leave fFan the F'm,ject, supervised the pmgrm at -..jet. 
He believed that these systenrs were mainly the result of the i n t e rac t l a  of the ndrds of 
William Van Dcnn and Wal- !+layer. It was decided t o  try thexi after a cornnittee that 
included van Kanm and %ien asserted that they were the lieWest and mt efficient 
approaches, aft= revicwhg a 3eries of analytical studies of carpetitive s c k m s .  (mse 
included: gmollne-englne crrlven prnps, a gas turbine drive, a prcqellant steam jet ptlmp, 
a direct canbustion gas prrssurizatim scheme, etc. The surviving scharre today is the 
mllant &as turbine Q l i ~ e .  It w a ~  used ~ u ~ ~ e ~ s f i l l y  first by the O e m  V-2 g r a r ~  in 
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1938 but this WBS not kncm t o  us.) Mels of the Rotojet and Centmet  were constnrcted, 
but tests &wed that, although the two systems worked in principle, the mechanical dif- 
ficulties encamtered were 80 great 
practice. 2,40,41 

that there wa8 little for them in 

I pointed out earUer that the prngrm of the FMJect was to develop solid and/ 
or liquid pmpellant rocket engirres fm application to the "superperformnce" of lard- 
planes, inciL**lb racket assisted take-off, and rbnonmlly large accelerations and 
increased flight velocities or rates of c lbb far only short periods of tlme. 2he pro- 
gram was lanazched cn tk basis of prellmlnary studies of the v a l i d i t y  of us- rocket 

a detailed analysis of the effect of auxiliary rocket prupulsian on landplane p e r f o m  

PCMUXl' nraster's thesis.43 l h e  predictions &e by these analyses awaited experlmntal 
verificatian. 

far these p e s .  uB l2 C. B. Mllllkan~a~xl H. J. Stewart in  January 1941 made 

A s u p . l p l e  analysis waa mde by C. F. Fischer, a Navy officer, for his 

&coupe Fli@t Tests With Solid Propellant JA!LD Units 

A nrezsage was sent t o  the Air Corps in the spring of 1941 that we =re ready 
for flight tests of an aircraft equipped with solid propellant JAWS each rlelivering 
atmrd 28 Ib. thrust far about I2 secmds (cf. Section 111). The Air htei? .al Carmand 
selected the Ercoupe law-wlng monoplane, bearing the des lmt ion  YO-55, for the tests and 
selected Maner A. h h e y ,  Jr. (then a C a p t a i n )  as the test pilot. Boushey in 1941 was 
doing graduate work at GALCIT and also acted as lidson off icw between the AAF and the 
Project. An analysis of the performince arrd flight characteristics of the @coupe and 
of the manner of installing rmltiple JAVI units desl@ed by the Project was mde by 

44 C, F. Danteq and P. H. Dane of the Air Corps, as thelr G A t c I T  rraster'3 thesis. 

of July 1941, where modifications were made for installing the JA'POS. l h e  flight test 
grarp consisted of the following: 
F. S. Miller and myself, as director of the tests; (AAF personnel) a p t .  H. t .  bushey, 
Jr., ($1. R. €hll ton md Pvt. Kobe (Figure 15). Von K&& and C. B. Millikan joined the 
croup at varioue stages of the pmgram and saw! of the tests were witnessed by W. 4r. 
lhrmt, chairman of N.A.C.A. Jet propuLsim Cannittee, ard Fischer of the f3ureau of 
Aercmutics of the Nary Departmnt. 

crwn i n  Figure 16 with three JA?Ds installed 

under the wing an each side of the fw - ge (f f. Figure 11). Each JATO was mounted on 

The Erccupe was flown fran Daytan, Ohio t o  Mamh Field, California, at the end 

(Project perscmel) J. '4. Parsans, E. S. F o m ,  

30 

A R m t  view of the Ercoupe is 























effect of the rocket Jet  upcm cadtation. A special solid propellant and mtar wm? 
des- by the PrqJect for the fbll-scale k@roba& that would withstand water inpact 

when the missile waz launch& up to speeds of 400 m.p.h. Lamddrg tests wee ma& at 
the Tbrpedo Lamchhg Range developed by Caltech far the Navy at Morris Dmn, 
CaLlfarnLa. 50, 51 

It became evident in 1941, following the successful flight tests of the &coupe 
and With good m s  being made in the developnent of a liquid-pmpellmt JAlO, that 
steps would soon have to be ;;aken fm the prpductim of JA!Rk for the A i r  FWce and the 
Navy. Caltech, being an ins t i tu t im for educatia? and basic research, did not appear t o  
us to be appqwiate far urrlert&ing ergimmr- dewlqmnt a& pmductian on a large 
scale. -, I shared the opinion of Parsons and Fonnen that after the effwts we 
?-a &e e the prevlars five years we s i m l d  participate in the exploitation of cur 
ideas. I prcpwed to van K&& in Septe&er 1941 tkt we try to initiate the production 
phase of rccket engines, and fouxl him sytqxtthetic. He pointed out that since he and I 
were mmbers of the faculty of Caltach, there probably would be objecticns mde to our 
becardng businessmen and there certainly we= sane. Robert A. MiLillikan, with his  usual 
broad outlook, expressed mcern as to  whether we could manage a carmercial Organizatim 
SuccessfUlly . 

To minimize these cb jec t im ,  the first plan was to try to get an existing air- 
craft carparly t o  set up a rocket engim division, w i t h  a special a r r m p m n t  for  our  pa^ 

ticipation in its mrk a d  in the sharing of profits. von iGrll&l describes in sum detail 
in his a u t o b i w  these u~~wcessU efforts. W e r s  of the &?craft industry in 
Southern California foresaw no future for rocket propulsion! !hen, upon the counsel of 
Andrew G. m y ,  von Kkdn's attorney, we decided to found a ccmpany of our am, after a 
favorable discussion of the idea with General Frank C. Carroll at Urlght Field.5* The 
-jet wring ccffporatlon, now called the Aerojet4lemral Ccrpmatim, was organized 
at the end of 1941 and fornrclly incarporated on March 19, 1942, with the following offi- 
cers: Vm K h & ,  President and M m t o r ;  Mallna, Treasurer a d  Director; Haley, Secretary 
and Dlrectar; Parsons, Fornrrn and Surmerfield, Vice-Presidents. Our first capital contri- 
bution t o  the c w  mounted t o  $200 each. Those of us who held paterits ass- them 
to the canparly. 

It was M easy mtter to decide who of those c m c t e d  With the h J e c t  should 
be invited to join us in the venture. After the carpany was underway, C. B. Mlllkan 
especially f e l t  left out. A year la te r  we decided to offer him sane shares for purchase, 
whlch he bought, and then he actively dded with the develqment of the caqmy. Parsons, 
S m r f l e l d  and Farmen, by the end of 1942, spent wch of their t h e  at  AemJet, assisting 

9 



vdth the trensition frun the experlmntal stage t o  pilot  scale cmd t o  full-scale produc- 
tim of s a d  and Uquld-propellant JATD unlts. In Septenaer, Haley bok over as presi- 
dent of the ocmgarur a d  71033 K A d n  and 1 again concentrated OUT efforts on the continually 
expmdlng program at the JPL Alr Corps R-oject. 

becariLng bushswren. Von K&mh has the following story In his au t~b loe reP t J~ .~  We 
received WCBd fxwn Wright Field that the Air Farce had decided not t o  renew the flrst can- 
tract of m e t  for llquld-prcpllant JAMS. Sanewhat armyed, he atld I flew to  Washkd- 
ton, D.C., to tlnd out vhat was wrong. hr old Mend, General Ben Chldlaw, told him in 

gDmr to advise us what to do in science. The derby hat of the businessmn does mt befit 

TNS changeover was pmnpted, in part, by the attitude of the AAF t o  our 

larcertaln terms the follawing: "we llke you very mch, Doctor, but only In cap and 

YOU." 

Ihe problem of "hatsn haunted us during the next years. A t  this time, vm 
% d n  and I wen? actually alternat- three hats - we were on the staff at Caltech, at  the 
govenmentally-auned JPL operated by Caltech, as w e l l  as officers of Aerojet. A& v m  

K 6 d n  had several other hts; for exanple, he was retained as a consultant by the 
Northmp Aircraft canparot. Ihe mre stremous objections to posslbillties of our having 
confllctlng Interests, however, were soft-pedalled because there were so few quallfled 
persons in the country to deal with the required expansion of llocket prcpulsion develop- 
ment and production. Close technical U s o n  was malntaimd between the Project and 
-jet unt i l  1944 when the General Tlre and Rubber C w  bou@t a majority lnlxmst 
in Aemjet from the faader shareholders. This sale was farced upon us because, as the 
govenment told us, we had by then the lawest ratio of Invested capltal t o  amtracts of 
any compwy In the country. TlErem, the canparly concentrated me and m3zp c(1 pro- 
duction rather than development ad its relations with JPL became mre arxi more tenuam. 

M. JET PRDPUISION EDU%ATION 

In 1943 von K&&n organleed at Caltech for the AAF l%terlal Canmnd, the Mrst 
graduate c a m e  in Je t  propulsion erglneerlng i n  the U.S.A., u t i l i d r g  the staffs at 
0AU;TT and JPL. The c a m e ,  at flrst, was Umlted to officers of the Arnly and Navy, but 
later opened to selected civillan s tdents .  Lectures in the course were collected In 1946 
by the Air Technical Service Canmnd under the t i t le  "Jet Pmpul~iOn".~  ?he 79- 
volune WBB edited by Tsien and contained contributions h: P. Cha&e, J. V. Charyk, 
L. 
M. 
H. 

in 

0 ,  DLm, A. Hollander, N. Icaplan, T h e  Van F. J. -8 C. B e  MIlllkan, 
M. Mllls, A, J. Phelan, W. D. m e ,  H. S. Selfert, H. J. Stewart, R. F. T'tuqpn and 
S. Tsien. 

the U.S.A. L. the developnt  of jet pmpulsIop1 e m s  of various types on a fin 
ThifJ v o l w  exNbits, especially, the -at progress trade between 1939 and 1946 



scientific basis. Ihe m u l a r  conception hau been buil t  up that develapments during thls 
period in Nazi Gemmy far outdistanced American results of research cn the hadamentals 
of rocket propulsion. That ccncepticn I s  false, f a r  when we studied G e m  developmts 
after the war we f0ut-d that, as far as liquid propellant rocket engines were ccncerned, 

they had mm? experience only with the practical aspects of large-thrust ILu[ engines. 
Developnents in the U.S.A. of composite long-duratlon solid-propllant emnes were mch 
m0p"e advanced. The terrdency in the U.S.A. to worship prophets from afar was well demok 
strated in the case of rocket propulsion developments during this period, w l t h  some 
LIIlhappy historical effects. 

as 1*egards GpL. Sane of the problems uere brought t o  the fore by von Kk6n in a m?n+ 
orandrrm he prepared i n  1944 for the conslderatlm of the Caltech hvstees on the possl- 

b i l i t i e s  of the establlshnent of a Jet propulslcn Laboratory owned by C a l t e ~ h . ~ ~  Van 
K 6 d n  succLeeded i n  convincing Caltech to accept the 
Department, with concurrence of the AAF, t o  irltiate the first research p- on 
lq-range rocket missiles in the U .S . !L~~  He was, however, also concerned with the post- 
war fitme of jet propulsion research on a p e m n t  basis. He wrote: "It has now b e c e  
h m m  that one of the great charbes In aviaticn equipnent introduced by wartime research 
w i l l  consist In the use of jet propulsim as motive power. The present jet propulsion 
equipment is yet  of a. rathei crude nature. However, certain very defwte results have 
been obtained and promise wide posslbllityes of application both In mill tary and civil ian 
avlatlon. 

Von &An, Sumnerfield, Tsien, and the author performed a carparative study of 
jet propulsion systems as applied t3  rnisalles and transonic aircraft during the Winter of 
1944. We carrpared solid and liquid pmpellant rocket engines, and thermal jet engines 
such as the aeropulse, met ,  ard turbojet for Various applicat1cns.~5 Under the con- 

tracts with the AAF and the Ordnance Department, the Laboratory soon Involved itself with 
research on the full spectrwn of jet pmpalsion engines. What is mre, JPL became the 
largest single operation to be adrnlnlstrated by Caltech. ?he work I Initiated with the 
GALCIT Rocket Researdh Project In 1936 had blossomed within emt years into a major 
activity of the Institute. The mny pmblerns arising fran a private educational and 
research institution administratirg large scale research for the gover .mt  and for m l l l -  
tary applications after the war, rargirq f'run using the staff of Caltech an such research, 
to allowlng its staff llEmbers to  becane involved i n  industry, and t o  Introduchg witliln 
t h e  curriculum the subject of jet propulsicn engines, were a l l  upm us. 

the AAF Sclentlflc Advisory Grmp In Washlngtm, D,C,' mine; 1945, I &voted rn and 
nrm time t o  the problems of the  CKl techJPL relatlonshlp. I submitted, In Navenber 1945, 
a memcrrandum on the future of jet prcpulsion research at C a l t e ~ h . ~ ~  

The approaching end of World W a r  I1 posed serious policy decisions fw Caltech 

contract w i t h  the Onjnance 

Von K&m& took a leave of absence frun Caltech a t  the errd of 1944 t o  establish 

prlnnry objective 
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was t o  ~ s s i i  the survival of JPL within the stmcture of the Institute. To this end, I 
~ooposed that the Imt i tu te  establish a Departmnt of Jet Propulsim Ehgineering, with 
its own funds, and that JPL be aperated as a govenment f'acility undw the new department. 
'h? start- point of the department would have been ti%? gmdmte Jet Fropulsicn Course 
begun in 1943. Although the prqmsals I submitted w e r e  not adopted in the way I envisaged, 
Je t  propibiccl engheerlng education and research were arm ed t o  Caltech's progrem, ami 
JPL contirxled with a surewhat mre tenuous link t o  the Institute. 

Berlceley, Callfmda an February 22, ~ 4 6 , ~ ~  I discussed the affect upcpl engineering 
education of jet propulsion and the beglmlngs of astrmautlcs, and concludfd with the 
following statmt: "It appears t.bt j e t  propulsion developnents have served, in sane 
measure, t o  increase the present pressure for a careful evaluatim of the curricula atxi 
general sp i r i t  of engineering education. The need fw men tralned as research engineers 
to aid in brim the %rp between scientific research and u s e m  applicaticn of new 
knowledge of mtwe has been critically appreciated hy those given the responsibility for 
carrylng out d i f f i cu l t  phases of an urgently ne-?ed developn- durbg the war." 

A t  a meeting of the Society for the Prcmotion of €&@neem Education at 

I lodc fward to the oppmtunlty of presenting at a future synposlun of the 
International Academy of Astronautics qy third arxl last Jet propulsion Laboratory mlr. 
It will  deal With the WIT Project, fran its inception in 1944 t o  the end of 1946. It 
was the first long-range rocket ndssile research undertaken in the U.S.A. and It also 

permitted resunptian of rocket research far space exploration initiated at Caltech in 1936. 

Parts of this m d r ,  and fran &or@ hmersm i n  collecting photographs, is highly 

appreciated. 

The help I received fKm WIn Smmrfield and Walter B. Powell on technical 

1. F, J. Malina, 'b i r  on the GALCIT Rocket Research Project, 1936-38,"Proc. lst Int. 
S m .  on the History 
srrdthsctlian Inst i tut i  eering and Science 
(Caltech) 31, (1968). 

A reference text pmpared by 
the staffs of the Guggenhelm Aeronautical Laboratory and JPMALCIT f o r  the Air TecMcal 
Service comnand. (Wubllshed)b 

tics (Washington, D.C.: 

2, "Jet Propulslon,"Ed. Hsue-Shen Tsien, JPLGALCIT, 1946. 

3. %search and Development at the Jet Propulsion Iabratory. Prepared by Roger Stanton 
for release to  the press on 22 June 1946, Calif. Inst. of Tech. 
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The @dance of launchvehicles and spacecraft can be subdlvlded into two 
partial objectives: a) stabilize the spacecraft ln the direction of Its fll@&, and 
b) c a r q  out the mvigatlcm or fU@t contml h t l m  enab- spacecraft to reach their 
destination. aKse also smke possible the navigation, &dance and flight -1 of 
txmventianal airliners, 90 it is m mnder that In 1939 t k  first xmcket @dance system, 

stabilization systems of shtps. Ixlring the fl- of mlsslles, however, flight reglms 
B1p I.eached w h x !  the air density becanres too law to pmvlde stllulg emugh aer0dYnam;ic 
forces and mrments for stablllzation and fl- path wing. Rrerefore, a r t i f i c i a l  dsnp 
ing modes have to  be Introduced to ccapensate for the inperfections of the @ddance cclrpo- 
nents, of radio slgml dlsturbames and related canplicatlans, as rre l l  as tk - 
variations they cause. This necessity led to the Introdtaction of reacttan conto1 systems 
and electIonic @dance coaponents which could better pzlovide the needed a d d i t i d  
correctio3ts. 

closely to the techn4ues of airplane flwt cmtml ad!?$ am3 +h ineFtial 

path 

With the Increase in fllght altitude above the Farth's surf8ce, and of the pre- 
sence of epgvlmetrlc a m m l l t s  In the gravitational field of th? Earth, housever, these 
measuzlements are insumcient.  They the lntmductlcn of a mference systen 
independant of such amrnalies t o  secure the exact definition of the fllght path, and the 
I n s t a n W ~ ~ ~ ,  true positian of a launch vehlcle or spacecraft, respectively. T h s ,  ax! 
mtst either lntmduce an inertial meELslxping system or apply precise and reliable gmmi 

tracking of the spacecraft ur launch vehicle position, o r  conbine both of these methods. 

+R-esented at tne Sixth History Synposium of the Interrational Academy of 
AstmnautAcsp V i e m a ,  Austria, October 19'72. 

*President, New Mexico Research Institute, Inc., Ahmgordo, New hkxlco. 



The Mm;t cBIzdidate for the solution of this problem imrolved hrtker develop 
Ent of gyro statr3lization techlqws to obtaln a t w  Feference system that is 
apace-fixed and not d e m t  on contlmous tracldng of tk pmJectlle or spacecraft 
psl t ion,  OF, t~ C J ; ~  words, is iniependant of the gravity-fleld variations. 
tbmelves, 'arm acc:ccmplish this. Qle has also to be able t o  follow the state of the 
m t h  of tire I- '2FetlEe system In the spacecraft In mlatim to its three inertial motion 
axe!a arrd tm ita three rotatiuml axes, In arder t o  be able t o  describe precisely ttre 
trajectory m fllgm path of the launch vehicle or spececraft. This can be accarplished 
either w i t h  knly-flxed gyros installed In the pmJectlle t o  measure rotations errd mta- 
t t a m l  rates of tle mference axes of the veh lc l egs  this is done cawentionally In a l ~  
p h s - - o r  with I &pent to mQlitor the mbtions In the directlms of the body-f'ixed axes 
w i t h  integrating iccelemmAers ttat by two fold lntegmtion of the acceleration, describe 
tk respective d!stames trawlled In the directions of the axes inertial axes. Bec.ause, 
at the sank' time ulth these motions, rotations can take place, and tk detemhation of 
the act;lal tmjectory beccm?s very campllcated and requires ext-ly precise calcula- 
tions. chly durhg the past decade has this been satisfactorily achieved by on-boatd 
digital camputers, without a&iing too nuch to the we- of ballistic and spacecraft 

vlehlcles. b e e r ,  oshere the control system prevents the rotatian of two of the axes, 
and the rotation of the tm axis -ts to less then 1800, the task of the cmtlloi 
systan to  keer, the devhtion for the two lateral axes t o  a nrinimm, for balllst ic missiles 
particularly, a substantial sinpllflcation can be achieved. 

ballist ic mlsslle 
and launch vedcle trejectorles, ard can perfom the carrections for indicated deviations 
fYan the standard fllght pa-. after th? Separatia? Rpm the launch vehlcle using the 
spacecraft iwrtial guidance system. Ftussian launch vehicles, as well as the Saturn 
system, apply tMs solution. The Saturn system has a t r iple  glnbaled inex.tlal platform, 
an which, besides stabilizing gyms, three velocbreters with Integrators also ($era*. 

and repor,ed to tire flgltal launch vehicle control ccnplter, TNs system mkes positlon 
and trajectory guidwlce aV8UiF-e fYan tlre same teference system, But for tk present, 
let us =turn to tk hls trn  of these systems. 

The rassi t :  o create a new reference system fixed In space and lmiepenlent 
of Earth reference : Ants caused Rpfessor Schuler, In Ooettlngen, for the first time to 
propose a sterbilLd ship gym platform, t o  guide ships for long periods, irdepetrient of 
the mtlon of the sea and also durlng darkness and absence of v i s i b i l i t y  of tk stars, on 
a constant, precalculated course. Such ship gyros vnm developed according t o  Scbder's 
pqxmlrs, under the directtoll of Captain Boykow, by the Krleselgeraete A.Q. in Berlin, 
and Introduced I n t o  mj lme navlgatlon. Since the gyro Etains Its rotational plane 

m, by 

Thl i Last described tecMque can be applied t o  

In th? Of tb Saturn 8yStem, the @ & l - ~ i t ' - * I S  B I * ~  with -tal PIC~CUPS 
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Fkqulremnts for the A 4  Fllght Caatml System 

when the first bal l is t ic  missiles were developed at Feenemende in parmerania, 

IwrtidL @dance systems were not far enough advanced to take over the guidance task of 
the A 4  mlsslles. However, the powered t m e c t o r i e s  of' these missiles lasted only sixty- 
seven seconds, as contrasted with launch vehlcles deslgted t o  deliver satellites o r  space- 

c m ,  ad so imde the use of Inertial @dance conponents less pmblemtic. The pawered 

p o r t i c ~ s  of the u t  were subject t o  h5.gt-1 accelerations, c- the problem of 
systems emrs,  but the sbrt time of powered fllght in tenns of error bulld-up for f Y r s t  
.mi seccrrd Integrals of the acceleration made these effects less severe. Therefore, it 
agpeared possible t o  use a c c e l e m t e r s  in an inertial reference system, pemdtting 
M i i s t i c  missiles t o  becane Mependant of fixed radio @dance stations. 

The A-4 @.dance system establ iskd the kun-out location of the A-4 porserplant 
at ajout 38-km altitude. 'be altitude tolerance as w e l l  as the velocity vector tolerance 
hac? t o  be small f?llough t o  lirnit the dispemim of the inpact location. We sought t o  f l y  
the missile along a precanputed optimmt trajectory Without guidance a x l  contml err:%, 
allowing Impact at the des- range and direction (ball ist ic trajectory). The accuracies 
of the canponents of the @dance equlpnent and the thrust dispersions of the powerplant, 
Including weather d i e s ,  led to  e three S Q p  dispersion of less than one tenth of a 
percent of the range for the various guidance and propulsion cut-off techiques urx3er 

consideration. In practice errors do exist, and the propulsion schedule is not perfectly 
Imlntained. The accuracy of the powerplant cu td f f  velocity deperds on the absolute 
thmst level of the rocket engine, of the closing velocity of tb fuel Inlet valves, of 
the hydraulic resistance of the fuel lines and Injection tiozzles between the valves and 
the conJ3ustion chamber, and also of the bdraulic resistance of the cooling jacket of the 
rocket engine, to  name a few of the more Important contributors t o  thrust dispersions. 
These factors, besides nozzles exit resistance, W y  influence the execution time-delay 
of the cut-off s&pal fram the burnout velocity control subsystan of the guidance and 
navigation system t o  the powerplant of the missile, and &e thrust decay a function of 
time. 'Die latter therefore I s  subJect t o  dispersions. To this dispersim one must add 
the value of the uncertainty of velocity and altitude determination of the cut-off point, 
caused by cumdative errors of the control, guidance, and navigation system itself. 

budget within which the various potential error source ~ g n g e s  have to  be listed an3 con- 
firmed by tests.  The dispersion tolerances can be established by mechanical inpmvements 
and selective groupings of interacting subsystems. 
of new he1 valves of extremely s h r t  reaction times achieved the desired minifiapn 

To assess the magnitude of the initial errors, one has t o  establish an error 

In the case of the A d  tk developrrent 
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dispersion of the ?nmmut velocity. lk effectively suwivided the velocity c u t 4 Y  pro- 
cess into two stages: with a pre-cutoff s-, the thrust was zleduced hpm 30 t o  8 tons, 
resultlrtg in a small msidual loqgitudindl acceleration, c a u s a  the missile to "creep" 
towards the mmal cut-off velocity. This sieplal was followed by the main cut-off signal 
which entirely terminated the thrust. The acceleration then went t h u g h  zero, ard th? 
alt i tuae ani direction of the velocity vector asslpIlled a mean tai l+ff  value. A l l  the 
cut-off errors rerraining at this point muld retaln the inpact point including wind dis- 
persL-w during the reentry of the pmjectile within tk acceptable dlspersicm range 
(- .iZ of range for longituilnal and lateral displacetent). This requirement still exists 
today !'or the delivery of spacecraft or payloads In to  a chosen orbit, but the rqu i red 
tolerances needed t o  meet the desired target accuracy of the ephemeris data would have t o  
b e c d  still nuch miller. 

ue sought t o  Inprove the weight of 
maritinre gyro platforms, and of artiMcfal brlzons and directional gyros of aircraft. 
?he latter cctlsisted of gyros of tm degrees of M a n .  There were m operational 
accelemneters possessing the requLred accmies  to meet the A d  tolerance okjectives. 
(kmsidering the accelerations In powered fllght, the gyro horizons produced the desired 
accuracies only if the erection perk3uI.a were activated, while the resulting gyro drift 
rates becane intolerably high whenever the erection system was tumd off. These methods 
therefore requlmd nrodiflcations t o  elimirate the described disadvantages and pdt th? 
nraintenance of the local vertical autumtically in lner t la l  space. 

Other methods t o  accanpllsh the task involved radio tracidng arxl radio @dance 
nre tbds .  They allowed flight velocity and direction t o  be ccntlnuously measured and 
updated. Theoretical investigations showed tfiat the radius vector velocity parallel to 
the burnout point tangent on the fllght path, measu i i  by the doppler velocity between a 
transmitted signal and its return from the missile, mi ld  accarpllsh this. A slgml 
transmitter on the grcund, a highly stable transmitter of equal frequency on board, syn- 
chronized before take-off, achieved this. Use of this tecMque required a frequency 
bridge of a low time constant and hlgh precision to  obtain the necessary accuracy wlthout 
Intolerable s l g a l  infidelity. High measurlng accuracy and extremely low t h e  constants 
are normally diametrically opposing qualities. In the case of achievenrent of this rather 
difficult  objective, the "beat-fi.equency" between the two sieplal sources would be the 
velocity vector fran the ground transmitter t o  the fly- missile. Arrther analysis 
sbwed that the two transmitter solutim required a high degree of f'requency s t a b i l i t y  
between the tho transmitters t o  lllake this methcd wrkable. However, a solution, multiply- 
ing the R.equency received on the ground ard r e t r a n d t t l n g  on th? new frequency, while 
the gmunri-transmitter canpared the a m  returned wlth the grourd multiplied f'requency, 
achieved its objective. In this case, the otherwise unavoidable frequency drift between 
two transmitters was avoided and this method was adopted in  practice. 

l'b solve the cut-off problem at 
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lhis mcwrcrd did not pezrmit the detemimtion of the actllal altitude or of the 
lateral displacearent of tk mcket vehicle.’ Adbitiol.lal range meawtring equipnent, placed 
in dimetian of th rzigM path plane and lateml t o  it, was needed t o  provide t h i s  data. 
Use of rcdio-llaviggtion equipmt would also make it possible to measure tk deviation 
i’lrom tk u t  path plane, and, if combined with range Easupemylt (as with a radar), 
provide also the appmxlmte position and velocity In space. Additional gyros would 
therefore pennit b@twem?nt of all measured data by the lntruductian of‘ corrections. 

In fall of 1939, we decided to  begin developnmt of several A 4  flight path 
detenninaticm and mDnitorw tectnlques based cn the use of gyro am3 Inertial references 
as well as of electraric ignging ard tracking equlpmmt, us- c~lcurrent slngle am3 
lailtiple lntegratian of fllght path accelerations to coapute Instantaneous velocity and 
mge vectors. We chose this approach because it was not obviaus which of the considered 
methods or Canairrations of methods would be successful, particularly since the radio 
methods could be very rmch affected In the* accuracy by Intentional electlwrlc 
C o M t ~ a s U r e S .  

To plan this mrk on a broad basis, a rnanber of cutstarvling Ge. in and Austrian 
university pI0fessoI-s tere invited t o  participate. They attended lectures cmcernlng tk 
fligM and operational environnent In  which t;le ”measur- equipnent” would have to wrk, 
and observed Nlscdle pawerplant tests M test stands. !l’he professors unanhmsly ca+ 
cluded tht the announced task t o  maam vehicle position and Instantaneous velocity 
vectors accurate emugh to achieve a dispersion not exceedhg the value of one-tenth of 
a m  percent of the range was clearly outside the state of the art of that tlme, and ms, 

therefore, inpossible. However, we asked these professors to reexamine the problem. 

and proposed solutions t o  the problem. 
and still today belong t o  the methods recogxtwd as superior for space guidance and navlga- 
tion applications. This can be tenned a surprising tun of events when canpared with the 

outcane of the deliberations and concluslons of tk first SeSslon. 
since 1939 I s  represented by the inpmvement of the zchievable accurac r or reduction In 
dispersion for gyro subsystems and integrating a c c e l e m t e r s  by a factor ! k in  10 to  10 , 
while radio guidance and inertial navlgttlon methods proposed even today can be mt or 
surpassed only by use of atanic frequency standazlds and with digital carputers of hlgh 
accuracy. Sane of these very pessimistic pmfessors, as t h e  went on, became enthusiastic 
participants in the search for solutions t o  problem which the young space guidarice and 
navigation discipline was facing In 1939. Their contributions W i l l  be discussed later in 
some flrrther detail. 

Eventually five of the originally invited professors returned after three mths 
Tkse solutions were -tal t o  this problem 

The progress made 

3 4 
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As indicated earlier, acceleranreters of rather high masuvamxt preclslon, as 
well as aneJllar rate and angular acceleration Mica to r s  whlch permit Integmtian of their 
outputs, have played an h c r e a s ~ y  important role in space mvlgatian tasks. These have 
contributed substantlally t o  the subsequent increase in achievable accuracy and tfre 8im- 
plification of the equlpmnt used for these purposes. All Integrations, even if  their 
initial errors af'fecting the integration constants are wry small, can m w  t o  very large 

nLHnbers over time. Bus, high measuremnt precision and canponent quality have t o  be a 

m o r  d e s m  goal. In 1930 an attempt was nrade to  navigate an aircraft. equipped wlth a 
gyrostabillzed platfonn and mechanically Integrating accelemmters mxvted on it. The 
flight, whlch departed nPm BerUn-Adlershof, was discontinued an3 the attempt terminated 
after three hours of f l y h g  tlm when the aircraft equipnent indicated a position sam+ 
where in  Australia, while visual observations c- the aircraft position t o  be at 
the western boder of k-, near Hollard. The reason for this very substantial dls- 

cmpancy lay in the lack of pm?cision equipn-slt. 

such mvl@tion subsystems t o  achieve the desired accuracy prevented the establishaent of 
adequate des- cri teria.  Cbly after 30 years of superior and costly developmnt efforts 
would the state of guidance technology advance fkr enough to provide c a m ~ ~ ~ l a l  aircraft 
the a b i l i t y  t o  navlgate without radio aids over thousands of Mluneters and flight dura- 
tions of seven t o  ten hours, with an average position uncertainty of only one t o  two 
kllaneters. hum tNs example one can judge the developnental tasks we faced In 1939, and 
why the pmfessors hesitated t o  associate thanselves with such an apparently hopeless 
endeavor that only could be attempted with youthful optlmlsm. 

?he lack of b w l e d g e  about desirable subsystem proprties for the des* of 

Near the Earth's surface, using the local vertical of the grazltational field, 
the knowledge of orientation of the horizon, and the geographic North dlrecticm ard an 
altimeter, one can determine aircraft position accurately. Thls also can be acconplished 
with gyros ~roviding an a r t i f ic ia l  horizon, an accurate altimeter, and a gyro catpass 
mnitored by a m@etic remote conplass, or by using a gyro stabilized inertial platform 
and applying again gravity and the magnetic North tie-in to  correct or canpensate for gyro 
drift, and the altitude above sea level. These technlques prowide aircraft  location and 
its vectors of rrrotlon with, for mst pwposes, adequate accuracy. 

face fixes and horizon reeferences, continuous accurate navlgation of a spacecraft and 
detenrdnatlm of Its state of motions is  only possible wlth additional well deflned and 
accessible references, such as accuate orlentation of the Earth horizon, 01. knowledge of 
the physical center of the Earth, of directions to  the center of the Sun, W o r  the ibm 

For greater distances fmn the Earth's surface, wlthout access to  accurate sur- 



OF Femote stars or plamts besides using lmr t la l  reference equipnerrt. Timefore, in thE 
cade of the A-4, the Qem Rocket Research Center developed in -el mre or less 
sophisticated inertial and body flxed gyro referemces us- s l q l y  or miltiple lntegrat% 
Linear and accelerau&rs, as well as mre sophisticated stationary and mobile 
radio m-tial, radlo b e a ~ ~  or plam-rlder navigation systems, to mDnitoT the flight 
cantrol system of this ballistic missile. This was done t o  obtaln two t o  three Mepen- 

dent methods, us- different &wical concepts and a range of fabrication precision and 
costs, that could be optimized for a variety of navigatian objectives. 

and mobile radlo FBnging and rang(e-rate equilrment. It UBed the Igdio position and veloc- 
i t y  fi&es to comt flight path deviations a& pemdtted, with t k  aid of an inertial 
an@ar rate neasummt, 8wcessfU fli@& path stabilieation. h t h e r  method, hdepemi- 

rate Integrating gyros, carrbined with acceleraw?ters, Integrating Riuy or  partially the 
readings in a l l  six degrees of llpticn states, and thrs stabilized the flight path and 
mtaticrral axes of the ball ist ic missile. E?y camputlng the burnout velocity of the rocket 
errgine, referenced t o  a standrud trajectory that combined target pamwter tolerances 
whlch statistically a- t o  e m r s  of less than .U of the range, we achieved this 
objective. Use of a standard traJectory pemltted correction of deviations based on 
standard values aily, and can be optinazed 80 that the effect of the devlatians is 
minindzed. 

Ihe fbst p u p  of this equipnrerrt cuabined an aimraft autopilot with fixed 

ent of radio navlgatial aids, consisted of stI%ppe!d-, airRgme f b d ,  directional and 

The solutions t o  the S t M  trajectory deviations were not abstract (mthe- 
matically rlgld), and we expected that the bumout errors, and consqmtly the target 
dispersion errors, would be large. &ahst a l l  expectations, however, these sinpllfica- 
tions of fllght control and navlgatim equatians permitted a closer ard mre accurate 
flight path control than would have been expected of these singllfled contml and nam- 
tion methods. The mn@lt&e of the deviations was clearly a fmctial of the thrust 
deviation Rom the standard engine thrust versus altitude relatlm, caused lnainly by the 
degree of match or  mi-tch of the powerplant subsystem whose values are dependent upon 

cuen*lative tolerances. Careful matchlng and selection of carponents Influenced such 
deviat Ions favorably. 

The third kind of nav@tion and flight control system used a highly precise 
(for 1943) three+mls stabilized platfonn with two longitudinal acceleraneters and one 
lateral  acceleraneter. The readouts were htegratA ollce, and of one twice, t o  yield a 
powerplant cut-off velocity that approxinrately conpensated for thrust deviations and 
burnout altltudc m r s  or burning time deviations, respectively. In a sense, s h e  the 
two longitladinal accelerometers integrated along two dlffenmt axes slanted In the 

calibration and quality-control,  am3 subject of carponent mtcNng and conslderatlon of 
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vertical tmec to ry  plane, these vertical and br izanta l  velocity coaponents actually M 
their greatest sensitivities based cm a desired burnout trajectory tarygent. 

t h  Uses a standard tmjectory. The pitch deflection followed a highly precise pre- 
canputed t h  sequence which, for the ncudnal rang@, reached a b m u t  deflection of 42O, 
a value sanewfiat range dependent. T b  achieve this deflection, a precision timer rotated 
the base of the pitch-mgle pickup so that its zero direction at a l l  times pointed in the 
first approxbation in the d h c t i o n  of the d e s w  flight path tangent, reduced by the 
instactaneous angle of attack in pitch. lb deternine the proper time of tnurout, me of 
the acceleraDeters was mmted space-fixed m the  platfonn. Its measurirrg axis at 
off was e e l  to the preccnplted burnart tangent, and xemlned so throughout the pow- 
ered flight. TIre indicated first integtal of its acceleration resulted in a velccity- 
which was characteristic of the burnout velocity even If the burnout altitude 'w89 not 
come& and would lead to a shorter or larger range-depemling on whether the bumout 
altitude deviation was negative o r  positive. 

The second acceleraneter was Inclined fomard so that its axis at the launch 
table pointed t o  the nanlnal burnout point in space. Its time-related output wis lnte- 
grated twice and -resented a distance characteristic for the location of the bumout 
point in x- and 2- mtions. If tMs  point in time was reached later than at the nom- 
inal burmut time and the velocity indicatim was approximately correct, the missile f l e w  
a steeper tmJectory and, if uncorrected, overshot its target. The bun?out velocity of 
the first accelerometer therefore had t o  be reduced by an approximate ammt t o  yield the 

proper range. Therefore a comblnaticl? of the two accelercmeter read-outs after their 
respective Integration yielded the required corrections. In reality, this case was sane- 
wfiat mre ccaplex t h n  described since wind effects deviation of its Mmt mss and 
variations of the drag of the missile, besides azlmath angle arrd thfust deviations, affect 
the result (effect of Earth rotation versus time of missile fligm). Tk lateral acceler- 
a&er ala0 carparsated for lateral wind effects and dynamic oscillations of the missile 
due to gusts and lack of aercdynamlc damping, by using the second Integral of the lateral 
deviation t o  keep the lateral deviations as sinall as possible and, using the tNrd inte- 
gral, t o  c m t e  a % a b  angle" t o  canpensate for wind effects, aemdynmlc unsymetries, 
etc. in the lower portion of the. trajectory. 

The sens i t iv ' ty  axes of the gyros nonmlly were equipped with ball bearings 
elected for the lowest friction, % reduce the sens i t iv i ty  axis frlctiori even further, 
our tvm nrain caAtractors for these gyros chose f lu id  susmed bear- (Sianens) and 
gas bearings (Kreiselgeraete Qm. b, H.) to  acconplish thls objective, and applied it also 
for the integrating acceleraneters. With the exception of a Northseeking Gyro, Wever, 
these developnents did not reach serial production before the end of World War I1 (But 
the Northseeking Air Be- Qyro was used d u r N  the war for artillery purposes.) Since 

The flight path of an A d  equipped with this rully inertial naVie;atim system 

211 



thE bumlng perhd for the A 4  missile amunted only t o  67 seconds, the devfations of the 
integrating a c c e l e m t e r s  were quite small despite the hQh "gn-levels of the trajectory 
(g 5 g), aryl almst achieved tkir design goals, but the* r e l i a b i l i t y ,  including that of 
the caqtml electxmlcs, wm not as satisfactory as we desired. 

@de plane were enployed together wlth the gyro stabilized I n e r t i a l  platfonn system t o  
reduce lateral dispersion. Besides the dlsplacemnt itself, this mmqpnent also used 
the first and secand derivative of th lateral displacerent 88 well as the M.egml of 
the lateral displrrcement to c-te for  wind effects ard aerodynamic umymmtriso of 
the yaw plane. In addltion, this systen aployed the a l l  electronic Bnalog W&t cor 
plter (Mse&eraet or lldxing romprter), fligm tested In  aircraft before deplcpmt !r 
missile firings. We found that th natural fhquency of the yaw response could be sb- 
nificantly increased, with a cancurrent increase of the yaw dmpirrg, by glvlng lateral 
displacement, late- displacement rate, and the rate of change of the lateral displace- 
ment Into the ml l  chmnel of the fllgtlt control system. This latter technique was not 
applicable to the A-4, but would have been of great value for the winged A-8 vehicle. 
Slme m l y  two of these were flown without f l lght  navigation, this technique was only 
applied t o  aircraft. The s t a b i l i t y  an3 effectiwrress of this tectnique vias anazlng even 
at -1 distances f h n  the guidance transmitter; the aircraft could fly stable directly 
over the tranaraitter at low altitudes Without changing the ge+n-settlngs, optimm for the 
far field cf the guidance plane. 

Before lift-off of the A 4  missile, the gyro p;atfm was erected by two pen- 
dula, a procede which took between 2bto-30 minutes t o  sa t i s fac tor i ly  level the plat- 
form. The erection system was switched off just  prior t o  l i f t -off .  A t  the 9;911~ time, 
the displacement si- channels, zeroed out to prevent too early deflection of the con- 
tml  surfaces at l i f t -off ,  were switched m and the & factws increased t o  their  
optimnr value, whlch varied with the location on the fllght k t h .  A l l  gyro, &?celeran- 
eter, and Inteerator rea-outs were approx3nately rmlt ipl led by the respective gain set- 
tings am3 mixed Into the cofiespondlng control axis channels by a f u l l y  electronic analog 
fl lght c m u t e r ,  and the 8ijga.I outputs transmftted by wire to  the s e m t o r s  at the Jet 
vanes and aerodynmlc control surfaces. ?he "fly by Wire" technlqdc was lasown already at 
that the, and was ala0 applied t o  one of the two test aircraft. ttlsed to  c'pvelop a l l  the 
electmnj- fl?& control teclniques for the A-4. (;h the second aircraft, the  cGntrol 
deCectims were Mmduced thm a clutch syEtem t o  the mnnal push rod lfnkeges of the 
a u t o p l l ~ ,  which separated the hand controls in case of use of t l l e  antopilot. Both hydrav 
l l c  and electric servamotors were used. By mans oc electric feedback of the contrcl sur- 
face deflecticm and use of low Inertia -tures (rotors) i n  the electric motors, the 

the constants of two types of elecfric servanotors could be reduced to four* mllllsec-.. . i . , 
which v m  adequate t o  retain the control response frequencies above bending atxi torsional 
f lut ter  modes of the missile structure. 

As an alternate t o  the tnird method, lateral deviation masummnts frwn a radio 
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Also at tht time, m e t i c  amplifiers with feedback were developed that k * 

e f f e c t e d  by Vibrations. They permicted, In several anplificatian stages, hlgh . ,flea- 

tion ratios, but avoided the sensit ivity of e l e c t m  tubes against acousticczl am \* ra- 
tional noise. A parallel effort to  achieve this objective involved the semicau'~:~.'m 
develapnents conducted by Professor bise LL. the Whlcal L k ~ v e r s i t y  of Stuttgart, later 
the Ulivlerslty of Michigan, that can be cmsldemM forerunmrtl of the later transistars 
ani diode$. I would go too far to  describe all the ln5lvlduaJ effbrta and solutiana that 
advanced control ard nav&ation tecinlques that t h e ,  but Bmng tho= who COntFikrtad 
were: the late Pmfemor fKt Ehgnd (197l+), also the late Professors Ihrder, Kirschstein, 
Vleweg and Dr. H. Steuding, and also the still llvlng Professors Buchhold, Busch, F'lscbl, 
Krwmr, Carl Wagner and Wolmr~, as well as IP. J m  Pievers, and my fonm collcg~les 
Mpl. Ing. Jwef Boehn (+I, Mpl. Ing. Karl Brretzel (+), Dr. Kurt H. Debus, Dr. Hans 
Medrlch (+I, dr. Emat Oeialer, l3r. Rehhold S d u t x r t  , mpl. Irg. Werner K. mlb8ch, 
Dr. Hans (hem, Dr. Walter -Yaeussennmn, Dr. Helrmt H o e l z e ~ ,  LXpl. Ing. Otto W : q ,  
Dr. Joachin khlner, Dlpl. m. Bich Nwbert, WI. Hehut Mitt (+), Dlpl. Ing. H. J. 
Oengelbach (+I, D r b  Walter Schwidetzkl, Dr. Fmst StuhUnger and W. WoeAemann, a 
large mnber of whm becrnne very pmnlnent in the U.S. space effort, -.&&le others helped 
t o  usher in the Eluppecm space effort. It wm a true and rumrkable effort. 

creative engherlng achlevemnts in their respective professional discipllnea that 
Included many pioneering englneerlng and scientific lnrxmtions of the hlgbat  cali tm In 
tfre fields of flw cmtrol, Inertial and radio &dance, mthanatical Idelling auld slm- 
lation, and navigation techmlogy. Mmy of these scientists continued their outstamlng 
contrlbutia?s to  the science and technology of space fl'tght into more recent times. Cb the 
-can side, the progress achleved s h e  Wcld War 11 I s  based an the outstanding p- 
ing efforts of particularly Dr. Charles Stark Draper, Mrector of the MIT C.S. Dmper 
laboratorlea, and his close associates b f .  Walter Mgley, Prof. R. H. Battin, Dr. David 
Hoag and the many outstcnding rmbers of this excellent hboratory and &here, w b  CQ?- 

ceived and developed th? extremely carplex &ollo fligm and navigation system.* 
I would like 50 emphasize three particular techlcal solutiom that have h t u -  

enczd even recent techlcal developnentR. In 1939-1940, Dr. Hoeleer, the Chlef of the 
Fllght Control and (hl.d&ilce Mvlslon of the Peemmxk P x k e t  Reeearch Center, developed 
a fUly electronic analcg caquter  that appears to have preceded ail similar developnnts 
mported in the profeseloml literature. Within a m t h  it was applied to flight path 
sirnilation of ballistic mlssiles a& g m u  ! to  dr missiles (the "Wasserfall" Ant? Air- 
craft llulded Rocket), es well a8 a training device for joy-stick control of optically 
guided missiles. Wing the ~ a m e  period it was adept& to IKII;~ as tk all electronic 

All these men have to be recognized for their  outstanllng mntributlaur and 

*See C. Stark Draper, "The Evolution of Aerospace Ouidance h c h l o g y  at the 
meachisetta Institute of Techology, 19341951: A. Memoir," .in thle Volun-ed. 
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'burrnut - 0.1 g 

1682 sec. charging time 

Ushg a vertical dividing cimle, accurat? to one arcsec, a t m  accuracy of 
.1 secQl[i, and a tilting m e  of the accelcma&er 
eraticn mild be integplated accurately to i.422 x 10' n r ~ e c - ~ .  Kre 
aped air bearing levels uMch cofld megg~oe - the harizontal plane ti: 

60.0 degrees i1 amsec, the accel- 
p m & e  Inc. devel- 
crrtate to one 
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arc-secand. Since autaagtic tladng devices of mtch mre than .1 secmd accuracy were 
caamn state of the art, the velocity uncertainty of the integratian could be held to 
rmch lower values than indicated above. The charging pmcess cmsisted of the electro- 
lytic depositim of p ~ f p  silver, m v e d  ftrm the e l ec t rove ,  an one of the electrodes. 
A t  talae-off, the acceleratim sie)ldl was sinply reversed at the h t a n t  of lift-off and 
began to  disc- the cell. A t  the instant of removal of all mtal l ic  silver frnm the 

cathxb, the voltage acmss the temlnals of the cel l  sieplrflcantly and actuated 
the cut+ff s w  sequence. This integrator, except for the release, had no mvbg 
parts, was not sensitive to  acceleratians In the nxxmrhg direction, and pmved nmark- 
ably reliable. 

carrmBIlll s w  supplied by the fllght control ccmputer and its inertial subsystems. The 

plpcutoff s- closed tk nain fhel valves; a by-pass valve ccntbxxi t o  fkrnlsh 
appmx&uately 3M of tlre hl, an account of residual drag at the altitude of cutoff and 
the direction of the fllgtrt path tangent at humcut, reducing the nmain3.r-g acceleration 
t o  near zero. When the naw slowly changing longitudindl velocity carponent reached the 
pESet value, the main cutoff signal WBS activated, terminathg all fuel flm. of all tk 
above quoted exanples, the tednlques intmt2wed by Lk. G i e m  ard Dr. Hoelzer have 
f h r d  "permanent employlaent" in space techlogy.  'Ifus, the techmloglcal advance of the 
state of the ar t  eranating fhxn the early ballistic mlssile developnents at peenermende 

rmst occupy a p rdnen t  place in the history of rapid tecmlogical advancanents of the 
twerrtieth century. 

All power cutoff seqwnces at that  tinre used a precutoff and a ma3n cutoff 
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md8nce tecmology besed cn autornatlc, self-w&almd, CaboaId equipnent for 
vetdcles mvlrg in six degmses of fkeedan nith respect to  the surface of the Earth h s  

spen of not mch mre than th.ee decades. Begirmirig in the early 1909 with the Cennan 
developaert of the V-1 and W missiles, and with o t k r  achieveumts in the USSR, the USA, 
and other cotoltrles, rapid strides In effective guidance for airplanes and spacecraft 

hve been made with substantiauy universal acceptance of damstrated principles a 
certainty as m s s  Corrtlnles. 

fbm nar-existence to practically Its ult-te potential effectiveness over a 

A stmqg Interest in guidance, that catplex of -ti- Rtnctions  cam^ a 
directable vehicle to m ~ v e  along sane path t o  acconplish Its ass- mission, began for 
me In 1919 at the ul ivers l ty  of HtssoLp.I, w b n  I went on my flrst alrplane flight; in an 
"cor5 -." I transferred ham Mlssarri and received a Stanf'oM Backlor's Delplee in 
1922. After gra3uatlcm fran the hssacwtts Insti tute of lkchology in 1926 I enrolled 
in the A m y  Air Corps Reserve Officers Tralnhg Corps and atterded nying school at Fmda 
Field in mms. I h r l r g  the last years of the 1920s and early 1930s I owned and flew an 
0x5 #]BIN airplane. hren t h g h  the plane's performme was low, fed& regulations were 
not yet in opemtlon, so It w89 possible to f l y  and experiment at W i l l  In a l l  kinds of 

ment of Aercmutical R@merhg at M.I.T., with free and carQlete access to  measuring 

a t M .  A t  this time I the instruct- staff and later the faculty of the Depart- 

- 
'Presented at the Fifth History Synposlm of the International Acadaw of 

Astronautics, Brussels, Belgium, September 1971. 

Labmatory Mvlslon of the l%ssachusetts Ins t i t u t e  of k h o l o g y .  President of tk 
International Academy of Astr'oPlautlcs. 

*Institute Pmfessar Rnerltus and President of the Charles Stark Draper 
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instnments and machine tools. Whlle teaching i n  a e m u t i c s ,  I also worked toward a 
Doctor of Science Degree i n  Physics, with a bkthuratics minor fcsr specialization in 

kause the professor u3ho taught the courses in Aircraft Instruments left 
advanced geometry and mechanics. 

M.I.T., I was offered and accepted the assigment of  teaching this subject. No systemtic  
treatrents of * 
no restr ic t ions on farrmlating concepts, planning attacks, experimnts, teaching patterns, 
ins tmt  des-, and flight tests. This envirorment made it possible t o  i d e n t i b ,  
study, and Mnd solutions for a l l  phases of h f o m t r i c s  (the conplex of ac t iv i t i e s  deal- - wlth the sensing, transnlssion, pmcessirg, evaluation and use of informtion) 
associated with the operation of aircraft. As an instructor in the Aeronautical Power 
Plant Laboratory, I wrked under Professors C. F. ?riylor and E. S. Taylor, and devised 
instruments f o r  measuring engine pressures ud vibration. This work attracted support 

fran the Nationdl Advisory Camnittee for Aeronautics and the United States Navy, per- 
mitting me t o  start and mintah a small laboratory wjth a few assistants. These 
ac t iv i t i e s  were established durirg the early years of the 1930s ard i n  effect eve a 
start t o  the orgmization that eventually became the Charles Stark Draper Laboratory 
Division of the k s s a c h s e t t s  Inst i tute  of Techmlogy. 

c s y  or textbooks of q kind were available. Conseqixntly, there were 

Although the vsork with instrumentation durlng the 1930s was largely associated 
d t h  aircraft engines, rr;y strongest interest lay I n  formulating the problems associated 
with guidance, and designing e q u i m n t  for  meeting the requirements of operational si tu- 
ations. hiring and before the 1930s, radio aids fo r  navigation were rudimentary, and, 
t o  make matters worse, owners of private airplanes usually could not afford receiving 
sets capable of satisfactory results. 
flight plans, except at the most inportant airports, were not required. The net result of 
all these circumstances meant that the private pi lot  c ,ild easily be caught i n  zero visi- 
bi l i ty ,  and reduced t o  his own resources without the p o s s i b i l i t y  of help fkwn ground 

stations or  any other aircraft .  
required fo r  survival, even i f  one abandoned all thought of mission acconpllshent. 

ccmblnation of poor weatkr  and poor judeJnent left me 
with tkt  "hopeless feeling," under corditions of substantially no v i s i b i l i t y  fo r  seem- 
i ng l y  very long periods of time. During these periods I i ~ i ~  1 icky t o  remin alive. 
ever, after several bad experiences, and tire t o  think over the consequences of events 
tkt occurred, I came t o  anaiyze the factors that combined t o  &e safe flight inpossible 
without visual  contact with the Earth. The fbndamental diff icul ty ,  of course, was the 
absence of geometrical information about the position, orientation ard motion of the  

Weather reports were not generally available, a n i  

Situations often develop,& i n  which good luck was 

In several instances, 

!'w- 
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airplane with respect to the Earth. !Am basic deficiencies were involved; first a c l e a r 4  
defined reference space in whlch orientation of the airplane could be Judged, and second, 
a reference space, which might be the  me m e  as tbt provldlng orientational ref%smces, 
f b n  whlch dlrection of travel an3 linear speed of the alrcmft rdth nxpect to the Earth 
could be estimated. &ientatim, that is, roll atxl pitch about ~ z o n t a l "  axes, an3 
yaw, the angle fnm north, were needed for nraintaining stabil3zatlon (angular poSitions 
about three axes well emugh defined far the mlntemnce of safe flight W e  providing 

reference directians fian whlch lllaneuvering c-8 in attitude arrd direction can be 
We), rhile the position, direction, and speed over the b r t h  were essential knavledge 
for mvigatian towad selected destinations. 

provided In practical flight instnments in 1928 wlth the Artityclal Horipnsl and 
M r e c t i d  Gyro developed by Elmer A. Sperry, Jr., faa the cuse;enheim Blind Fly- 
Experbents of Janes H. Doolittle. l h e  insffiments gave indic&tions shdng aircraft 
devlatians In mll, pitch, ard yaw, read fmn dials by the pilot. with these Mcated 
deviations, the pilot  could stabilize the aircraft thm- M s  usual control m o m s  
just as he would have applied infonnatlm fWm visual obsemrations of the Earth's surike 
on clear days. TIre spefiy lriitrmmts were for stablllzation only, and provided angular 
outputs good t o  a few degrees of angle; mugh outputs by navigational standards, but 
adequate far main- control arri masonably good f l lght  directions for hnmn pilots. 
The spefiy devices did not indicate the position or velocity of the aircraft with mspect 
to the Earth, arr3 thus offered no direct help with navlgatlon. 

To be sure, some discussion of determining the position charges of alrcmft by 
double Integration of Micated accelerations did indeed take place anrxlg aeronautical 
engineers during the early 1930s. But recc ' Ition of the high accuracy required and the 
need to separate effects due to  gravitational fields han inertial reaction forces, led 
t o  the near-unlversal conclusion that th? developaent of necessary instnrmentation would 
involve very great difficulties. Therefore, most engineers and designers decried ~QI 

attenpt to  develop self-contained guidance system based entirely on Newton's Principles 
of Imrtia as a waste of time and mney. 

After sane fifteen years experience and study o t  the theoretical and e@neerbg 
proglm associated with creating inertial gutdance equlpmnt, I came t o  disagtee with 
this conclusion. A t  the same time, hotever, I aJso becanre convinced tht creating practi- 
cal means for guidance of this kind muld bc very, very difficult .  FYniUarity with 
state-of-the-art tecl-mology made me c d a i n  tkt "off-the-shelf'" devices offered no mal 
help with design or construction. Everythlng, the elements, cmpments, and subsystans, 
would have to  be imegined and created f"n theory, engineemd, buil t ,  tested, prep8red 
for production and operational semrice "startitlg fran scmtch." Substantial support for 
several years would be necessary if s m i f i c a n t  restilts were to  be achievea. 

Q.ientatioml refen?nces for the prnposes of fligm stabilization UEPe first 

W;t Support 
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of this kind w88 Sinply Unavailable durlng tk 1930s. canseq\rently, beyond a few thesis 
projects, studies in practical " b l M  flight" at +& being School of Aerarautics in 
oaward, califbmia, saw flight tests of conventional 
careful developnent of t h o r n  in mechanics wlth particular stress on gyrosccpics 
inccapmgted into grcduate student subject mtter, I placed inertial guidance develop- 
mertts on an hact ive status unt i l  mme favmgble conditions naght appear. 

Rx seU-Contained guidance systems, the furdanrental problems Involved us- 
irrstnmmts t o  accurately indicate cbnges in six Mependent geanetrical quantities, 
three rotations about nuttally orthogonal axes, ard three llnear translations along these 
or thee other mrtually ortbgmal axes. Ihe 
ing devices t o  deal with the geanetrical quantities essential for h r t l a l  @dance had 
to fall In to  a pattern similsr t o  the typical behador of watches as indicators of 
elapsed times after the arbitrarily selected In i t i a l  instants. In addition t o  masure- 
E n t s  of this W-fm cbmges in three angles and three translations f'ran configura- 
tions chosen gemmlly for ccnvenience-indications of velocity (rate of change of posi- 
tion) and acceleration (mte of change of velocity) as direct or derived s l p i l s  were 
also required for guidance system outputs. 

Just as specific uses determine the performance requlrements for  watches, the 
use nade of mtrical  quantity sensors would set the Quality of results d e s l r d  fmn 
overall systems. Rbr exmple, good watches may accurulate errors at rates no mre tkm 
fhct lonal  seconds per day, a l e  quartz crystal rn a t d c  oscillators can be ullt t o  
realize accuracies in the range of one part In lolo and better. This wide spectnm of 
perfolmance in measuranents of time required mny years of developnent before it became 
a matter of practice. Ukewlse, one could reasonably expect tkt sam? years would be 
needed to bring sensors for Inertial quantities t o  corresporrl@ levels of perfonname. 

The p e r f m e  required de-s upon the following circunstances existing on 
our planet. b the Earth's surface, one minute of arc angle between local vertical 
directions means tkt a distance of one nautical mile (6,000 feet) has been passed on the 
Earth's surface. lh comsponding distance for one seed of arc (V60 of a minute) is 
1/60 of a mile, so that a deviation In allppnent of reference coordinates t o  the vertical 
of one second in  nagnitude wuld produce a navigational irxlication error of one hundred 

instluaents, d slow but 

perfonnance objectives for m e a s u ~  

feet. Therefore, th angular reference coo-tes 
an@ar uncertainties with respect t o  the Earth not 
about horizontal axes i f  this subsystem was t o  give 
hunlred feet. 

Instruments mounted on stabilized merrJ3ers 

carried by an airplane had to kve 
greater than a few seconds of arc 
accurate indications withln a few 

t o  sense acceleration canponents for 
navlgatim canputations would, in practice, actually sense not acceleration alone, but 
"specific force," tk resultant of gravitational field action and Inertial reaction. ?he 
s i m s  representing specific forct canponents would have t o  be "corrected" for 
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gravitatianal field effects In tk conpltirrg systen tkt YSwiLd also provide single end 
double integrations t o  produce indications of changes in velocity and position. If 
errors i n  position on the Earth's surfhce were t o  be limited t o  not more than a few 
hm3red feet d u r a  a f ly-  time of about one hour, specific farce receivers had tc have 
Performance cl.raracterlstics tht all& t h  t o  deal reliably with changes on the Wer 
Of one ten thauatxlth or less of one Earth's gravlty. I caducted various mtbtmtical 
siudies of the perfmame meded for inertial quantity sensors t o  serve as carponents 

far orr-board aircraft guidance systems with my colleagues, no&dly P-d'essor Walter 
WrQley and Ns studerrts during the last half of the 1930s ard the first W of the 

19408, aril by 1945 the Instmnt p e r f m e  c h c t e r i s t i c j  required for inertial 
systems generally leu recognized. 

Wer the inpetus of World War 11, redio aids for navigation received great 
attention and support. By war's end, civillan and ntllltary nirplanes carried equipnent 

that enabled pilots t o  mvlgate qulte well &er a l l  weather cmditions. Of course, 
positive results deperried upon the cooperation of favorable radiation ernrinrments fnm 
extensive ground station ne ta rks  desi@ t o  caplement onboard radio equipnent. Haw- 
ever, I still - my days of flying without externa; qlds and retained a strong 
personal Interest in the challenge associated with creatmg self-contained, on-boaxd 
guidance system not requlrbg radlatlon contacts wlth extemal stations or points of the 
Earth. 

Inertial guidance system developnents received no slgnlficant support I n  our 
Iaboratory during the early 1940s. But enemy control of vast terri tories durlng World 
War I1 soon stimilated fltnding of self-contained on-board equipnent for aircraft guidance. 

Because such systems did not requlre help frcm outside stations and could not be put out 
of action by any measures short of actual physical destruction, World War I1 experiences 
caused Air Farce officials t o  consider developnent of Inertial guidance system as 
essential for future c?pabilities. Late in 1945 Colonel (now Lieutenant General, retired) 
L. I. Ravis, the carmandant of the kmamnt Laboratory, who had been my graduate student, 
and his cNef scientist,  Dr. J. E. Clemens ,  translated their  understanding of Inertial 
@dance possibilities into support for GUT Iaboratory. S h r t l y  thereafter, we began a 
project to  design and build an experimental system. The following sections of this paper 
consider this work and the p-ss achleved durlng the period end- in 1951. 

ACTIVITIES WRING THE F'IRST HALF OF THE 1940s 

Aerospace guidance was not an area that provided sponsors far Laboratory 
activities during the first half of the 1940s. In fact, during the last half of the 1930s 
the Laboratory was largely concerned with aeronautical power plant Instrument projects- 
particularly with creating engine analyzers for lcng Aflights over water. Graduate courses 
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an ircstnmentatian that I tau&t attracted a m&er of Navy and Air Corps of'flcera in  
addition to  clvillan students and, untll 1939, I contira\ed to  be especially interested in 
the gerreralleed geaaek.y associated ulth &?craft mtlans and also the ccxm?quemes of 
Newtoll's Iaws for Umar and rotat- mtions of rigid bodies. Progress in these areas 
cam from preparations for lectums, latlrxatory mrk, and thesis plPjects associated 
wlth educational activities of the labaratary whlch w ~ 8  then, as it aluays h38 been 
&Iring Its existence, an in- part of the & d c  section of the M.I.T. Aerol.lautical 

EhgzneeFirrgDePartment. 
kt-lrg the early phases of World War 11, miltiple air strikes at surface vessels 

h d  sad results for ships of the Allled Navies. A t  this time M.I.T. stuknts, faculty, 
and Embers of the InStrrmKntation laboratcry became strongly concerned wlth developlEnts 
of equipnent to  mvide pm?xction a&nst such attacks. Exlstlzg guns and their associ- 
ated flre control equiFment hed been &signecl for battles among surface vessels and were 
90 large and kavy tht only a small Ixmt>er of systems could be installed aboaxd even tk 
largest ships. These g ~ w  projectiles were larger t b n  necessary t o  destmy airplanes wlth 
direct hits or even near misses, whlle their  rates of flrlrg were slow. The equiprrent 
CrVBilable for pOint3.ng guns depemled an c m  mechanical arrangemerrts for gea&r%cal 
transfcmations between tracking coardinates, carputlng coordinatee, arwl finally the deck 
cocdlmtes in Id.lich gun nrovanents !ad to occur. The control systems were not only large 

and heavy, but 
It possible far them to carplete their missians and f ly safely away Without rmch danger 
fkaIlanti-aircwft shells. 

airplanes by direct hits ysere available, with large scale production only a mtter of 
asslgnhg adequate resources t o  the task. Eht equipnent for rapidly and effectively 
pointlng these p m  was another mtter entirely, because the bulk, carplexity, and cost 
of existing devlces, even if they hid been effective, mde it inpossible to  provide con- 
trol far each gun cr grcup of gm. The general approach used far the gun des- was not 
adaptable for reductions in we-, size, ccnplexity, or slgnlflcantly lmred costs. 
Consequently, during 1940, we directed our attention toward this problem of providing 

rapid and effective anti-aircraft fire ccntrol for mchine carried by naval ships. 
Because we became involved almst exclusively wlth classifled projects, the hboratory 

Tk engineering problems Involved  develop^ fire control units (1) wlghlng 

so sluggish In actlm that the airplane's relatively high speed M e  

Designs for rapid act- nachine guns f'lrlng projectiles capable of destroying 

WBS now given the new nmne of c-AL JldmWmm IABORAMRY. 

not mre tfian a few tens of patnds, (2) able to operate satisfactorily while munted 
directly on the cradle of a firing machine gun, (3) requlrlng no mare than a few minutes 
traMrrg time for nomd hum beings t o  become canpetent operators, (4 )  having good 

rellabil i ty,  and (5) priced at not more than a mall fraction of the cost for con- 
ventiaml fire control equiprent. Rre capabilities for provldlrg gunsight8 were based 
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on adaptations of models already bu i l t  earlier. The success of our concepts and equip- 
met, designed ard produced by the Sperry Gyroscope Carparur and associated contractarc, 
b a s  clearly demanstrated durlng many ship ani aircraft encounters durlng Wmle War 11. 
‘Ihis achleveaent bmught the Kaboratory, now renamed the -ION L A K l R A ~ ,  widc 
recoeritian. It also generated the backgromi of ideas, cadres of people, and equipffnt 
necessary for assmlng tasks In f;uidance based an inertial principles. 

system and airban?e equlpmt for flghters and baabers permltted u8 t o  create snd reduce 
to  practice several unconventional *dewpoints tovJazld aynamical theory. later these 
Viewpoints became key factors in desigs for the basic caapanents of inertial system. A 
brelf look at th principles applied is not only useful but essential for UrderstarxWg 
tk fhdamntal  baclqgwnd in discussims of later developments. !W thmretical back- 
ground is based on Newton’s Law of Inertia which states tht tb vector change inmm?ntun 
of a lnass with respect t o  Inertial smce is detenrained by the amlled force. beinn In the 
direction of the force, prapo rtional In Imml tude to  the mgnl tude of the force, and 
inversely Proportional in maml tude to the napJli tude of the 11~1ss Involved; amlied t o  
rotational mtion, tNs l a w  becanes the statanent that the tinre rate of change of angular 
momentun of a body with resDect to  inertial mace is eaudL to the applied torclue. 

Students of mechanics are w e l l  aware that for bodies of gmerallzed shapes with 
fomes and torques arbitrarily applied, the mthernatical expressions for  the resultlng 
motions are conplex, and descriptl.ons of behavior quite involved.  year^ of study had 
brcught me considerable fami l ia r i ty  with the exhwstive treatments found In cqrehensive 
textbooks. But p rac t ica l  experience had convinced me that, for engineering p’.1Tposes, a l l  
the essential actions of sensing devices could be derived fran theoretical asamptias 
of rehtivel..  slnple mechmlcal arrawpmnts. The basic ideas were elenentary, and 
corresponded t o  desi@ parameters that could be adapted to practical constructions by 
s i n p l l ~ n g  the s i x - d e m f - f r e e d a n  circunstances of a bcxiy free In space in situations 
w h e r e  essential actions could be effectively described by considering only one or two 
degrees of freedan. This 
spirpling W a r s  that restricted motions t o  conical angles with respect t o  a point or t o  
slnple angular displacements about a slngle axis of rotation. 

for operation on the m a  decks of surface vessels, 
in marine conpasses ard naval stabilization equipnent were carried by arrangements ham 
tvm degrees of rotational hedm. Pm? saspenslons employed elastic members and bearings 
deslgned t o  mrk with very d l  f’rictim levels. 
supporting means caused negligibly small uncertainty torque CcnpOIlents to  act on the 
angular manentun associated with the spinning rotors. Mer Newton’s Law for Gyroscopic 

Action, this meant that, because “zero” torque was actmg, the angular m n t u n  vector did 
not change its direction with respect t o  inertial space, cmsequently, the spin axis 

On the ergineerbg side, the development of naval antiaircraft fire control 

desi- of constraint system for unbalanced masses or  

Before the early 1 9 4 0 ~ ~  when the Labmatory developed antiaircraft gunsights 
the gyroscopic rotors ccnmnly used 

It followed tht, ideally, the 

225 



exhibited the property of be- ''rlgld In space." Instnraent operation using gyroscopic 
rotors generally depemled upon this action for stabilization t o  exclude effects of 
mleslred base motions, whlle us- changes In spin axis direction to produce control 
taqw caoponents for generatlng desired results. Tm-degree-of-fVeedcm gyro Units, 
ham suspensions wlthout sl@fycant friction uncertainties, were said to have wle basic 
property of "rigidity-ln-space," while essential operation was associated with precession 
\ader torque caapcnents derived h.cm caltml inputs within associated mechanisms. 

degmeef-f'reedan gym mlts instead of the twwiegree-of-f'medom type tht was gemral 
far both wlm and aircraft appllcatlons before 1940. The only instnrmtnt In carmon use 
befare 1940 that enployed the sI@e-degree-of-fYeedan design feature was the so-called 
I$te-of-lbrn bdlcator fa? alrcmft, that applied tb ideas fmn patents of Professor 
Hendersm. l M s  device did mt and was never intended t o  pmvide performme of quality 
suitable for navlgatian or guidance. 

slngle4egree+~-f"reedan gyro units were mwnted on a rlgtd umber with the spln axes of 
tMr rotors rmrually ortkigoml, arrd carrled by single axis g l n h l s  with directions of 
their rotational M a n  at right angles to each owler. V a r i a b l e  spring restIgints about 
the glmbal axes w e ~ e  adJustable in stiffhess as a function of rang2 t o  the target. 
Viscous action of a tMck fluid In the clearance between the ginaal and the case was used 
to  prwide protection against mechanical shock and vibration, f i l e  at the same tlm 
supplying drag torque to damp out the effects of mghess assaclated with gun shock and 
Vibration. As the gurarer moved his weapon, rotation of tk mmber carrylng the eyms 
caused tile three ginJ3als t o  t i p  until the restrainirrg sprlrgs developed restraining 
torques to  balance the gyro output torques carreq.xmIlng t o  colrponents of input angular 
velocity. 

These gimbal rotations were coupled mechanically t o  a system of mirmrs whose 
angular deflections established on optical-reticle Micated 1- of s i g M  offset behinl 
the gun lamel. The -a* had only to keep mow the gun as necessary t o  nraintain the 
re t ic le  image on the target. The corresponding forced motion of the gunsight c~se gen- 
erated lead angles that caused the'gun to  fire its projectiles ahead of the target by a 
proper angle t o  correct for target motion during bullet travel. With this -nt, 
the fYre control problem was effectively solved us- inertial space, and it waa 
unnecessary to  mechanize coordinate transformations. In effect, deck motion8 did not 
enter the pmblem, be- eliminated by a gunner who kept the ret ic le  on the target, 80 

tkt they did mt affect the flre control predlctions. 

accQrmOdate perfectly for deck tilts and angular velocities t o  keep his optics exactly on 
the target, but the mechanization allowed Inexperienced gLplners to deliver effective 

All of the flre control developaents at the Laboratcay were based on single- 

In the mac- gun fire control equlpmmt developed by the Iabomtmy, tm 

In practice, tNs was not altogether true because tnnrrvl gtolners were unable to 
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anti-aircraft fire d e r  canbat conditions. Since the fire cantml problem did not need 
geanetrical transformation devices, the gunsights were conpact, being not mch larger or 
heavier thm st-d typewriters, whlle they generated effective solutions rapidly ewugh 
t o  keep a t t a c w  aircraft in considerable danger WNle they remained wlthln range of the 
guns. Though the fire control system desi- were n& Inportant for the ~ ~ r t l a l  navi- 
mtion system, they applied singldegree-of-fkedom gyro units and provlded an extensive 
and fludamental engineering and desig background for the sensorp that would be developed 
for Inertm Navlgatim Systems. 

Aemspace guidance t e c h l o g y  developed by the Laboratory depended upon engi- 
neering applications of Newton's Iaws. These applications are d i m c u l t  t o  Interpret 
without a pattern of generalized theory to shpllfy concepts and clarify representations. 
A yattern of this kLnd is developed i n  Figures 1 throw 6. Devices of two types are 
lmortant for inertial system; one type, called the specific force sensor, is required 
to be responsive for resultants formed by gravitational and inertial reection forces whlch 
act on each particle of thc materials involved. The other type, called the angular devi- 
ation sensor, receives angular deviations with respect t o  Inertial space fran a r b i t r a r i l y  
established reference orientations. Sensors of the flrst type generate signals fhxn  whlch 
navigational Infomation on acceleratim, velocity, and location ;nay be derived. Sensors 
of the second type supply SINS that can be use? JS Inputs t o  servo-drive systems for 
correcting deviations of specific force sensors f'rom desired orientations. 

Flgure 1 is taken f b n  an Instrumentation Laboratory publicatlor, of the 1940s 
showlrg the essential sensing elemerlt in a slngle-degree-of-fm specific force 
receiver canslstlng of an unbalanced nms carried by a shaft, pivoted about an axis fixed 
to the instrunent case. In  practice, darqhg, output signal generation, torque restraint, 
and other ftmctions b v e  t o  be included as necessary services provided for the force- 
sensbg m s  in a conplete instrument. Sane of the various essential conponents that rust 
be combined t o  give overall operation are labeled and m d .  

Syrascopic actions associated with a rotor spinning at relatively high angular 
velocity about an axib of symnetry are generally rewed as less obvious than the 
apparently strai&tfarward dymnlc llla@ng-behlndll of a mass under llnear acceleration. 
In  fact, i f  vector representations are understood and used, m f , h ,  hlgbspeed rotation 
has the effect of one lntegraf,lon, a& r m k s  the behavior of a gyro constrained t o  single- 
degm+ox'-fkeedan operation even sinpL.?* than the interaction of a ma39 with linear 
acceleration. Figure 2 is a s~nmary of tk definitions, conventions, ami representations 
used t o  associate gyro rotors with vectors and torques. Elgure 3 is a pictorial 
representation of a gym mtor and gimbal m ~ t e d  with two d e w s  of angular freedcm on 
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pig. 1 
h e  Scherratic Diagram showing Single-DeCiyee-of-Weedm Pendiilm 

Unit as an Orientational S- Receiver for t h  Girection of 
Speciflc Force Projected on an Iqut Plane 

a base. With the spin axis substantially horizontal, a force spp.Ued co the W.er g i r h u  

about the axis at angles > the gimbal axis p d u c e s  a toque  v e c t c  at right argles 
to  the angular manrentum vector. By Newton's Law of Gyroscopic Action, the response of t!x 

precession. The direction of c k g e  of position always tends t o  shift the amwhead of 
the mwing vector so that it points in the same dlre?tion as tkt cf the t q u e  vector. 
The diagram of Figure 3 is, of course, greatly s m l i f i e d ,  in single-degree-of-freedan 
gym units for use as angular deviation sensors in @&me system. 

as gyroscopic elements, and the theoretical consequences that follow these asqtions.  
By definition, a gyroscopic element includes the following three features: (1) a rotor 
spinning about an axis of symnetry, (2) the spin anguiar velocity is constant in Witude ,  
and (3)  arqplar velocity nrtgnitules about axes other than the spin axis never exceed 
insignificant levels, and mcments of Iner t ia  about axes at right angles to  the spin axis 
&e al l  so small tht the anguzar mmentun 0; the system i e  effectively concefitrated in 
the rotor along the f3pI.n axis. 

rotor is t o  turn its spin axis tovmd tk torque axis in the an@Jlar motion cnlled 

F i v  4 sumarizes the engineering definitions made in trektting spinntng rotors 
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LWer t ima wsuoptions, We equation of moticn for a gyroscop,.: element reduces 
to s t 8 t Z n m w  that kh? applied tagpue is equal to the c m s  product of the angular 
vw.loclty of tm spin exi3 rrtth respect to W l a l  space an3 the angular mnryltun vector. 
In 0th- wxds, the angular mmentm we&r has an angular velocity of precession that 
turrp it terard the toxq& uectcr. ’Ibe tutput totgue ftwn the ghbal when an angular 
veioclttl with respect to lmrtlal apace is inpoRed an the an@ar m t u n  vcctor, is 
given by 1 - 4  the order of tern in  the CTOSS product. pigure 5 illustrates an 
amaqpmt with a g y r o s c q l c  elanent inoarpopgted in an instrunent case as 3~ sensitive 
elarmt of a basically s ~ ~ f - ~ a n  argular deviatian receiver. The vector 
ccxqxns; mrZ’onmncc equations am written down far a generalized orientation of the gyro 
eltinat anj its glnhal with t i  w e .  In practice, all the angles between 
ax- Mxed to the s t r w t u r e  w i n g  the rotor atd the enclosirg case remain very small, 
so tht aplall angle wsqticns in theory are all valid for all deviat!.ons as they are 
shown.. R&P? 6 is a line schBpBtic dlagmn, with BeMrJtions and sylnbols, showing a gyro 
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Fig. 6 
Diagram for the Single-Axis Integratlrg Gyro Wt (Shgh-Dee3.ee-of- 
h e d a n  Angular Deviation and cornrand Signal Receiver) 
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eleapent capbined rdth the other Ractional caqm-mts needed to fcam the flurdarmentals o t  
a s l r @ ~ - ~  angular deviatim receiver tht is adequate for e@merbg 
discussion, design ani test pmposes. 

fann by tk line schenratic dlagrm of 

mentation hhoratory. palailar deviation setlsofs based upm the features s m  in 
Figure 6 have been mufactwed in large rrwber~ aK1 successfhlly applied inmany airclgft, 

qmecmft and marine Systens. sensars of the type i l lUs t Im~ derive their nam f h l l  the 
fact that rotatlcn of the case about the input axis can only occur i f  a torque exists 
Wch, inposed q x x ~  the rotor, causes the angular mm?ntuuvector t o  turn taward the 
tonplle vector about the output axis. "Ms tumirg is resisted by a viscous drag torque 
in  tk daw- f lu id  whlch is pmportional to the angular velocity of t k  daiqm- trdthin 
the case. Since this torque is proportional t o  the "output" angular velocity of the 
plntwl about the gimbal -, which in  turn depends M the gyroscopic tom- pmiuced by 
the "input" angular velocity, the overall action is ane of integration. 'b electrical 
output f k a n  the s igwd generator masuring the rotation of the ginaal within the case, 
far this reason gives a direct indication of rotation for the case with respect to 
inertial space about the input axis. FWy refinements ard carplexities beyond the elL+ 

ments suggested in F5gure 6 a~ necessary befm wrldng sensors can be realized, but the 
-tal ideas Involved are described by the di&mns. Because the basic gyroscaplc 

input is case angular velocity about the Input axis, while the unit output is an electri- 
cal s i t p a l  representing the integral of this input, instnments with the features 
represent& in  Elgum 6 are called Single-bgree-0 f-Freedan IntegratinR Gyro Units, or 
mre ustially, IFUG's (Inertial Reference Integratirrg Gyros). 

m? ca&irration of concepts rn H a p a E n t S  defYned and xvqmsented In sinqle 
6 foms the basis for all the s3ngle-d- 

Of-- int-ting gy1.0 vrits created arrd pi- dmw the 19409 by the Inst> 

STATE OF INERl%U lQUIplrlENT ART I N  THE UTE 1940s 

At the end of 1945, chlged circumstances made it possible for the I n s t m n t a -  
tion Laboratory to actively attack the problem of inertial control, mvlgation, and 
@dance for aircraft. A t  tht time the only effective devices tkt used lnert id l  ard 
gravitational effects associated with the Earth were the mine gyro conpass and the 
stable unit used for f'ire control refemme purposes. The rotors i n  these Instruments all 
M two d e w s  of freedam and ueRighed many poumis. The conplete equipnents s t d  sane 

four feet high with horizontal dlmnsiorrs approximating one foot. Nany engineers believed 
that large, rapidly splrmlng wheels *re the only means for sensing the Earth's rotation 
arrl detecting deviations fran reference orientations small enough t o  provlde prac-ical 
stabilization. In carmn with a l l  goverrment sponsors of new projects, the A i r  Force 
wanted to  make use of existing technology for airborne inertial sys tem.  
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Following this plan of attack, the Laboratory installed and flight tested an 
AFMA Stable V e r t i c a l  Wl (ccmnonly applied i n  the U.S. Navy for fire control purposes: 
in  an Force -2. "he e q u l p n t  was large arxl heavy. Without outside reference, 
vertical indication perfanrrtnce was not good enough for airban?e navigation ard guidance 
aimed at errors less than one mile at the end of a ter&our fl ight period. It has already 
been noted that the aircraft Bank ard Clm Micatar arxl the TLun Indicator had pep  
fanwnce limitations with the osder of a few d w s  which, in the 1940s (awl for al l  
later times), qualified them f o r  stabil ization jervice but not for  na'dgation or @dance. 

guidance, we concluded that new mechanization would have t o  be developed f'rwn fludamental 
principals without deperdence on anytkhg available fmm exist- technolclgv. 

A t  the be- of the Instnmentation Laboratary's wrk an inertial navigation and 

Achieving practical results without undue concern for the disciplines i n  science 
and engineering became my early pattern of action at M.I.T. Followlrrg this approach, the 

I n s t m t a t i o n  Laboratory became a laboratory of p i o n e e r n  technology. ?bus, the 

technolcgy represented by the 1946 Air Force Project involved searcNng out a l l  the 
necessary inputs ard generating the control and guidame ca'tmards needed to stabilize 
aircraft motions ard detennine f-t paths. We clearly recognized that the overall 
processes had tlr, deal with the quantities of gemrallzed six dimensional geanetry, and 
that self-contained system fo r  the sub-fluxtion of mvlgation could not depend upon 
continuous radiation contacts with known points of the Earth. This meant furnishing, 
on-board, coordinates stabilized against e r r a t i c  and systemtic  aircraft rotations, 
suitably arrarged t o  maintain the input axis of specific force sensors so that all 

possible resultants of gravitational forces and linear accelerations were ccrnpletely 
accepted. 

denonstrated that such equipment was not only deficient i n  performance, but had sizes and 
weights beyond those allowable for aircraft. To overcane these objections, we decided on 
design studies to  minimize the wei&t and bulk of gyro rotors ard the* supporting .gl.nhls, 

ami to  reduce levels of Undesired torque acting to  cause e r r a t i c  angular deviations of the  

active angular m n t u m  vector. 
holding its spln axis direction i n  t h e  presence of torque by sheer inherent power of 
splnning mass-for a mechanization where gyro units, using relatively smll rotors care- 
f'ully isolated fran undesired torque ccnponents, acted t o  operate signal generators 
requiring substantially zero torque wi th  outputs representing angular deviations. 

Flight tests of gyroscopic units used for marine applications had clearly 

?his meant abandoning the  concept of a heavy rotor- 

In 
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1945, the relatlvely new technology of sennmechanians was perceived as tke key to 
convertlng gym deviation signals into to-yue oonpollents for malntaMng geanetrical 
members in reference orientations substantially f b e  of interference by supporting base 
mtials. 

Thus, without ccncem for details of des-, the fhctiorts needed to lnplement 
geanetrical reference h t i a n s  were mgrxtzed as: 

0-e or mare mechanical reference &ers with a total of three defgwes of ar&gdar 
&edm with respect t o  the supporting aircraft. 

Angular deviation sensors t o  detect orientational changes of the mference mder 
f’ran desired reference positions and to generate c- output s w .  

a) ?ko tuo-degre+of-f&edan angular deviation setlso~s. 

b) Three S l @ e - d w f - M m  angEilar devia t i~  mors.  

Servodrive systems t o  accept the angular deviation sensor sieJlals cxxl apply 
torque ccnponents t o  the -trial reference xmnber supports as mqulred t o  
overcare t k  friction, unbalance, and other torque carponents tendirre: t o  disturb 
th? geane’;rical m&er orientations ftom d e s M  reference positiors. 

Means incorporated in the gyro larits to sense angular deviations for supplylrg 
servodrive inputs t o  cause changes of the geam?trical reference rmhr arienta- 
tions in reSFllse to c- inputs. 

Angle sensors t o  pravlde slgmls representirg aircraft orientation with respect 
t o  the geanetrical refeEnce h r .  

Spec!flc Force Sensors with their Input axes p m p r l y  related to  lmmn directions 
In the geanetrical reference maker so that the  cutput s m s  mpresentlng CQR. 
ponents along their Input axes could be ccmblned t o  pzwide carplete infanaation 
on the resultant specific force Input. 

E l e c t r d c  carponents as necessary t o  service stabilization drives ami sensors. 

carputlrlg system: 

a) To receive signdls representing orientation of the @metrical m f m c e  
mevber with respect t o  Earth or directions detemdned by celestlal bodies and 
generate orientational change cxmmmis for  the reference marber. 

b) To receive signdls fKm the speciflc force sensors, correct out gravitational 
effects and generate inaications of location and velocity with respect to  
the Earth. 

c )  To canpare indicated locations ard velocities with respect to programned 
states of these quantities in t e rn  of Earth or other chosen external spaces, 
and fmn this carparison t o  determine the corrections t o  vehicle mtion 
needed t o  achieve f lna l  mission success. 

d )  To generate carrmand sljyals to  serve as guidance system outputs represent- 
these corrections and to  serve as the essential inputs for the control sys- 
tem whkh provides Interface functions t o  couple the guidance system with the 
vehlcle and its driving system. 

Various readouts, Indicators, monitoring arrangements, mode-of-operation selectors , 
m u a l  controls, etc.,  t o  meet the requirements of particular situations. 



Even a brief discussion of tk subjects suggested in this far-fhfMetalled 
listing I s  inpossible within the s c q e  of this paper. There is surely no reason t o  
review here, the theary, mathematics, ami practice of the ancient art of navigation avail- 
able in 1946. similarly, the ccnputer fbc t ia r rs  required and state-of-the-art ccnponents 
available for use in new equipnent wcre well iawksn. So mch effort elsewhere was being 

devoted tcmmi progmss that tlle Instnmentation Laboratcay f o d  no valid excuse far 
adding w new wwkers to  the fields of carguter tecmlogy. Considerations of the same 
W led Wre Iabaagtory away flwr tasks associated wlth redout armxpmen%s and indi- 
cators. It that the area where tk Laboratory could make truly significant 
contributions included sensors for hertidl quantities, arxl mechanizatlans associated 
with the realization of gemetrical reference xmbers t o  achleve the objective of an 
error build-up of one mile In ten hours fUght by a self-co&ained guidance system. 
Knowlng t ha t  a l l  the canponents had to be conceived, designed, bu i l t  and 

tested, this was the goal the Laboratory began t o  work towav3 In 1946. 

Irrertial system work In the Laboratory started with deslgn studies follawing the 
general two-degree-of-fbxdan suspension pattern that was corrmDnly found In gym- 

scapi: equipnent for  marine purposes. Among other features, we were particularly inter- 
ested In the technique of mtatlng a part of the -1 stmture about the indicated 
vertical axis to &ce friction effects by periodically reversing the direction of 
miesired t q u e  ca!&xments with respect t o  the angular mxoentum of the gyroscopic rotor. 
So mny detailed considerations becare involved as des- were worked out that I can do 
more than s-st a few of the obvlous decisions that started new paths of developnent for 
Inertial systems in 1946. PigUFe 7, carplex as it nay appear, is a sinpllfled diagram of 
an amagemmt of elenents that was studied on paper ancl, t o  sarre extent, in working hard- 
ware directed toward reallzing the f'unctians of a stabillzed nmber. 

'pluo, tuw3egm+of-fhAan gyro rotors were mounted within double gin3>dl system 
which in turn wre carried a? the structure of a stable mentm that was mounted with pitch, 
roll, ard azlrmth freedan In ghbals carried by the -lane framework. Each of the two 
gimbals for each rotor carried an electrical torque mtar. In canblriation, the motors were 
amgnged so that their outputs could precess the spin axes to any desired orientations 
With respect t o  selected reference directions. The ghbals  carrying the stable unit were 
equlpped with t q u e  mtars havlng outputs sufficient t o  overcarre f'rlction wd inertia 
effects associated wlth the support bear-. Each of the torque mtors was part of an 
asSenaly including a "pick-off'" to  generate electrical  signals representing angular devi- 
ations abcut the various axes. The pick-offs and torque motors were canbined in serve 
drive loops with suitable electronic power anplifiers so that signals f'run the gyro units 
could accurately deterndne the orientation of the stable unit without imposing disturbing 
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torques on the gyro rotors. This application of servo-nechanism technology-to control 
orlentation of relatively heavy mmbers, hrkh reference directions established by gyro 
unit gimbals without inposing any significant torpue on the rotor  has been universally 
adopted by designers of inertial guidance equipmnt I 

receivirg functions for the arrangement of F'igure 7, with torquing and signal generating 
h c t i o n s  performed by cmponents within the units supportir-g the axes of the two pendu- 
lwns. 
changes in spin axis orientation appear a s  integral  parts of the system. 
f h c t i o n s  are suggested as system parts in  Figure 7 by a dashed line indication of a cab- 
inet. The cmputations t o  be p e r f o m  could have been carried out by using a variety of 
detailed arrangements, but vehicle location, velocity, and mtion corrections both as 
irdications and also in terms of control cornnards were resul ts  requireti frun any system. 

We faud that well-qualified mathematicians could desim adequate conputem 
which cauld be hplemented by the technology available. 
realizing conplete and accwate geometrical i n f o m t i o n  with on-board equipnent suitable 
for which ;elutions had t o  be found. 

reaffirmed our earlier decision t o  concentrate on ineYtial sensors a d  the technology of 
generating and applying geometrical i n f o m t i o n  by self-contained onboard systems. 

Two siwJ4egree-of-f'reedan peridulum units provided the specific force 

Carponents t o  integrate the gyro torque m t o r  input currents ard determine the 

Carputlng 

But the instrumentation f o r  

For these reasons a year's work on Iner t ia l  guidance 
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We chase a reference member stabilized and constrained to follow '.he direction 
of the local vertical as the cafiying aircraft moved over the Earth's surface. This 
rnember pmvided a basic -ut fmn which self-mntaind equipnent could derive navlgatianal 
indications. Of ccurse, it would be necessary to  coapensate for the efYects of accelex- 
atim on the outputs h.an the sensors in order to achieve accurate indicatians of the 
vertical. Directions on the Earth's surface (the heading fnm North for exanple) would 
aLso be needed. Findlly, sane gecrnetrlcal reference for masuring with good accuracy the 
angular motion of the local vertical u;85 needed to determine distances co- on the 

Elrth's surface. Inertial space c d d  be used as ehis refereme by relating the IntegmIs 
of t q u l r g  inputs applied t o  the gyro rotors t o  argles of spin axis rotation by callbm 
tlons of the sensors. Another appmach involved Including a physical mmbs that would 
hold a selected atzl established reference orientation with respect t o  Inertial space as 

over the Earth could be =ad out In tern of angular displacenents with respect to this 
reference member. F3y 1951 both of these apprpaches to the orlentaticml reference problem 
had been inplemented in designs of test models bui l t  i n  the Instmntaticm Iaboratory. 

part of the 0~raI. l  system. c2laQps in local vertical directlolls corres- to travel 

Reviews of past experiences with aircraft instmnts, gunsights, marhe equ ip  

mnts, and experiments with specially designed test devices, sham3 that friction Levels 
obtainable f k m  ball  bearirgs could not be reduced belaw the d e r  of ten dyne centi- 
mters. Gym rotors of reasonable weseight, a few hun3red gram, splnnir)g wlth angul3t' 
velocities of several tens of thousards of revolitions per mirnrte provide anguLar manentun 
with tmgnltudes not far fYan one mtllion gram centimeters squared per secord. 
carresponding p r e c e s s i d  rate far a ten ciym centinreter disturbing t m p z  is 10-5 
radians per secord. 
radians per s e d .  

supported gimbals t o  achieve drift rates tkt were less than several times Earth's rate 
wlth gyro rotors of reasonable size. A t  fifteen degrees per hour, where each degree 
corresponds t o  sixty miles of distance on the Earth's surface, It WMiLd be inpossible to  
achieve stabil i ty in geanetrical reference mmber orientations pemittlng navigational 
uncertainties less than several miles. 
for practical Inertial navigation systems could not be realized with sal1 beariney. 

e l e c t m e t i c  Melds, electrostatic fields, hydrostatic pressurized bearings, grease 
bearings, "squeeze" Mlm bearings, and various other schems were tried ard abdoned for 

l h e  

Earth's rate is fifteen degrees per hcur which is about 7.3 x 
It t b  appeared that there was no .hope of using b a l l  bearing 

This led us t o  conclude that gyro ginbal supparts 

Many possibilities, elastic members after the pattern used far t h e  gunsights, 
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one reason o r  another. 
accuracy that could be achieved by shear drag forces gewPated from velocity merits 5n 
tNri layers of viscous fluids,  we decided t o  use floatation fo r  providing most of the 
support fo r  a slngle gimbal structure designed as a hollm float t o  directly carry gyro 
rotors and the* spin axis mchanisns fo r  single-degree-of-flwedm configurations. By 
adjustment and ccntinuous control of temperatures, floatation forces could account for 
support of all but a small f'raction of one percent of the gimbal weight. 

by-product of this arrangement, viscous drag integration of gyro output torque about the 
g3mbal axis could lead t o  signals representing case rotation about the input axis so that 
the overall gyro unit would provide angular deviation output signals. 
addition of means fo r  magnetic suppoi i v+ thout disturbing torque could make it possible t o  
absorb residual non-floated weight ard realize gyro units With g imba l  output axis fM2tion 
reduced below one thousandth of a dyne centimeter. 
were f d  t o  apply witn equal validity t o  pendulums and sensors of various types to 
receive specific force. 
mrious other diff icul t ies  involved. 

After a number of researches t o  determine the integrational 

As a useful 

In practice, the 

These considerations f o r  gyro units 

The same design features were found to  be effective remedies for 

Engineering stwlies showed that,  except fo r  very short transient periods of 
alignment, reference directions fixed t o  the structure of the stable member had t o  be 
serv-controlled wlthin smali zgular deviations fKm reference directions determined by 

the gyro spin axes. 
suspension i n  an arranymmt with tic fez!+ures illustrated i n  Figure 7, and t o  use single 
axis signal pickoffs fo r  the remaining single ai, 0;inbdLs. 

about a single axis need& only a very lFmited ran&?, on the order of arc SecondS, of 
angular mction t o  accomnodate fo r  any deviation that normally operating servc+loops would 
ever allow t o  occur i n  stable nember orientation. Reaiization of this fac t  determined 
the essential  pattern of sensor desim, an3 made it possible t o  use the sinplest possible 
engineering features In construction. 

servmtor-powered gimbal arrangement supporting a stable platform. ?Ns platform carrfed 
three single-degree-of-freedm gyro Ldts with t h e i r  Input axes mtually at right angles 
t o  sense angular deviations with respect t o  inertial space about these three directions. 
Two single-depee-of-freedm units with external pendulums are shown with their pivot 
directions fixed t o  the stable platform. Although details of cmstruction are suggested 
rather than shown here, t h e  general arrangement of functional cmponents pmved so 
satisfactory tht we used it directly or with suitable modifications i n  many inertial 
guidance systerrs deslgned i n  later years by t h e  Instrumentation Laboratory. 

F@.m 9 represents tiE configuration shown i n  Figure 8 i n  a line schematic 
diagram for  a conplex of components t o  operate as t he  basic mechanical subsystem of the 
stable vertical. 

This made it possible t o  e l k h a t e  %E gimbal fraTl each gyro rotor 

Pickoffs of this kind working 

Figure 8 is a 1946 artist's representation of a three-degret+of-AMcm- 

The essential  operational relationships, including electr ical  quantities 





processed by enpllfiers and Ccnputers, are represented i n  a functional diagrsm in 
p&ure 10. A detailed explanation of this 
are available kre. If an impression of the nature aal carplexity of the relationships 
involved I s  suggested by 

would require msre wonb and space than 

10, the wltier’s objective w i l l  have been achieved. 

Slngle-degree-of-Man sensors for angular deviations and g m v l t y  have been 
shm in the mechanical subsystem diagrams of Fl-s 8 and 9. 
pendulums are represented as having journal bearlngs without any remarkable feaares. 
F ’ I v  11 is an artist’s rendition of the amangemnt used in the first experimental 
pendulm unit. Ball bearings fitted in the instnrment case were used at each end of the 
shaft whlch carried the pendulum. Sallent pole stators mated t o  direct  drive rotors fixed 
t o  the shaft, served the functians of generating output signals and applying c m n d  
t q u e s  t o  the perdulum. An aluminum cylindrical cup mted on the shaft and rotating i n  
the f ie ld  of a permanent magnet provided danping for perdulum rotation. 

Tests of engineering d e l s  incorporating the features shown i n  Figure 11, and 
hcludlng b a l l  bearing sipports for  the outpat shaft, gave angular position uncertainties 
much larger than the  fractional arc minute requimd for Inertial guidance specific force 
receivers. Studies of a l l  the  principles that might overcale tNs and other d i f f icu l t ies  

In F’igure 8 both units and 
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The name chosen fo r  the experimental system w a s  thus PHOEBUS, f o r  the Greek God of the 
Sun, a name that w a s  s m  shortened t o  FEBE as the off-lcial name. 

carried an autanatic optical  tracker fo r  following the line of si@ t o  the sun by mans 
of specially designed elements. 
supportirg base, which was fixed t o  the airplane structure, w e r e  read out, and the corre- 
spcxding s i m s  transmitted t o  the c w u t i n g  system fo r  use i n  foming control ccrrmarrd 

signals and navigational l xa t ions .  These M i c a t i o n s ,  displayed to the hurnan p i lo t ,  
supplied the information necessary f o r  steering the aircraft. 
generated by the ccnputer w e r e  also linked with the a u t m t i c  pi lot  so that the Stellar- 
Inertial GLcidance System could keep the aircraft on proper course t o  its target without 
attention frun h m  mmbers of the CIPW. Figure :6 is a side v i e w  diagram of the FEBE 
system installed i n  the rear carpartment of a B29 aircraf t .  Figure 17 is the corre- 
sponding diagram f o r  the experimental equipment as seen fk.an above. l be  various care 
ponents and subsystems are lakeled with the names defined i n  preceding fignes of this 
paper. Figure 18 is a photcgraph fmn folwaxd and above within the airplane, shawirg 
the actual FEE installation. The canplete system involved a bulk of’ s m  4,000 pollllds 
on the weight and balance chart f o r  the airplane. 

Fran the s t adpo in t  of mechanization, a gimbaled servc4riven tracking menber 

Angles of the tracking mmber with respect t o  its 

Control carmand s i g y a h  

A number of t e s t  flights wem m e  between Hanscm Field near Boston, 
Massachusetts, and various airfields in the midwest. 
build-up of about ten miles f o r  five h a s s  flying tlm was achieved cn a n m h r  of t r i p s  
from east t o  west. Results of this kind certainly did not prove that our objectives fo r  

Performance involving an error 

Fig. 16 
Installation of FEBE System i n  5 2 9  Aft Presswized Compartment Elevation V i e w  
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Pig* 17 
Installation of F E S  System In EL29 A f t  Pressurized Canpartment Plan View 

the project we= attained, but they did give strong indication that @dance systems using 

inertial- principles could be des- and reduced t o  practical operation. 

fran the F E E  system had been obtained, so eng5neerlng tests were stopped and work began 
on a seccnd approxination of inertial guidance e q u i p n t ,  this time entirely free fmm 
dependence upon tracking of 

By the end of 1949 it appeared that substantially all of the useful lnfonration 

celestial body. 

Gyro unit and servodriven stable manber behavior had been gemrally encowaging 
in the FEE system, with Mft rates in the fractional meru (by mru is one one thousandth 
of the Earth's rate, i.e., x 1 5 O / h o u r  which is appmximtely one minute ci' arc per 
how) range achieved on numerous occasions. Several features of the experimental sensors 
could be inproved by reasonable engineering changes, a x l  there was strong optimism that 
all-inertial guidance :;ystens could be built  with smaller size, less weight, and Ngher 
performance than the FfZE system. 

the A i r  Force sponsored a new inertial-only system, called SPIRE (Space Inertial Reference 
Quipment). The performance goal for SPIE was a one or twomile error build-up during 
ten hours of flying t h e .  A geanetrical reference merber carrying three single-degree-of- 
M o m  gyro units cuith input axes rmtually at right angles, supported by servodriven 

After preliminary studies were completed by the Instrumentation Laboratory, 
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in a way that in 1951 the SPIRE fllghts had not y e t  started am3 marine, missile, space, 
atxi carmercial aircraft developnents were still a few years in the fLlture. I will not 
mention the eqUipnerrts built and results achieved during the 1950s beyond not- that tk 
teckmlogy pioneered, would be followed by considerable production arrd wide-spreed use, 
based on concepts that were no mre t h  misty Ideas in 1935. 
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ORIGINS 

Early In 1945 a special United States Naval Technical Mission in Europe 
accanpanied Allied forces advancing through the low countries into Germany. 
with Axis technical and scient i f ic  matters, organized into Ccnb ined  Advanced Field "&am 
canposed of both Brit ish and Am?rican scient is ts ,  the mission menhrs included the mthe- 
matician Anthony Biot, aerodynamicists C l a r k  Millikan and Hsue-shen Tsien, and p.ysicists 
Abraham matt and George Mid. 
German scient i f ic  p u p s  and installations of interest  t o  Allied agencies. 

Dornbenpr-von l3raun rocket gra\p who had surrendered t o  Allied troops a few days earlier 
1 at k u t t e  In the Tyrol. 

requested that von E3raun prepare a surrmary of German rocket developnents and his  predlc- 
tions for  the fiture of rocketry and astronautics.* The resulting report, Survey of 
Development of Liquid Rockets in Germany and Their nture Prospects, suggested potential 
app1icat:ons fo r  earth satellites, m e d  space stations,  and flights t o  neighboring 
celest ia l  bodies including the m n ,  as suggested earlier by Tsiolkovsky, Goddard, G L O r t h ,  

Noordung, and 0therS.j In July, that report accarpanied Abe watt when he returned t o  
the Navy Bureau of Aeronautics ( W r )  i n  Washington, D.C. According t o  Hyatt, it stirred 
a good deal of Interest amng individuals at BuAer, especially w n g  those i n  the Aviation 
Design Research Branch directed by Ivan H. Drigg~.~ But the individual f irst  and cer- 
t a i n l y  most moved by the subject of earth sa t e l l i t e s  at; mer was a young Navy lieutenant, 
Robert P. Haviland. 

Concerned 

These m n  conducted on-the-spot assessmnts of des-ted 

On May 5, 1945, a few of the mission nmbers interrogated the leaders of the 

hiring the meet- i n  the ~ m l l  town of Kochel, Bavaria, Tsien 

'Presented at the  Foruth History Symposium of the  International Academy of 
Astronautics, Constance, G e m  Federal Republic, October 1970. 

++Jet Propulsion Laboratory, California Inst i tute  of Technology. 
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Haviland, &t,ttached to  the Electrorlics Materiel Branch of the Eslgirreering 
mvis,',m in the Navy wuleau of Aeronautics, examined Allied intelligence reprts and 
other documnts relating t o  aircraft identifiCatiOn and electronic countmmasrrres. 
a decrease i n  work ass-nts near war's end, Haviland turned his  attention t o  a favorite 
topic: the inglicatim of space rocketry.5 In the late suMner of 1945 he read a 
British report concerning the capabilities of the Gem V-2 rocket, and a NACA technical 
translatian of same ewller wo& pursued by l3@?n Singer. W i l l y  b y ' s  Rockets, the Future 
of Travel Eieycnd the Stratosphere (New York: V i k i n g  Wss, 19441, which treated the energy 

zlequirementv necessary for orbital fllght and escape l k m  the earth's gravltatlaal 
6 attractim, also stirmlated the young man. 

van Eraun paper, Havlland set about cmiderlng potential space mlsslons, and he spent 
several weeks exploring the technical f eas ib i l i t y  of earth satellites based upon exten-. 
sions of canventional V-2 rocket technologv. On August 10, 1945, he cartined the resul ts  
of this study in a rdne-page  men^ to  the Head of the BuAer Pficial Weapons Secticn, 
ret- that an earth satelllte project, "Project Rex," be authorized by the U.S. 
Nan. Althouejl mrloddrg the problenr, of atmospheric reentry, Haviland calculated that 
by clustering and staging large roacets, mmed ar t i f ic ia l  earth s3tell l tas were tectuii- 
cal ly  feasible, and he recarmended a mber of potential mlssions: as a platform for 
SLientiflc research, as camunlcations relay stations, and for use i n  mapping and met, poi-0- 

.I,h 

Aware of the discussions in the Aviation Design croup and, apparently, the 

logical sumreillance.7 
?he President's announcenrent af the existence of the atomic b a b  on A u g u s t  6- 

which suggested a pctential source of large 8'3unts of energy-enhanced Navy interest i n  
Havlland's proposal. It quickly won the support of N s  lnmdlate superior, Carrmander 
J. A. chantxm,' and fnm Captain ~ o y d  V. Berimer, himself destined to  play a significant 
role in Anrerlcan astronautics. Captain Berkner, Yead of the Electronics Materiel Branch, 
was rmch taken with the idea of a cantunlcations satelllk enployed as "an a r t i f i c i a l  
i c p l o ~ p h e r e , ~ ~  and he ccnvbced his superqm of the des i rab i l i ty  of invest@,tin% the 
pmspect of earth satell i tes. l* With authorization to  proceed, krimr discussed the 
matter with Carmander Harvey Hall," Special SclenZlflC Asoistant t c  the Head of the Radar 
Section. Hall agreed t o  assist In a c d t t e e  examination of the technical feasibll l ty of 
earth satellites. (3n October 3, 1945, Mer organized a Carmittee for Evaluating the 
Feasibility of Space Rocketry. 

THMRFTICAL VEXIFICATION OF A SINGTSSTAGE SA- ROCKET 

Between mld-August 1945, when the Haviland memo was brarght to  the attention of 
Berkner, and the creation of the satel l i te  camlttee on October 3, Harvey Hall determined 
that a t r u l v  nractlcal and useful earth satel l i te  cou:.d not be reallzed with existing 



V-2 propellants and '?chnology; a major advance in rocket technology, he reasoned, appeared 
necessary and desirable.12 Assipped at this :Ira? :o evaluate the appiication of jet pro- 
pulsion to  aircraft (which are "slngle-stage" vehicles), he also considered the avenues 
for admnoes In rocketry. Hall struck 9n the concept of a single-stage satel l i te  rocket. 
With the sa te l l i t e  c d t t e e  established, he successfully pressed thAO appro&ich among 
associates. 
materials and techniques and arrive at some estimate of the posslbility of attaining R 

velocity of libration frwn one stage of the 

of placing a single-stage space ship in orb:t above the earth warranted establlshlng a 
pm,jC3t within BuAer to  conduct a detailed study. 
vehicle that would canpensate for s t rucd ra l  deveiopnt  problems by ellmirating staglng 
and rei@tion of engines at upper altitudes, and that burned high specif'lc 3npdise 
liquid propellants such as hydrogen and oxygen, the m a n b e r s  suggested, would provide a 
more powerful as well as r e l i a b l e  satel l i te  rocket. 

mer for an Earth Satell i te Vehicle15 program, and functional-type project desks appeared 
in  variou sections as the satel l i te  studies 
were now more n m r w ,  arid influential: 
Design Eranch which handled BuAer guided missile projects, C a p t a i n  W. P. C o g s w ~ l l ~ ~  of 
the Mer Rad10 and Electrical Group, ard shortly therearb%r, Hear Adrmir?l Leslis Stevws, 
Assistant h i e f  for Research and Developrent, 3uAer. 
satel l i te ' s  usefulness f o r  ccmrnulications aid as a relay btation fo r  guidance of surface- 
to-swface missileb, nonetheless remained very duS:ous about obtaining the mrAq necesswy 
t o  build one In .lew of the congressional cuts i n  the post-war Naby budget already taking 
place.'' But most of the s u p p t e r s  were optimistic. Captain Fahmey created a special 
desk In the  Pilotless Aircraft Glvision "to handle 2'11 the engineering aspects of the 
Earth Satell i te Program," Etnd .-.electec L t .  C m c r  3. P. Haviland, TiSNR" tc naiuge it. 

Plans for t h i s  early Navy satellite project (not to be confbed wi th  the later 
V a n g c a r d  Program) called for three sequential pharzs leading to  eventual flight t e s h g :  
(1) the investigations aid preliminary research r ecmnded  by the sa te l i i t e  CCmnittee, 
(2)  a genersrl engineering study by one or mre contractors based upon the satisfactory 
capletion of the preliminary research, wd ( 3 )  award of a contract for construction and 
operation of a prototype vehicle.2" Subsequent Navy work incorporated the  sa te l l i t e  
canntttee premise of a single-stage satel l i te  rocket, and proceeded l a r g ~ l y  cn tLe 
strength of a hydrogen-oxs'gen rocket mtor  developrent program cwducted by t k  Aemjet 
Engineering Corpok6,10n,22 supervised by L t  . Camnder Robert Trvax. 
Aerojet personnel succeeded in burning gaseous hydrogen ani oxygen in a small wcket 
motor for the f i rs t  tim, and in  the following y e w  thry placed the largest hydrogen 

Accordingly, the camittee w a s  charged "to investigate presently available 

Cn October 29, 1945,14 the satel l i te  c d t t c e  concluded that the p o s s i b i l i t y  

A high mass-ratio, single-st&d 

BL. the end of Novemer 1945, considerable support had !15. n gene$?ated within 

me sa t e lu t e ' s  proponents 
Captain D. S. Fahrney, Head of the Special 

Stevens, tho@. he accepted the 

Ute i n  10' , 



+SIX 0. €I. Osboxn, R. Oorda?, 8nd H. L. caplen, with 0. S. James, "Liquid 
%- RoclQt Ehglne Developpent at Aemjet, 1944-1950," In tNs volune - Ed. 
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Eh&r and JPGcal tech  adopted this ascent technique as a coc-elative axiam, and used it i n  
a-il subsequent engineering sturties for  the high altitude t e ~  ve.Ucle (HAW). 

3iLlce beccrae standard p m  in all space programs for COnfipratZng ascent trajectc- 
ries, for altering orbital  altitudes and eccentricity, and, with late:. modificatiws for 
s t 7 - d  vehicles, for 4 m v h g  payload capacity for a give? mass ratio.  lJnknwn t o  those 

tir work on the Navy satellite studies, the same innovation had been advanced rdny years 
beforr, by tfie Russian astmaautical pioneer K. E. 'Biolkovsky. 

t ion of )faner J. Stewart 3nd Frank 3. WLina. Us- the stipulatkns and scen t  tecMque 
suggested by the Navy, JPL calculations28 bixnflruk?d the technicil feasibil€ty of a sinple-  

stage liquid hydmgm-oqqgm satellite mket attalqlng a m i n i m u  circular em- I  orbit at 
240 Ian (150 miles) altitude provided: tfie fbel and e n g h  caabfnaticn would perfom 
according to theory, and that a projected propellant-@vss structure weight (mass) 
ratio of 0.885 to 0.895:l could actuilly be reallzed. A t  the same time, in a final 
report, JPL participants felt ObllpJ to resnind the Navy that "the requixwi prcpelhnt- 
gross wi&t ra t io  coula be gmatly reduced if a step mcket Es-1 wen? used. For 
exmple, a twr>-s'iep rocket would require, for each step, a pmpellant.gmss weight rat io  
of about 0.7."~' 

tract. to  Aemjet Engimerhg. EuAgr want& Aerqiet to detennim uhether a test stand 
value of the  s[ficific inpulse of liquid hydmgm-oxy&n was sufficiently near the theomt- 
i ca l  value to j u s t i o  the JPL conclusions of sate1li';e feasibility, perfm a desi@ 
study of a liquid hydrogen-oxygen rocket engine producing 136,000 kg ( ~ ~ , O O O  pounds) 
thrust ,  and fabricate a larger hydmgm-oxygen t e s t  engine rated at 454 kg (loo0 pounds) 

thrust.3' ~ h e s ?  pr0Pi;lsion system m t r a c t s  leri t o  the construction of uxt large hydrogen 
liquefier nenC,ic-xled. p~%!viously, and actual test stand operation of the liquid wdrogen- 
oxygen rocket engines that h d  canfirm theoretical performance  specification^.^^ Another 

engine with a 50 watt electrical  catput to power Satellite electronic equipment, and work 

ccrrx~~?llced Itl BuAer on the guidance and attitude contml bquipnent required for the period 
of \arpowered coast along an e l l ip t ica l  tvJectory prior to insertim in a circular orbit, 
mi for  orbit operaticns.2 verification of the structure mass ratio for the single- 
stage vehicle, the seccmd conditia? stipulated by .TPL, also began i n  mid-1946 as the Navy 
mved into the engimering deslfg phase of the earth satellite project. 

Meantirre, before m s t  of these early investigstlons had been carpleted, ~ ~ p p o r t  
for tk satel l l te  pmject was soLicited f r a n  many individuals and at  many levels i n  the 
Navy outside of EuAer. It soon became apparent that f U l  Navy support for an actual  

fUght test venicle pmg~'am-as Acbniral Stevem suspected-would be difficult  to achieve. 
In kvent3er 1945, costs for the engineering and preliminary desia p;me of the pmject 

It has 

JPL Corducted the* sttsdiw bet- Decenber 1945 July 1946 the direc- 

Ekamged by the Caltech work, rn July 1, lgJ+6, the Navy awruded a s e m ~  can- 

L K t l t r d C t  naS t0 North AIIEfiCatl h i l l & t S  (hpaQ? t0 des* a U&f3&.&t SOW 
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mced vith this vlpmsasing fiscal situation, lIE!l&m cf the Navy satellite 
camtttee approact& tk Anqr Air pbrces in the hope of establlsNrga joint earth satel- 
Ute project. A joint p j e c t ,  they believed, might be able to cuunmd fhamlal support 
sumcient far fught tests. Ihe pirst lB?etLzq3 betlJm%n mpr€ssmtives of tk b o  se- 
vices took place in uashi.t?@m, D.C. on IYarch 7,1946, in the OPFice of t k  Air mrce 
Wor cieneral H. X. MccleUand. Navy pe-1 pI*?sented the objectives an3 status of 
their mcket satellite pmject, Wther wlth a sugeested plan for the pmpo8cd Arnpr Air 
Forres-Navy experhmtal pmgran to evaluate, justify, and, if warmnted, awrrtruct and 
latachapmtotype vehicle. Flieceptionof ttre Navy pmposal by the Anuy .UrPbrces repm- 
Sentatiw seemed srorst faTfcmible; fbthentnm: 

It ra6 agrped at the cmference that the gemral advantages to be derived f h n  
pursuing the satellite development appear to be suf'f'icient to j u s t i Q  a -or 

cations in m l w s ,  may not 3ppea" at this cime to wammt the expendltum. 

&-a this basis, the Atmy representatives agreed to investlgpte the extent of 
Anqy interest by discussions w i t h  General 
joint anfemme is plat-mxt.35 

pmgmul, in spite of t k  fact that the obvious mblltaty, or purely naval appx- 

rtrd otkrers, after which a future 

For several days In March 1946 it appe- that a jmt- satellite m e c t  leading %o 
fli@-it tests might, possibly camrence in the Wtsd State;. 

Forces Chief of Staff ,  desigpated wor General Curtis E. IeEIay, recently qxmted 
Deputy Wef of Air Statf for ksearch arrd Develcpmt, to represt the Arnpr A i r  Pomes 
in ne@Aatiars wlth t& Navy satellite plpposal team. In ndd4arch. wle Gemral inforued 
a dismayed conmander Hall that the Army A i r  Rmes had decidednct to support the pm- 
posed joint  satell?te pmject, although k left open the possibll2ty of fmtkr discrrs- 
sions of earth  satellite^.^ Anrpr Air Forces rpplpsentatives confirmed the Spaatz-IaMay 
clecbion at a seccrxl meting in Us? Research and DevelcQlnent oomrdttee of the Aemnautical 
Board on April 9, 1946. X r  Rxce m e r  General Iaunence Craigle declared two 
separate proppm pmferabla to m . 3 7  w earth satellites were to  te ccxlstmcted, 
CraigLe inplied, the AT{ Air Forces intenrki to  be the service to  do it, especially 
since the 

space. 

satellite mckt hvestlgations with the g m q s  at JPL snd AemJet. Bmgh the encounter 

After Cammly r e v i a  the Navy PIOpasal, GerEral CaFl sp;ratz, Arnpr Air 

Air Fbrces had almady staked a claim to f u t e  military missions in arter 
38 

Personnel at the Navy wlreau of A e m t i c s  Iptunred to  their single-stw 



with the Amy Air Forces had been a disappointmnt, it had me positive ramificaticn. 
pmnpted another extensive sateUte study. 'Ihe 

oqpnlzaticn turned to  the Pmject RAMI n?sear& p p q ~  ard, as a first task, instructed 
th i s  mly farmEd cansultant a z a t i o n  to  perform a separate earth satellite f e a s i b i l i t y  

w i t h  repeated cklays WNle  the Air bree satellite study progessed. 

hvelqment Carmittee of the Aermautical Board. 
mi cc~posed of m- f ~ l  the ~nro r  a x i  h v y  air 
intervals to  mev'rew new developments and to  lpcancile "the viewpoints of the two services 
for tk nut& benefit of aviation."41 A t  this thM meeting A@' Ceneral craigle in- 
duced the Pmject RAM> satellite study "on which the ink was hardly dry, as the basis 
of a tar@ning positicn that the AAF was on an equal or similar develqment position 
w i t h  the Navy," Harvey H a l l  reflected. 
tmanis a joint pr>ject.m4* ht the meet-, attw convened for ti-e purpose of 
coardinating "tk inLtial phases of a CsateUtel pmject . . . and to define service 
-x!spcnsibillty, if desirable at this time," bespoke the serious cclltenporary internst in 
an &rtificlal earth satelllte: 

It 
Air Forces Research and Development 

A t t e n p t s  by the Navy Ekreau of kxmautics to arrange another cmferenw met 

cfi Mag 15 the mqective servlce representatives met again in the Research and 
W s  Board, fo& during World rJar I 

n0-u met at mthly 

"Fnm this point on, 110 fbrther progrwss was made 

a. It is the llpst prunising mans that has been suggested for providing guidance 
for guided .missiles and pilotless airwaft  at ranges in  excess cf about 
250 miles. 
It would p v i d e  mans for fheing warld-wide Camrrmications of periodic 
lack of r e l l a b i l i t y  attributed to cuter atapspheric effects. 
It rrdght be of nuch value in extending the understanding of meteorology, 
w i t h  cmsequmt inpmvemnt in meteomlogical predictions. 

It w o u l d  provide an initial step toward the event& construction of 
inhabited satellites and interplanetary travel, with far-reachi. 
lmpucatians. 
kcking agreemnt on whir% service should be responsible for actrraA developwnt 

b. 

c. 

d. 

43 

of prototype satellite vehlcles, however, the nrembers referred the question of jurisdic- 
tion back to the full Aercnautical Board for a decision. ?he Navy menixrs mintained 
steadfastly "that the mknowns involved in this project, and its inplications for the 
poss ib i l i t y  of space tmvel, mder premttuP any attenpts to  define Semrlce responsibil- 
i t y  at this t h e  . . . [but actual development of a satellite should] be undertaken 
jointly by the W ,  the Navy, and civilian science. 
because intercontinental warfare is of paramount interns;; to the Arqj A i r  FOrces, future 
plans involving actual carstruction of an earth satel l i te  should be under the  control of 
that orgar?!zation . . ."44 In the face of these service positions, the Research and 
Develcpmnt Ccmnittee could only mcarmend that tk A q q  A l r  Foi :es and the Navy continue 

Ihe Amy merrbers consider that 
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seprulate pxelimimry investigations. kantlm, the cawdttee established a fomnl 
subcamadttee on earth sateates to flrrther exmlxm its potential applications, ensure 
coordinatim, ami pzlevent d\pUcatlan of efYorts between the servlces. 45 

withollt agreenmt on joint mqmsib i l i t y ,  a well.Qfirred use far earth 
satellites, OF pFoject approval Avrn t k  Ae-ical bard, t k  Navy SateUte st* 
project by itself d d  not CQmPgd bFoad intemal support and the neoessary f\niing. 
Navy participants mu reallzed that ecnstructim and laan& of a plptotype satelllte- 
calctilated to ccet between $50 ami SlW udlllon--was at least tapmrUy pzwbxkd. 
~ r r t  fbrtkr -limbnary investigations* wem assured on May 8,1946, when the Chief of 
#a~d l  operations f- approved the w r  satellite YtW pmject,& ani the se~and 
phase of began: vehicle des-. In June ard July the Navy Bp?eau of 
Aennautics contracted for two mor stmctuml &sm studies, the first with North 
American Aviation, and the SeCQd with an old Navy stalwart, the Clem L. hr t in  
of Baltimule, Maryland. Both f3mm teaoled with Aemjet &@.mering Corpomticm on the 
engine ard -llants.47 

On Septenber 26, 1946, North American Aviation subadtted its report to BuAer. 

Ihe desi@ study, directed by U a m  A. Bollay, had been carried out in the fbmcs mly 
estabustred Aemphyslcs Laboratory. R. G. Milson served as Pmject Rgheer, with 

individual tectnical sections prepamd by L. A. Gore, msponsible for propellants, surface 

heating, and pwer plant; Bnnx, W. Augensteln, aemiynauics; R. C. W i l s a n ,  wei&t, 
balance, structural and gerrexal design; and R. G. Knutson, guidance and contml. Each of 
t k  contrlbutars based h i s  wark on tk Navy stipulated SLgle-stage satellite mcket 
bunling liquid hydmgm-oxygen, and the JPL specified mass ra t io  of 0.895:l mudmm. 
rJorth Araerican r e m  a pressure stabilized ogive structure 26 mters (86 feet) long 
a n i  with a maxinun diameter of 4.9 nreters (16 feet). "It is C C m S t N C t e d  of stmess 
steel and has nine clustexed hdivid&l thrust mo+~rs. The vehicle is capable of at- 
ina a maximm velocity of 6,820 meteis per secad (25,400 feet per s c a d )  at an altitude 
of about 225 Mlaneters (140 miles)"48 (Figure I). 

(101,400 l b s ) ,  bmken d m  into m-.jo~ carporrents: Propellants, 40,000 kg (89,OOO lbs); 
payload, 450 kg (1,OOO lbs); motor ad accessories, 2,250 kg (5,000 lbs); and structure, 
2,900 kg (6,400 lbs ) .  The starting weight required an initial thrust of 10S,700 kg 
(233,000 lbs) varying to about 139,700 kg (308,000 lbs)  thrust at; altitude.49 The fin 
recarmended an eventual longitudinal scaling of the vehicle to about 59,000 kg 
(130,000 lbs) p. 
configuatian, and an extension I n  the bunzlng time of the engines fnm 126 to  165 seconds. 

Ibm h f i c m  cksiw tte Altitude 'Pest Vehicle to 41,130 kg 

weight with no increase in the vehicle's maximum diameter In a final 
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Since the structures portion of t h i s  prcjected single-stafg? vehicle could not "rem mch 
more than flve percent of the total wewt of the  satellite mcket, the specifications 
called for a pmpellant-t+structure (mtent-tc+shell) r a t i o  appmaching that of an 
egg. ?his task, at once an englmer's aspiration and ni&tmwe, eventually 'csould be 

reauzed.50 
!he Clem L. Martin Conpany and Aemjet studies continued for a conplete fiscal 

year, ending ir June 1947. In its first pmgmss report, Martin proposed the use of a 
stardard honeycart, shell ronstruction if the stmngth requimmnts could be maintained 
within the mqxrat-?e ard pressure ranges encountered during flig&t into earth orbit.*l 
Under subsequent testing, engimers f d  this material inadequate t o  met  the necessary 
re-, and t.ky c?roppec? it in favor of the North American thin-sidn, stahless steel, 
pressure-stabilized "bbllnp" structural  scheme. Martin's extensive "'a report, w h i c h  

incarporated the Aemjet findings on a 136,000 kg (300,000 Ib)-thnst liquid hydrogen- 
oxyen engine, described a t r u l y  ienmkable single-stage satellite rocket errbodying 

virtually all of the sub;iJtem features presently found in separable booster rockets and 
spacecraft. This =port w a s  prepared by Pedro C. Wdha and W i l l i a m  B. Bergen, with 
support fran Charles H. Harry, who handled vehicle tempemtures and t d e c t o r i e s ,  and 
A l b e r t  J. Cevaud, respxisible fo r  devising the novel ascent @dance and ?ontml and 
orbi ta l  attitude control systems+ ( ~ i g u r e  2\. 

See E. E. Roberson, "Evolution of Spacecraft Attitude Contml Concepts Before + 
1952," in this VOlUme - Ed. 
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Mutin respomied to the bvy's requixemmts t o  see if a Larger, single-stage satellite 
rocket Muld be de\-. W i t h  t h  exception of the extensive work on the propulsion sub- 

system and saae electrunic clevices, these studies were not hardmre cmtmcts. Rather, 
they involved preliminary feas ib i l i ty  sad vehicle des- studies for the pur~ose of 
evaluating the upper limit to which a single-stage llquid t@ptp+oxyrzj?n Latellite rocket 
design could be carried. Ihe answers were positlve and encouraging: with appmprlate 
extension of rocket engine burning times and with SnaLL inprovements in metallurgy and 
electrcclics, a singlestage veMcle appemed deruni te~ feasible.'' 

W i t h  *& engineer- des- ccapleted i n  mid-1947, the BuAer satelllte studies 
had pmgressed about as far as they could possibly go on paper. ?he prospect of a hiatus, 
or muse--ccnplete cessatlon--of the work, caused individuals associated with the Navy 
proposal to seek agah authorization of third phase hardware development and ccns:mction 
of a pmtotype vehicle. 8ut the mnewd search for institutional support would be made 
all tire m m  difficult by the unresolved questions of satellite ut i l i ty ,  the continued 
intexwst of the Anqy Air Forces in a separate satellite project of its om, and by the 
post=- Iwulganization of the BRoed services. 

Ch January 24, 1947, Rear Achirdl kslle Stevens, Assistant Chlef for Research 
awi Developent, BuAer, sent a letter to the Joint Research and Lkvelopment Board (JRDB). 
coordination of interservice requiremnts for earth satellites, he declaml, w a s  "beyod 
the scope of action" of the kmnautical  Board, particularly when one considered the 

satellite held mat potential for extending basic knowledge thmugh cooperation w i t h  
university scientists, Admiral Stevens continued, and he praposed that "the Joint Research 
and Develcpnrent Board establlsh an agency for the coordination, evaluation, justification, 
and allocation of all phases of the Earth Satellite Vehicle program . . ." by mans of 
a new ad hoc JRDB panel carposed of civilian scientists as w e l l  as mili tary 
representatives. 

proposdl under advisemat. Shortly thereafter, upon nquest of the A q r  Air Forces and 
in  keeping with militnry canity extended in such situations, it was IwTlFinded t o  the 
Aeronautical Borud for revlew before f lnal  action. Meantlnk?, however, the American 
mili tary services underwent the most profound reorganization In their collective history. 
(.h July 26, 1947, President Trurmn simed the National Mil i tary Act. A National Mil i tary 
Establishment, under a Secretary of Defense, replaced the historic Departmnts of War 
and N w y ,  and the m, Navy and Air Force received equal service status. ?he Act also 
replaced the JRDB with a Research and Development Board (RDB) . 

possibility of nutudl cooperation between civillan scientific and mili tary pvups. 55 The 

56 

?he W a r  Department's Joint Research and Developnent Bosrd took A c h r d r d l  Steven's 

57 
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Speaking for  the Aeronautical Ebard a few weeks before the Mllitary reorganiza- 
tion, Air Poroe Lieutenant General b y t  S. Vandenberg  and Navy Vice Admiral D. B. hncan 
inforared the JRae that, mtwithstaniing Admiral Steven's cmtentims ccncemlng the 
interests of civilian scientists, the Aeronautical Board mimined carpetent to decide 
matters of earth satellites. The JNB, they said, would be apprised of any decisions 

58 made m the satelllte pmgram. 

suspended in both g o v e m n t a l  bureaus: i n  the satellite s u b c d t t e e  of the Research 

grcup, p-ss on the A i r  mrce and Navy satellite pmgram was reported and discussed, 
and other pmposals on the disposition of responsibility for  earth satellites considered. 
For exanple, late i n  the year the satelllte subcamittee of the Aem Board "noted with 
interest" a secord Navy proposal that offered the Office of Naval Research as a potential 
satellite coard ina tu  agency in the view of the scientific aspects of the pmgram. The 

sutmmittee r e f e m  the issue to the flill R&D Cannittee of the  em ~oard nfor action.n59 

obviously transcended mil i tary interests alane, the RaB likewise smght to decide where 
to place g o v e m n t  responsibili',y for coordinating earth satellite activity.60 A t  its 
in i t ia l  meeting a Decenber 19, 1947, the reconstituted Research ard Developnent FKmxi 
ackhssed this question and the Aeronautical Board's June response. lhough the m e r s  
judged a separate ad hoc coordinating carmittee originally urged by Achniral  Stevens 
unnecessary,61 they remved responsibility for satelllte developnents fmm the Aeronauti- 
cal Board and vested it i n  the flDB Camittee on Guided Missiles.62 ?he Guided Missile 
Cannittee, i n  turn, assigned an evaluation of all the satellite work to  me of its sub- 

?he Camdttee instructed this civilian-staffed 
!kchnical Evdluation Group, chaired by Walter A. 

the des i rab i l i ty  of such a [satellite] pm@am, whether a single jointly supported pro- 
gram or separate ccnpetitive developnents should be sponsored, and an estimate of the 
tjm scales and expenditures nqul red for capletion of the reccmnended program. . . .'I 

by the end of March 1 9 4 8 . ~ ~  With the log-jam over a coordinating agency broken at last, 
the way appeared open for ksearch and Developnent Board wproval of cmtinued Navy 
satelllte work-or perhaps a joint pmgram, i f  not with the Air Force, then possibly with 

On March 29, 1948, the Technical Evaluation Group reported on Its evaluation of 

Thus, throughout the latter hXE of 1947 the subject of earth satellites remained 

and Developnrent Carmittee of the Aercxlautical Board, and in the JRD&RDB. In the first 

Since the inplications for basic scientific research i n  outer space rather 

panels, the Technical m u a t i o n  Group. 
to provide an "opinlon as to 

scirntific grwps. 

the Navy and Air Force satel l i te  programs. 
held the technical fe<%lbility of building an earth satellitf: vehicle t o  be clearly estab- 
lished; however, neither the Navy nor the Alr Force, the merbers declared, had as y e t  
offered a military or scientific u t i l i ty  camrensurate with the expected cost of such a 
vehicle. 

In  a three-point opinion, the civilian p u p  

Consequently, the grcup recarmended that at present, a s a t e l u t e  not be 
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canstructed. Because severe developnent problems could be anticipated i n  building a 
singlestage satellite rocket, the group Wher recomnended that studies of the u t i l i t y  
of earth satellites be the only serious activity t o  continue at Project RAND. Though 
the p c u p  encouraged the Navy t o  participate with the A l r  Force in the RAND studies and 
pursue United developmnt of' liquid k-@rogen-oxygen engines and lightweight tanks and 
structures,65 the findine;; C l e a r l y  spelled a deferral of satellite work in general, and, 
in particular, an end t o  the Navy's single-stage satellite rocket. 

desperate a t t q t  t o  continue the Navy satellite program in rodifled form. This die-hard 
group of space scient is ts  now urged c m t r u c t i c n  of l iquid hydmaen-oxygen "Interim %st 
Vehicle, Mo7," reconfigured t o  a super performance sounding rocket that would rise t o  an 
altitude of 320-640 km (200-to-400 miles) (F igw 3) .  to 
an ad h q  subcamittee of the Nationdl Advisory Cornnittee for Aeronautics (NACA) that 
had been recently established t o  explon? and organize mthods f o r  extending the tables of 
the s t a n d a ~ I  atrmsphere at altitudes above 6,100 mters (20,000 feet).67 If approved 
and b u i l t ,  the Navy satellite proponents hoped the sounding mcket m€&t r a l ly  eventual 
financial support for the canstructicm and launch of an earth satellite vehicle. 

A mnth later i n  April, Harvey Hall and his associates in Wer nrade a las t  

They submitted th is  

fig. 3 
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In addition t o  the NACA Subcamittee on the Upper Atrosphere, Navy proponents 
also sought formal acceptance and endorsemnt of the new rocket fmn the RDB's Geophysical 
Sciences Comnittee. By this t b ,  however, the BuAer proposal confronted severe obsta- 
cles-not only i n  the form of the Technical Evaluation Group flLndineS of the prevlous 
mnth, but in direct canpetition frwn a c-on at m: the Office 3f Naval Research 
had alwady received Navy approval to  construct and launch a soulding rocket for upper 
amsphere research.68 According t o  Hall, the response t o  this penultimate proposal ended 
all Navy satel l i te  studies at this tim. The RDB Geophysical Sciences Camnittee took no 
action whatever; the NACA Subcornnittee on the Gpper Atmosphere favorably endorsed the 
project but had no h d s  t o  c d t  t o  the work. Whatever interest in earth satelutes 
that existed at Wier  camand levels i n  the Navy had now al l  but disappeared. 

year 1949, the Navy Bureau of Aeronautics began transferring the mmining funds eanrarked 
for satel l i tes  to other projects of mre  irmrediate interest. 
texminated for al l  practical purposes on June 22, 1948, when the Pilotless Aircraft 
DiviLion notified Admiral Stevens that "the Earth Satell i te Project has been discontinued 
as such and work is now proceeding with emphasis on the developlnent of a liquid-oxygen, 
liquid-hyyhogen rocket engixe. When this power plant appears feasible, flight tes t  
vehicles W i l l  be designed and c o n ~ t r u c t e d . " ~ ~  

one mre yea r ,  but  suffered frcm technical problems associated WLth e-ne heat exch- u- 
and chanber cooling processes. That effort concluded in 1949,71 ringing dawn the - .  ?I,=.!. 

on Navy satel l i te  efforts i n  the 1940s. The total  cost t o  the Navy of a l l  satelute- 
related work conducted between 1945 and 1949 has been estimated at approximately $1.5 mil- 
110n.~* Ironicaliy, when the satel l i te  program expired jn the BuAer Pilotless Aircraft 
Division, the Navy reprogranmd the re- flmds (around $170,000) to the Office of 
Naval Research for development of the V i k i n g  sounding rocket, also under contract at the 

Glenn L. Wctin C ~ r n p a n y . ~ ~  In the, V i k i n g  becam the first stage booster for Americats + International Geophysical Year satel l i te  i n  the mld-1950s. 

69 
In March 1948, i n  response t o  a Presidential ceiling on expendltws for fiscal 

'ihe Navy satel l i te  effort 

A t  Aerojet, work on this last remabl~g satel l i te  component did continue for 

CONCLUSION 

"he earth sa te l l i t e  studies undertaken by the Navy wuleau of Aeronautics in the 

late phases of World War I1 responded to (1) rapid w a r t i m e  advances in rocket tectnology 
at home and abroad, (2)  an encounter between mrrbers of an Allled technical Intelligence 
team and German rocket specialists from the Peenemde rocket base, and ( 3 )  accounts of 
the V-2 ballistic missile and its potential applications published i n  open literature 

See M. W. Rosen, "The Viking Rocket: A Memoir," in tNs volme - Ed. i 
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and in cantenpomy Intelligence reports. These Investlgatians took place before the 
invention of the transistor, the development of solid-state c i r ~ u l t r y , ~ '  and the spread 
01' Wtal mputers; they we= canpllcated fbrther by questions of satellite ut i l i ty ,  
ndlitary jurisdiction, the technical difficult ies involved in a single..stage, hydrogen- 
oxy- sateliite rocket, ard the projected costs and ec0Cb;yRles of the mitent. 
reasonable to assum that one or a cm&Lnatim of all these conditions wwld have deterred 

secure Navy support outside -&r, added to these .factors , preflgured the denouement. 

a pmtotype hydxqpn-oxygen sin&?-stage satellite vehicle was ,  ultimtely, kar Admlral 
Stevens' t o  mke. 'Ib Admiral, a r a n  of st.- convictims, surmised that a third-phase 

hmbrare p m p m  in 1947-1948 wcula Involve a technical undertaking of colossal propor- 
ti-, with Uttle pmpect  for any eLarly M x r n  on the hvestnrent. Without broad lnter- 
nal Interest or 2oInt semrice sponscmhlp 3 r  a satellite program, he elected not to 
proceed.76 If keen enthusiasm remabed evident throughout this period amng Individuals 
in I t s  research bureaus, Influential mrs of the operating arm of the Navy mmlned 
gpnerally unaware o f - o r  at least not mch taken with-these studies or the satellite's 
potential applications.77 'Ib demise of Navy-BuAer satellite stulieu In the late 1940s 
appear to  devolve fmm these two Interrelated causes: 
(which is mrmally reflected in priorit ies),  ani ccntenporary exigencies associated With 
tectwslogv, c a t ,  and veldcle ut'Uty. 

(h the other hand, the Air Rme-a relatively new service prinlarily ccncemed 
with fli&t in end beyond the atmsphere-mvecl actively into satellite research. Prompted 
by the Navy work, the Air Force soon issued orders for  active lnstituticrnal support of 
an earth satellite program at the hiefiest lcvels of c a ~ m a n d . . ~ ~  This Interest was sus- 
tained, w a i t e d  on or advanced the required technology, and culrr;ln.ted in the Thor-Agma 
and Atlas-@m satellite fl ights that began eleven years later, m 1959. 

'Ihough the aspirations of Haviland, Hall, and their Navy colleagues would not 
be fwfilled as rapidly as they wished, an historic milestone had passed for astronautics 
in the late 1940s. 'he tec!!cal feasibility Df space fli&t--as opposed to the theoret- 
ical f eas lb i l l t y  of this activity developed by Qoddard, Tsiolkovsky, Oberth and others 
d m h g  the early years of this century-had been finnly established and officially 
ac~m-.79 -stions asiced and answered i i l d  no longer rem focused on astro- 
nautical theory,8o but on practicalities of when and how, and on satelllte u t i l i t y .  
Answers to  these questlaw would c m  in the decade t o  follcw. 

It is 

endeavor in the years that im?dIately followed. ?he participant's i nab i l i t y  co 
75 

Before March 1948, a Navy decisjm t o  proceed t o  thlrd-phase constluction of 

reserved institutional S U ~ ~ O A %  
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!he Ruwlor is indebted t o  a nu rb r  of individuals who took time t o  read and 
critique early dra f ts  of t h i s  work, or who kindly assisted in  the task of research. Most 
especially he is indebted to those whose assistance made t h i s  paper possible: 

Robert P. Haviland and W e y  Hal l ;  Myra Grenier, Corporate Librarian, Aerojet Gene1 %I 
Corporation; Eugene M. Pme, NASA Historian; k e  M. Pearson, Historian, Naval A i r  System 
camnend; D. C. Allami, Operatimil Archives Branch, Office of the Chief of Naval Cpera- 
tions; Max Rosenberg, Deputy Chief rlistorian, O f f i c e  of the A i r  Force Chief of Staff; 
R. A. Wlrnaker, Historian, Office of the Secretary of Defense; and Herman G. Goldbeck 
and Thomas E. Hohmnn of the General ServLces AcBninistmtion, National Archives and 

Records Service. 

I. Military ranks were assigned civilians functioning lrl mil i ta rJ  zones. ~ s a i o n e d  
an Anqy Lieutenant, Dr. Hsue-shen 'I'sien was a protege of Theodore ;fori Kdmh at the 
California Institute of Techr,ology aid,  as a student, a member of the G U I T  Rocket 
Research Project during 1937-1939. 

January 22, 1970. !bile not present at this meeting Watt  related that 'Men informed 
him of the pro(x&irgs during subsequent discussions. Von Braun's paper was published 
i n  F. Z w i c k y ,  Repozt on Certain Phases of War Research i n  G e m ,  Vol. 1, Aerojet 
Engineering Corporation, October 1, 1445, 66-12; republished by the Air Materiel C m m n d ,  
Wright Field, Dayton, M o ,  in January 1947. 

2. Events as reconstructed in a telephone interview, Abraham Hyatt with the author, 

3. Cf . ,  H e m  Oberth, Die Iiakete zu den Planetenraumec, Verlag von R. Oldenbourg, 
Mrdch and Berlin, 1923, NASA 'IT F-9227, pp. 94-96; and H. Noordung, Das Problem der 

a report prepared for the AAI 3cientific Aiivisory Group, August 1945, 
1946 by Headquarters, Air Materiel camnand1 13; also, 'Tie Statlon i n  

des Weltraum, Berm, 1929; on German wartime planning, see Theodore vcn KdhMh, 

h e , ' '  Jour& of the Anrerkn h c k t  Society, #63, September 1945; 8; and Zwicky, loc. _. a. 
4. matt Intervlew, &. $2. 
5. Haviland, wha dentxistrated a ywt .h fu l  interest i n  olectrordcs, gmduated fmn the 

(R. P. Haviland, "Personal Profile,tt 

Missouri School of Mines in electrical engineering i n  the late 1930s together with a 
fellow classmate in the same field, Gear@.? Wller, who would la ter  serve as NASA 
Associate Administrator for Manned Space Flight. 
J m l  of Space FLI t, March, 1970, 106 ff. 1, Capt. W. P. Cogswell, an azsoclate at 

"More than once fiaviland $old m: 
-tab W. P. COgSWelA, USN (Ret.) to the author, February 9, 1970.) 

cited at note : . lkch la ter  Hav'land recalled that he had u o  seen a le t ter  to the 
editor f'rorr, RAF radarnm Arthur L. Clarke which appeared in  tke Brit ish journal Wirel-.ss 
w. 
upper atmsphere as rocket sorx'cs, and (2), with upper stages, placing uryrranned satel l i tes  

-r, r e d k d  the fk- Putenant's urmsfmhed enthusiasm for astronautics years later: 
' C a p t a i n ,  you'vc 6gt to  get spacemed!" '  (Letter, 

6, The rzterial reviewed tg Aavtland at this time is refermced in h i s  j a te l l i t e  mem 

The Clarke le t te r  proposed the pstwar use of V-2 rockets for (1) exploring the 
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in orkX about the earth to  c d u c t  scienfiflc e x p e r h n t s  and t o  act  as currruniaatim 
relay statio&. If accurate, thls letter and the work by Wllly I r y  appa-xntu start- 
Haviland thinking seriously -ut astronautics several mnths earlier. Dlephone inter- 
view with Robem; P. %viland, January 28 and June 19, 1969. (See also, Clarke, V-2 for 
Ionosphere Research?" i n  Letters t o  Editor, Wireless World, Febrwy 1945, p. 58.) 

Section, Elect. Materiel Branch, Subjedt.: 
Rockets, A u g u s t  17, 1945, 8. Knowledge of the contenporary German suggstions is !ndl- 
cated when he 'I. . . noted that the German cornnand was actually glanninl; such a [satellite] 
progam with tbe added feature of an l q r a c t l c a l  'Sun Gun. 'I1 

navigatian and ccmreulicatim system on hI@ frequencies, and free f k m  norizon ZMta- 
tions and sky-wave errcrs." Mem, AerG--315JAC, F41 (11, Rwn Head, SpeciS Weapons 
Section, bo Head, ExperMnts and Dewloptsnts Branch, Subject: "First Ehc .semt.* on 
Baccn Desk . . . Mem AewG3U-RPH 9'41 (1) Written 10 August 1945,'' A u g u s t  25, ~ j 4 5 .  

to the ionosphere as an area of research in 1937; sateliltes no doubt appeared it3 a 
practical meam t o  extended Investigations in thls reglon. 
w a s  lnstnanental In the creation of the U.S. IGY batelllte program. Years later !-e 
intlmated t h a c  a still ePrlier satelllte technology survey may have been conducted at 
WlAer: "Ixlring the war 01~:. early studies in  the havy shaed the orbiting Earth satelllte 
w a s  within the range of ~'2 technoloaJ. But in- it was clear that  space technalogy, 
aside f'ran short-- rockets, would iiot be a factor i n  that wm, so the mtter w a s  laid 
aside. . . ." ( I ta l ics  added. Llovd V. Berkner 'Science. the Scientist and S~ace ."  

7. Ikno AeercE;r313RPH, F.41 (11, fI.an R. P. Havlland, Beacon Desk, I ~ e n t i f i c a t i o n  
Comnents Concerning Use and Dwel+rL.nt of 

8. Chmbers ape,;; that "space-ships, as ~.?oposed [by Havllandl will afforu! a world-wide 

9. Letter, Captain W. P. Cogswell, loc. c i t .  Dr. Berkrer apparently was first ettracted 

In the early 1950s Dr. Berktxr 

of the Conference-on &ace Science ad Space hw, June 18,-1963, &. b i  
D. Schwart z. I* J ersw: Fred B . Rotlmwr & GO.. m4. 1.) Dr. Harvey Hall. 

sc-1-ence advisor t o  5. Ekrkner between 1941 and 1944 has-indicated, however, that these 
earller w a r t h e  studies ccncerned rockets, not satellites. 
author, Decenter 4, 1969. 

10. D, S. pahrney,'?he History of Pilotless Aircraft and Guided M,Issiles,"BuAer, 1958, 
unpublished, p. 1132. 

11. Dr. Hal, a theoretical physicist, Lad ju;t returned f'ran an assignment with the 
U.S. Naval Technical ~ s s i c n  in EUrope during krgust 1945, a m 4  had been persuacied t o  
Irqnain in the Navy by Rear Admlral ksl ie  Steven;- t o  assist in  evaluating the ,?uture of 
j e t  propulsion prlmwlly with respect. io  its potential value for naial aviation. Admiral 
Stevens waa concerned that with the sbarply reduced bQdget, tne N a v j  ml@t "find itself 
brepmably frozen in an absolute pattern in a\Iation." (Hall letter, Decen$er 4 ,  1969, -- loc. cit.) iJhi1.~ Lt .  E%tbert Haviland provided the initial spark set t ing eanth satellite 
events in mtlon, Dr. Harvey Hal!,, the theoretician, largely deternined the te*hnolo@cal 
course these events were t o  take at BuAer i n  succeciding nnnths. 

12. :'Not tkt orbitlng payloads wa8 impossible witllout I t  Lthc advmce'l, but +..:e x d k e t s  
would be large, c-lex, expensive, with m a l l  payloads, ard t' ? missic E that had been 
pmpxed . . . hardly appeared t o  j u s t i fy  the ef?ort." Harvey Hall, letter of Decmber 4 ,  
1969, &. e. 
13. Muno, AerG3-203-KW4, f'ran Captain R. S. Hatcher, Ijeputy V a c t o r  of &g.ineering, 
Erperiments and Developments, t o  Distribution, Subject: Establishrent of a Camnittee f u  
Evaluating the Feas lb iUty  of Space Rocketry, October 3, 1945. 

Letter. W e y  Hall t o  the 
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scale engine was ccas>let.ai+%d mier an 
m e t  to develop ami febricate a -ci-- mcicet errgLrre of 2 , m  to 
3,000 pow% mt, essentially a smaU scale eqxrimental mpDdel of the anticipated, 
final versim. 

3. See D. A. Young, Fmgtess Report, AeroJet k 7 i ,  Jarrr;uy 1947, Noa(s)8496; and, 
Ebbert Gomian, IrJvrl Report on 300,OOO F t n d  Thrust Liquid Roclaet Power Plm:, Aemjet 

speclrrc fnpulse m m  

to the same mtmct--aiAer aUth0ris;ed 

k74, ?#arch l947; also, tive 0 t tkns i ty  and 

32. The power d t ,  w i t h  an estimated ue-t of &out 13 papds, was to enploy 
as a -nreditmand use a llquld such ad methanol as a kat exctmger. See 
Harvey Hell, *Early Histary and Baclrgrand on Earth satellites," m IIpm3, m:a:m:f3r, 
No- 29, 1957, 3; ard, letter fmn L. M. Fkarscn, AIRO6B:UlP, December 30, 1969. 
tlau indicates that mass ratio carstralnts avomi a "mall but lrsehil-m output of 
abaut 30 watts . . . Cover3 a highs pcner but heavier nuchar energy ar nuclear isotope 
power source," uhlch would mquhe a m r e  extensive ckvelopmt period. 

33. W r  #nr, -3lT-W, CX-281360, No-r 2?, 1945, cited In Han=y Hall memo, 

34. As me observer mall&: "After V J  day . . . scientists, as at tk Mat i an  Lab. 
could not be intemsted In guided missile projects (of which tk canarplicatians satellite 
[Fsvl was only are) ard wanted only t o  wind up their affairs and go back t o  their foxmer 
pursuits, or better. Likewise the Puler a3nIm.L ' were menchanted by eplided missile 
projects-as c m  rer;arked: (Letter, Capt. 
W. P. -11, &. 9.); and, Qlbion and Cormry point out that "Fiscal 1946, dram 
up in  anticipation of a huge hva. lrxl of Japan, qui% began to  be whittled away before 
it could be spent. Altoether, ' than $20 billion of Navy fLuds were cut back." 
Flscal 1947 was finally appmved ' d  $4.1 bi1l .m (as opposed to a Navy request for 
$6.3 b i l l i d  and fiscal 1948 and 1949 f o l l d  at $3.6 and $3.7 b i l l l a ;  restxctivelv. 

'1Early History and Ba&@mMl m Earth satellites," &. tit. 

'We want equiprent that we know worJcs ln 

See-R. 0 .  Albion and R. H.-CoMery,-&s_tal and tt; Havy (& York: Col&ia Univ;?rsity 
Press, 1962) 154. 
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37. BAer m e m ~  &PA-52 W1(1), to Joint Research ard Dewlaprrent Board, J m  24, 
1947, 3. e., p. 2. 

40. Fb& of the k- fk~earch and DeW1-t conmitts dt this  IRE 
EWigadler Ge~ra l  Iawence C. w e ,  
Adrrdrdl Leslie C. Stevens, U.S.N., chairnran; and Cap tah  R. S. Hatcher, U.S.N. Also 
pe.jent at Research and Developrrent meetings were additimal invited persomel. 

41. 
Chief of Laval Uperaticas (Air), History Unit, GPO, 19471, 1. Later, in June 1946, this 
~ z a t i m  was partially supplanted by the Joint Research and Develqmnt Board [JRLB] 
of the War Department chaired by V a n n e v a r  wtsh, which expanded and foxmallzed many of the 
hc t icns  perfonred by the Aemnautiwl W over a wider spectnm of activit ies.  ('lhe 
Aeronautical Fbard passed away carpletely i n  1948.) 

of research and developnent, in  the light of WNch individual projects of the Axmy, Navy, 
and A i r  Force could be evaluated. The Board decided who developed what we-. It made 
sure that there was no unnecessary duplication in the act ivi t ies  of the  service- 2lttmffh 
it could permit canpetition WNch p d s e d  t o  produce better results. JRDB +rr :an wds 

Air Fbrces, Colmel  H. 0. aurker, A. C.; Rcar 

M a n  0. Van wen, The Aemnauticdl Boiud, 1916-1947 (Washington, D.C.: Deputy 

T5K chief tpsponsibility of the JRDB involved preparation of an integmted progmn 

27 3 



48. 0. Ullsan, Stmctuml DeSm StW, High Altitude Mt Vehicle, Cantract N)a(s) 8349, 
North Aplerictn A v i a t i o n ,  Inc., Report No. NA 46-756 , at- 26, 1946, p. 1-1. 

51. C. Medina, ss Report No. 1, &bit Roject &.tiact -(SI 8376, The 
G m  L. Martin Ccaparur, &port &=, septembe 15, 19 46, P. 5 .  

52. F w m C . M e d i n a , € i 4 T L s W m r a r y ~  rt, Contmct Noa(s) 8376, ?he Glem L. W L i n  
Canpengr, Report No. 2-A and B. 

53. R. GoM, D. A. Ycnmg, 0. Bosco, and A. Pelton, Flnal Report on a 3OO,OOO Paund 
'Duust Liquid Rocket Fwer Plant, Contract NOa(s) 8496, AemJet Ehglneer.ing Corporation, 
k p o r t  No. .%74, l4wcl-1 31, m, pp. 2 and 4. 
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54. In addition to the foIpgDlng des* studies, the Navy also fowxi txzmnIm%icn of this 
concept in two mre limited separate studies, the flrst&z@ Illentiured, AaR Report 
No. 4&pmpami by the WlAer Avlatian De- &search croup uder tfie technical dirpctlon 
of I. H. DrQgs, an3 the SeCQd by W. F. BaLlhaus at the Dougles Aircraft Ccmparur. 
Letter, 0. E. Lancaster t o  the author, February 6, 1970; and W. F. Ballhaus, Rp 

55. The Aeronautical Board, conprised of military persornel, did not cantah c lv i l l an  
representatives. 

56. Mem Ae-PA-52 F41(1), Stevens to Joint Research and Development Board, January 24, 

57. AS pmvlded for i n  the legislatian, the Research ard Developnent Board (floB) was 
establiskd effective September 30, 1947, to assist the Secmtary of kfeme i n  axmiinat- 
lng the RhD activities of the armed services. V a m e v a r  Bush also chalmd the new FKB, 
which absorbed and superseQd Me older JRDB (farmed in June 1946). RCB respmslbillties 
we= &fined t o  Include detexmlnatian of availabiuty and appmval of equlpaent developed 
for use by the ndlitary. 
approved equipmnt contiruwl to msfae In the W t i a n s  Baard, WNle the Joint Mefs of 

58. Hem for t h  JRaB f'mm Hoyt S. Vardenberg,  Lt. Gen. W, Subject: &my for the 
cooniination of Earth SateUte Vehicle, June 13, 1947; also, Report No. 2, Case No. 244, 
me Aeronautical Board €&earth and Ikvelopnent Carmittee, Fkm for the Aeronautical M, 
June 13, 1947, 2. 

59. Cited In bhrmy,  cit. ,  i140. Since the predisposition of the services In the 
a cannittee was a&& la~la?, this referral amDunted t o  tabling 

60. In  April 1347, as iqedimnts  to fbrther satellite progress grew (i.e., questions 
o f  jurisdiction, satellite uti l i ty,  and L;m4.ted npding and support) Lt. CaaaMder 
R. P. Havlland requested o m  to inactive duty, subsequently joined the Oeneral 
Electric Corporation's Hems rocket devlelopnent pl3ject. He has I.enained with G.E. , 

61. Farhney, a. &., ll40-1141. 

62. Mem, to the Caanittee on Guided Missiles, fran L. R. Hafstad, Executive Secretary of 
the RDB, Subject: Earth Satellite Vehicle, GM 1Y4, J a n w  7, 1948; and, Fahrney, 
loc. cit. 

63. Dr. Mter A. MacNair of the Bell Telephone Laboratories, semted as chainrran of tNs 
six-man civlllan panel fn the late 1940s. 2he other mmbers were Dr. F'rancis Clauser, 
FWD Corporation; 3. Wchard Porter, General Electric Conparur; k. Robert L. Gilruth, 
mcA; m. H. Guyfonl Stever, Wsachusetts Ins t i t u t e  of Technology; and Dr. Clark Mlllikan, 
California Institute of lkchnology . 
64. Letter fran -rick L. Hovde, Chalnnm of the Carnittee on Guided Missiles, RLa, 
to w. A. kdair,  ell 'iklephone Labaratories, February 6, 1948. 

65. "Satelllte Vehicle Rolp.am," Technical W u a t i o n  Group, Carmittee on G u i d e d  Missiles, 
Research and Develqxneat Boani, (a3 13/7, ME0 24/1, March 29, 1948. 
announcemnt of cmtengorary U.S. earth satellite program, cmtained in the First A m U i  
Report, of the Secretary of Defense, 1948, evoked some contmvemy In this country as well 
as in the Sovlet Union. 

&sign of a Satellite, Douglas Almraft &apany, Report No. Es 20f16, rwgust -%P= 7 ,19  

197, 2. 3- 

( b p o m i b i l l t y  for  pmxxammnt, production, arrd supply of 

staff rpmained in chaqp of aperatiorzs.! 

mtion. 

hVO1ved in work On p- Since t h i t  tw. 

- -  

?he first public 

(R. Cargl 11 Hall, "Early U.S. Satell i te pI.oposals," Technolopy 
andCulture, Vol. N, No. 4, 1963, 427-428.) 
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66. The G l m n  L. f k t i n  Coapeny, Ihgimerlng Report No. 2854, Model MO7, Proposed Interim 
mt Vehic le ,  March 1948. 

67. ?he data uas needed to provide aircraft firms infoxmation on pressures, atmsph;?ric 
dmg and heating effkcts at tkse   hi@^ altitudes for use in the design of advanced jet 
aircraft. Subcarmittee rmbem included Captain W. S. MeN, USN; Dr. Haarer E. Newel l ,  
Naval Research Iabcwatoxy; I;h.. Fred Wr>le, SMthsOnian Observatory; Harry Wechsler, 
U.S. Weatkr Ehreau; ard Dr. Harvey Hall, USNR; amxlg othem. 

68. The O f f i c e  of Naval Research SPlEfuer Neptune mcket, burning mventiQzdL propellants 
anl Carrying the sane nam as a c m t e n p o ~  airplane then under design for the Navy, 
lsgs rechristened "Vikbg" to avoid anticipated canfusion. Evolution noted i n  M. W. Rosen, 
Ihe Viking Fbcket Story (New York: €Iarper Ut Brothers, Publishers, 1955). 

69. Harvey H a l l ,  "Early History and EhcQmmI on Earth Satellites," x. c s . ,  p. 4. 

Dr. Harvey Ha l l  left the Navy a few mths later, worked for a time op earth satellltes 
with t k  RAND Corporation in Santa Monica, California, and then res& a teaching career 
at the Mvemi ty  of Southern California. He joined the United States space pmgran in 
1960, after the creation of t k  National Aenrautics and space Adninhtratim, senrlng 
NASA as Chief Scientist, Advanced Manned Missions Prcgram. 

70. hkr PAD Memo, Ae*PA-5, June 22, 1948, C i t e d  in Fahrney, &., 1141-1142. 

71. &met m e l  i rg  corporation, Research Technical Memo No. 54, Development of a 
p l b .  'Ihrust Uqu,d-€iydmgen-Uquid-Oxygen Fbcket Ebtor, August 29, 1949, 1. 

72. Utter, IUF&O~B-UW, fran ie Pearson, Naval Historian, to the author, July 29, 1969; 

73. Fahrney, op. s., 1142. (See also note 68, above.) 

74. These technical circurstances account for the large 1000-lb. ~-v? .cad  thac was stipu- 
lated for the ESV L-I the Navy design studies i n  1946-947. 

75. perhaps the lack of intexest may be attributed t o  WE Navy'z. historic preoccupation 
with surface vessels ard l lfe that s m  thls singular activity. 
Men, Machines, and kdem 'Mmes (Canbridge, W s .  : 
and 6 .  

andHall, T3aI-Q History. . *: 5.3. 

&e Elting E. Morison, 
MIT Ress, 1966) especially Chapters 2 

76. It should be mted that, as the budget tightened attrl Worl? War 11, the Navy cur- 
tailed a nu@=.* of surfhce-oriented R&D projects in ahcrzr t  a-d submrines, to  the p i n t  
of eliminating anti-ship missiles and light gur barrels and munts, for example. Acirriral 
Stevens thus had to jus t iQ  *or fluding for a space effort at a tim when it wouid mean 
cuttirg back still flirther on projects dirPctly involved " w i t h  fulfi l lrent of the Navy's 
responsibilities on, over, and under the sea." Early cost estimates for ccnstruction and 
launch of a Navy prototype vehicle were ?t at $150 mll l ion (not i n c l u  launch facil i-  
t i es ) ,  ii f@m, cansidering the IXIX-hydmgen applications, that w a s  pr-ly under- 
estimated C o n S l d e r a b l y .  In S h G r t ,  it just  was not a salable pmposition i n  the 1940s. 
(See also note 34, above.) R. P. Haviland, telephone interview with the author, July 2, 
1970. A similar observation concerning Admiral Stevens' view of the expected cost and 
technical difficult ies is ccntained in  Rear mral R. S. Hatcher, l e t te r  to the author, 

77. i?le c.' ,~le ratable exception t o  this observation was CNO approval of BuAer ;ateUte 
& s i p  - + 7 V;y 8, 1946. (See note 46, above.) One of the ESV participants, 
nr ..& .ti_i &served: 'us it turned out space fligt.lt was of very limited 

C?$t. Grayson Merrill, USN (Ret.) letter t o  the aclthor, 
ht 

- loc. &. 

*h - 
t .  

s . W  t o  other g o v e m n t  agencies and, I think, the Navy 
' c AI ' L. 

i, , . 



78. On January 15, 1948 the USAF issued an e& sateliite policy which dwlared that, 
because of the strategic irrplicafions, logical resporsiblllty for  satellite develapllents 
belonged to  the A i r  &me. The pollcy "states, 'research and developnent w i l l  oe pursued 
as rapidly as progress in the guided missiles art justifies and requirements dictate. 
To this end the problem w i l l  be continually studied with a View to keeping an optimm 
desle~l abreast of tb  art, to detennine the military w o r t h  of the vehicle, cansidering 
its ut i l i ty  and prcbable cost-to insum! develapnent in critical ccaponents, if Wcated- 
and +3 mcannud init iation of the developrrent phases of the project at the prcpr time.'" 
(statearent of Policy for a Satelllte Vehicle, General Hoyt S. Vardenberg, W Vice Chief 
0 "Status Report, Earth Satellite Vehicle," Caunittee on Guided Missiles, L % z 9 3  Devkpmnt M, GM 13/15, January 15, 1948, 7.) No known equivalent 
satellite policy was o f f e w  by the Navy. 

79. 
of earth satellites at tNs time was due to "the vacillation and dcubt regarding tAhe 
f eas ib i l i t y  of large-scale rockets in  the U.S.A." (See I. N. wlhnov, "3he Developrrent 
of Largescale Rocket Designing i n  the USA, 1944-1948," Tran;actions of the Ninth 
Scientiflc Conference of Gmduate Students and Junior Scientific Associates of the 
fnsti tute for  t k  History of Natural Science and Technolopy, Moscow, 1966, NASA TT F-540, 
jwust 19b8, P. 19.) 

80. Modern astmnautical theory (that is, as distinct f h n  rocketry alone), quite 
noticeably preceded determined attenpts to  design and construct space vehicles, in con- 
trast to developnent of the steam englne, for  exanple, where mch theo-y developed con- 
c m n t l y  or followed errpirical experimentation. 

ta 

A Soviet his+&rian has suggested that the declsicvl not t o  proceed with canstruction 

contention is anply refitcd by the record. 
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N77-33064 

George H. Osborn, Robert Gordon, and H e m  L. Coplen with George S. James (USA)* 

I. INlRowcTIoN 

In the early 20th century, many early rocket pioneers favored liquid hydneen; 
however, mne of them used hydrogen as a rocket fie1 because of its extreme physical 
properties and scarcity. 
diff icul t  is a boiling point of - 426O at one atmosphere, and a density about one-seventh 
that of water. Interest  in the methods and apparatus used i n  hydrogen gas liquefaction 
increased sigrdficantly in the mid-1940s when handling methods w e r e  developed t o  supply 
liquid hydrogen f o r  the steadily increasing requirements of basic research. The authors 
had the good fortune t o  participate i n  one of the earliest programs i n  t, 2 G n i t e d  States 
t o  systematically investigate hydrogen-oxygen propellants for higbenergy rocket en3he 
application. 

Fran late in 1944 t o  the cession of tests i n  August 1949, tne hydrogen-oxygen 
programs at the  Aerojet Gmeral Corporation, under the  SponSGPShip of the Navy BL;reau of 

Aeronautics, a d m c e d  these propellant.., f r o m  theoretical performance studies t o  practical 
sources of high specific impulse. 
thrust  4xu&ers, investigated the concept of ablative-cooled thrust chunbers, developed 
the first successfhl 1 ,000-lb- thst  gaseous-propellant rocket engine, conducted t h e  

first tests of the effect  of jet  overexpansion and separation on performance of rocket 

I l lustrat ive of the  properties that make practical  handling 

Specifically, t h i s  work tested transpiration-cooled 

+Presented at the  Fourth History Symposium of the 1nternat.iorx-1 kadderrly of 

wG.H. Osborn, Assistant, t o  the Vice President, EngPieering <pe?ations, Aerojet 

Astronautics, Constaxe, Gem Federal Repkblic, OctQber 197C. 

Liquid Rocket C m p u l y ;  Robert Gordon, Presider2, Structural Composltes Indlistries, 
Azusa, C a l l f .  $1702; H.L. Coplen, m e r ,  WFT Program, Idaho Nuclea;, Cdrporation; and 
G.S. James, Program Manager, Intergovernmental Science 
National Science Foundation, Washington, D.C., 20550. 

Public Te3-u.ology Division, 

' 1  

279 



thrust chaltlers, canstructed and operated the first continuous 2 4 - ~ - 0 p e r a t i o n  
hydm@m UguePaction plant speciMcally devoted t o  rocket engLne use, conducted the 
fYrst Ifqul&hydmgef. tests of the coaxial tn,k&or, developed a 3,OW-lb-thrust liquid- 
hydrogen thrust -, and tested the first puq~  t o  successflllly produce hi@ pressures 
i n  pmplng liquid Wdrogen, demmstratlrg that prnping liquid tWmgen in a turbo-rocket 
erghe was perfectly feasible and could be acccnpAshed with a single-stage centrifbgal 
Pmp. 

I n  Lkwuber 1944, Fritz ZWidry, then Director of Research for Aerojet, m t e  
a findl report of research and develaprnent activities for the J3ureau of A e m u t i c s ,  Navy 
Department, (Cclitract Naa(s)-3055). Zwlcky surveyed the work be- conducted at various 
institutions associated uith the Navy pmgmm to produce chemicals carmercially that 
would allow actual jet velocities between 9,000 feet/sec and 10,000 feet/sec. 

available.1 DE value of b o r n  hydric caqmmcis as a c d i n e d  source of hydrogen  am^ 
high chemical energy had been Micated early in 1944 by James M. Carter cf Aerojet.2 

iripulse of 311 at 600 ps i  chamber pressure was theoretically possible for an altmlnun 
~ W d e h t e r  reaction.3 In a separate r e p ~ r t  under the same cmtract Paul W. Webster 
calculated chat the performance of fiydrogcn-oxygen as gaseous propellants would be sub- 
stantially higher G h a n  that of the b ~ r n  carpo~nds.4 

chmber tests were ccnducted at the Azusa proving pur& on October 15, 1945.5 Durinp 
+ 

r’zzle) in 15 secorxis. 
thrust of 45 l b  at 375 psla chamber p: 373ure with an estimated exhaust velocity of 8470 
ft/sec. For the next test a specially des- water-cooled injector and a reguLator 
water-cchd nitromethane type nozzle ard chanber were used. Performance was 100 lb 
thrust at 295 psia chavber press- with an estlmatd exhaust velocity of 7280 ft/sec. 
With the water-cooled thrust &anher an average heat flow density of 3-3 l/2 Btdsec in2 
was measured, although the chamber eroded sllghtly in the region adjacent to  the 
injector. 6 

thrust chambers of up t o  5OO-lb thrust. 
consisted of a 1,000-galion water tank and a centriflgal punp which supplit i  50 gallons 
per minute at 150 psi. h p e l l a n t  was dram fKxn trailer trucks flumished by the National 

These chemicals were mostly boron ccnpoLpds sf a nature not then camnerclally 

SUaseqWntly, under Contract Noa(~)-5350, Danald L. Armst- Calculated that specific 

With this theoretical backgrouxl, the first gaseoushydmgen-oxygen thrust 

first test the uncooled t;xtlst chamber burned out conpletely (Wector,  c-r, and 
During the brief period of equllibrulm, engineers measured a 

By February 1946, the test faci l i t ies  had been enlarged t o  crllow the test- of 
Pro .ston for water cooling the G h r u s t  chambers 



Cylinder Gas Carpany. The oxygen t n c k s  had a capacity of 33,000 cubic feet at standard 
conditions; the hydmgen trucks had a capacity of 28,000 c d i c  feet at standard cm- 
ditions. With the ziven fuel capabili t ies it was possible t o  run a 500-lb-thrust chamber 
f o r  f ive and oiie-half minutes before the  hydrogen was depleted. *, secorrd series of tests 
with the lOO-lb-thrust chamber was conducted during March 1946, The first test, us- a 
mixing chanber injector burned Di t  the injector after seven seconds; the seed test with 
a modified i a e c t c r  was success:'ul; and the third test ran fcr 60 seconds without damage. 
Starting, operating, and stopping the t h m t  chamber presented no unusual hazards. 

and stops were very snmth  and without any explosions. 
Staris 

The motor was started by opening the  propelian' valves (an electr ic  spark was 
on at all times) while holdillg the throt t les  closed. The throt t les  were then 
advanced miritalnlng a r ich mixture (excess hydn-'gen) un t i l  the correct injection 
pressure w a s  reazhed; both throttles could ther. be uvanced or  retarded together 
t o  vary the thrust whi le  hold- constant m i x t x e  r a t i o  as i n  normal mlti- 
engine airplane operation. 
in  order t o  
out. 9.2 motor w a s  stopped by closing the  t b t t l e s  t o  M u c e  fitel f low t o  
a low value. 

However both throttles could be jockeyed separately 
tne mixture ratios.  Control w a s  positive and smooth throu@- 

piupellant Valves were then closeci.7 

Development of 100- t o  400 -'b gaseous-hydrogen-oxygen thrust chambers continued 
Various techniques 

The most successful WateMxanS- 

fo r  the  Burem of Aeronautics, under Task 6 of Contract NOa(s)-7968. 
of cooling were explored includhg transpirAion cooling (l iquid and gas), convection 
cooling, radiation cooling, and heat capaci%y cooling. 
pi?ation-cooled tlxwt chamber, shown i n  Fie- 1, operated for  60 seconds without damage. 

- f  f P ! 



The combustion chamber wall w a s  W e  of porous bronze ( O l l l t e ) .  I n  subsequent tests the 
carbustinn chanber wall was cooled with &aseous hydrogen wnile the Wector  and nozzle 
were water cooled. An all convection-cooled thrust chamber of conventlo al des- with 
a De I a a  type nozzle was developed for canparison purposes. It successfully opemted 
for 1 minute with Ngh performance for sucn an early test (see Table I), and c0-d 
the perfornrancc of the hydrogen-oxygen propellants as predlcted by Paul Webster.8 This 
thrust chamber, shown in Figure 2, used externally circulated water as the coo l l . .  
LLquid t o  obtain basic heat transfer Cata for design of fbture motors and t o  devdop a 
"work horse" mtor that could be used t o  tes t  expcA?hntal motor parts of a r r ~ r  deslgn.9 
lkflon chant)=* l h r s  were tried as ablative liners to  reduce the heat flow t o  the 
chamber. This they did effectively. Hawever, the strength of Teflon when heated proved 
to  be very law, and the material did not have sufficient s m x t u r a l  strength to  stay in 
the chanber f'cr more than 15 seconds. 

RK rate of reaction for  gaseous t@rogen-oxygen proved to  be e x t m l y  rapid 
canpared t o  Uquid phase propellants. Cotisequently, a w e d  decrease In  chanber volurw 
(or L*) appeared possible. 
probable thiit a thrtlst chamber conflguratior cmsisting of a cylindrical chamber dis- 
charging Into the divergent portion of a nozzle should give good p e r f o m c e .  
figuration, called a "flared tube" type, a p ~ a a e d  desirable krm the nozzle cooling stand- 
point for srndll thrust cbmbers. It alsn appeared to  be advantagtrus for large-thrust, 
high-altfcude thrat chambers because of t h ?  rapid increase In nozzle size relative t o  the 

In  considerlr?g deslgns of small L* thrust chambers, it seemed 

'Ihis con- 

- I 
Ch-r Pressures 

Thrust 

H2/02 lrrlar Ratio 

I,p 

c 

C' 

CF 

- 
300 ps la  

100 l b s  

3: 3 

311 sec 

10,000 ft/sec 

7440 f t lsec 

1.341 

~ ~~ 

500 psia 

100 l b s  

3:1 

336 sec 

10,850 ft/sec 

7970 ft/sec 

1.360 

188 In. 
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d 
Fig. 2 

Drawing 31’ Corm ,“,on-Cooled OxygenAlydro&en Thrust Cha~er  Assenbly 

cabustion chamber. 
vuith arl ?,* of 10 kum :ast e1e:trolytIc copper. Results from t h e  test of t h i s  thrust 
chanber let t o  the fabrication an1 testing of additional flared tube &at capac’tance 
chavbe1.s w i t ) .  La’s of 2 and 5. 
cmductt?d during June 1946 wen obtained over ri range of L* valucs from 4.5 t o  7 inches. 
For L* valdes of 2.0 inches or greater, ‘Isp was not less than 300 secmes. 

tests indicated t h q t  the flare1 tube thrust nhanber 
result in Savine;S in weight CFnd cauld S b p l i ” y  tlmst ci,Wber de’ifl. 

c m e r s  were construc%ed ,%rn Oilitc ( F i p  3).  
fmnd t. be very lm and the porosity of the  particulG7 pieces of d::ite much less tha 
that of previous pleccs. 
of adequate cooling. 
at exhaust velocities abcve 1‘,000 ft/sec (310 sec L p )  had i-come cOrrmulit?lace cl.;lt*: 

gaseous hydrogen and gaseo 

l 1 q L i f i e d  vdrogen, offered real and imediat? h-neflts for locfl-rwe, larp?-seal~~ 
rocket propulsion. 10 

Comm.uently, engineers dwided t o  &e a flared tobe thrust chamber 

M W h u n  values G f  s w c i f i c  impulse frc.,, the f o t r  tests 

‘I? =se init!al 
fie;uration was efficient &d zoul-1 

As a result If the above t e s t s ,  two water-:ranrcp:t.stion-cooled 300-ib-thrur;t 
However, trie coo!ant flow rate5 were 

In te.;t‘ , t he  tmst  f*“!%vher suffered ero:-:.m due :o the lack 
The f inal  r-port concluded that the  operation cf t,  TU-,^ +!-.it~~r: 

Pie report r e c m n d e u  that ti.tidrwen, c.:p~.-,!allv oxygen. 



The r q u h m w t s  of Navy Contract m(s)-8496 issued i n  July 1946 called for 
the design stuQ of a 3OO,~OLlbthrust rocket engine using liquid k&mgen ani oxygen 
as propellants, and the developnent of a e;aseous-hydrcgen-oxygen rocket thrust chanber of 
~,OOO-UI thrust capable of minutes operatjm’at 300 seem ISP.  he design study 
YCIuld provide a llquid-hydrogerrsxyger1 rocket engine suitable for use in a high-altitude 
test vehicle, such as the single-sta@ satellite vehicle, umkr study 3y tk Glenn L. 
Mrth Carperur W r  Contract NCa(s)-837611 ard North American Aviatior! under Contract 
ma(S)-8349.12 

’BE target specifications included a rated thrust of 300,009 pourds in a 
vacuum, a specific inpulse of 310 seconds at sea level ard 425 seconds i n  a vacuum, a 
weight less than 4,000 pounds, ad a duration water than 300 Tables II and 
III present additional details. Activities devoted to  a 1,OOO-lb-thxut gaseous enqJne 
supplied exper-ntal data for the design study, as discussed i n  Section TV. Various 
thrust c-r configurations were investi@ted with special reference to  the Vw€ation 
of perfommce and pressure distribution in tubular and flared tube thrust cWe;-i;. 





1,353 

863 

3,660 

30- 3 

117 

86.7 

1,517 

1,- 

-0621 

6 

1 

6*2!j 

1,180 

1,480 

75 

1,370 

hrlng the 3OO,M)r)-lb-thrust charaber des- study the f o l l ~  aswnptions 
uere nrsde: (a) plppell8nts would be Wected as liquid hyckgm and liquid oxygen, (b) 
the p e r f "  of the pmpellants calccilated on a basis of mrr-dissociation of the 
ccmbustim products, (c) two percent of the total pmpellant f l aw  m i l d  be diverted for 
the turbh, and (d) the hydmgen requirpd to cool the mor would be available Rwr the 

a tnvlsplratiaz cooled fLrupd tube thrust chmtxr with an extrpmely high expansion ratio. 
extra mb of W- in the 3:l m~ r a t d 4  w requitoments 1 4  to the mice of 
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It uas bellevled that the flared tube thmst dauber would help keep thewemt of the 
propulsion system darn, uhlle the high expansion ra t io  and the pmpellants chosen would 
give the reqdred perfcamme. 'Ihe laqge expmsion rat io  decl.leased the relative size of 
the c a h s t i a n  chanter and llesulted in a thntst chmberwhid~ appeared to be almost 
entirely an 

Camequently, a =tal spray t W q w  lrnder developaent by J. Wulff of the Massachusetts 
Imt t tu te  of l k c h m l ~  was pmpx& for  construction of the 334ercent pomus stainless 
stee.! ambustion chamber iwrer liner. 'Ihe mterlal chosen far the outer shell of the 
thrust chabr  wms StaMess W, an experimental alloy pIpduced bs the United States 

section of a d de Laval nozzle. 
F%ss and fbmace capacity limited the available size of porous =tal sheets. 

Steel caaparor.15 
purp capacities, detexluhed by tlre thrust ard speciflc illqmlse of th thrust 

chzlanber, the mum ra t io  and the pmpellant densities, Vem? 11,100 gallowbrmte of 
liquid by- ard 3,660 gallonshdmte of liquid oxygen. Because purp  par pressure 
head at the entrance of tk plnp affects pury cavitation, efforts were m.te t o  mlnMze 
this factor. It was assumed that the propellant would be carrled in special tank t ~ c h  

utxler atmospheric pressure until  beirg delivered t o  the test vehlcle pmpellant tanks. 
It was also assured that the tanks, pipes, valves, and pllplps would be cooled by e- 
ration of a small quantity of propellant so that when the bulk of the propellant supply 
had been delivered to the test vehicle pmpellant tanks it waild have practically the 
same teuperature and hence the same initial Mpor pressure as it had i n  the tank trucks. 
This would result hi a hydmgen vapor pressure head of 490 feet of liquid hydrogen and an 
oxygen vapor pressure head of 30.3 feet of l iquid oxygen (see Table I11 above). 

basic design could be fannilated Withcut extensive experience in the use of bydrogen 
ard oxysn as gas turbine pmpellants. It was decided that the propellant canbination 
used for the min thxust chamber would also be used for the turbine because of its high 
specific Inpulse, and because it helped keep the test vehicle mass ra t io  as high as 
possible. !RE turbine deslgi data is surrmarlzed in Table IV.16 The flnal report on the 
crane des- stwly, isslled on 31 k r c h  1947,17 canclrded that a 300,000-lb-thrust engine 
was entirely feasible. 'Ihough many detail  pmblens remined there were no -tal 
reasons 
l i t e  vehicle as shown i n  Figure 4. 

seconds specific inpllse as specified. 
Calculations indicate that the total pcmr plant weight would remain essentially c m ' a ,  
between c-r pressures of 300 and 500 psia ,  so the latter f i g ~ r r e  was chosen. Perform 
m e  muld be affected by the mixture ra t io  of the propellants. Incre2slng the hydrogen 

The design of the gas turbine was undertaken with the realization that only a 

such a propulsion system could not be built t o  propel a single stage satel- 

The 300,000-1b-thrwt chamber was d e s W  t o  give the performance of 425 
A ch3mber pressure of 500 psia was assIpned. 



8,120 

80 

8,200 

wl-am 
Qm= 
1,209 

30,000 

1,500 

1,580 
1,130 

14:1 

500 
18 

460 

1.89 

1.37 

0.74 

1.15 

10,180 

0.90 

9,650 
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Absolute Angle of Gases Rite 

Relative Velocity of Qases Entering 

Relative ArgLe of Gases Entering 

Bucket hss Coefficient (Y) 

Relative Velocity of Gases IRgvlllg 

Relative Argle of Oases Lea- 

Absolute Velocity of Gases Lea- 

V e c t o r l a 1  Mfference i n  Tangential 

Buckets (01' deg) 

Buckets (V2 ft/sec) 

Buckets (B1 deg) 

Buckets (V3 ft/sec) 

Buckets ( Q d e g )  

Buckets fV4 ft/sec) 

Carponents of Absolute Velocities 

Buckets (Avt ft/Sec) 
of Gases mterlrlg and r&avlng 

Mechanical Efflclency of T u r b h  

R.apellant consurptlm 

(Estinated) 

(W lbs propellant/sec) 

(Wf lbs k.@wen/sec) 

(Wo lbs oxygen/sec) 

~- 

26.5 

8,600 

30 

0.645 

5,550 

30 

4,560 

l l , O 0 0  

0.94 

11.7 

5.46 

6.24 

above stoichianetrlc would reduce the carbustion tenperatwe and increase the perfom 
ance. However increasing the hydrogen content would reduce the density inpulse.l* Since 
the optirmm performance occurred at about 3:1, this mixture ra t io  was chosen. The 
calculated performance at sea level was 330 seconds specific inpulse at 223,600-lb 
tnrust. As designed, this thrust c-r had an exit diameter of 13 V 2  ft, a chmber 
diameter of 2 ft,  and a length of 22 l /2 ft. It would be n n  transplratlon cooled, 
with sepamte coolant control t o  28 ccmpartments. The permeable irpler liner consisted 
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Fig. 4 
Drawing of Earth Satellite Vehlcle ( G l e n n  L. FIartln Schne No. 5) 

of 33% porous stainless steel, V8 to 3/16 inch thlck. The outer motar wall, 
circular ribs, arrd longerars were of Stair.1-ess W. The calculated total thrust chanber 
wewt was 2678 lb, 

inpellers per stage, nmber of stages and impeller diameter were analyzed. Fmp layouts 
we= prepared and weight calculated. In the turb.ine deslm study the factors affecting 

pmpamd and the wemt calculated. As a result of these Rtudles it was concluded that 

In the ~xlnp des@ studies the factors affecting shaft speed, nutber of 

Prcgellant C O n S ~ t l ~  d tltrbine wfieel Stresses  ere aralyzed. A tUI'hine layCXtt ~ 8 9  



a turbopurp of the follawing descriptlm (Rtgure 51, would be suitable for pressurieirg 
the l lqu&L~dmgen and Uquld-oxygen propellants for a 300,000-lb-thxust hlgh-altitude 
rocket engine: 

M g .  5 
Drawitlg of Turboptmp AsserWly, 300,000-Pound-Thnrst m e  

Four mill engines m t e d  parallel t o  the center line appeared the bes t  method 
cf contmllhg roll, pltch, yaw, and for changing the trajectory of the satellf-te vehicie. 
'Ihese e&nes would operate c o n t h u w l y  an3 would change the direction of the i r  thrust  
by pivoting the i r  thrust chmbers. 
lished without a fi 
the vehicle. 'IbmIng the srnall thrust chanbers with servo mechanisms presented no special 
pmblens. 

srnall englnes, and the  sslall ergbe contmls is pllesented in Flgure 6. Ihe valves and 

2he size of these control engines could not be estab- 
determlnatlon on the munt of turning moment required t o  control 

A scherrPitic dlagmm showlng the -'or elements of the main erghe controls, the 
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L I  

p l m i n g ,  because of the vcry large size and law tenperatttlle, owered problem3 w e l l  
beyon3 any available equlpnent. The wemt of these elements including the necessary 
insulation was esthmted at 355 pounds. 

The dry weight of the ergine, not lnc1- the cmtrol engtnes, was as follawg: 
ThrUstChanber 2678 pounds 
ntrboparp unlt 830 pounds 
valves and plrnlng 355 partnds 

3883 p o d  
The t o ta l  weight given above was within the target we:l&t. AerPjet recarmerded that a 
developrent program be instigated in order t o  Mnd solutions to the fabrication and p m  
Pllmt handl'~ problems brooght Out by this des- St-. 
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Ixulng the work t o  produce a 1,OWlb gaseous englne, engineers developed a 
35O-lb-thrust, 5 1/2;Lnch L*, fbred  tube, wtzter-conmtion-cooled, thrust chanber 
that was operated ur&mged for periods of more than 1 minute with g a s e w  hydrogen ard 
gaseous oxygen as propellants.19 This thrust chamber (Figure 71, operating with a 
3 Y O 2  mlar xixture ra t io  at 300-psia chanber pressure, delivered 330 seconds specific 
inpulse (95% of theoretical Isp) . 

0 O I -  IyDI 

m* 7 
Drawing of 4OO-Pou1-d Liquid-Ccoled Thrust O e r  Test Ass-ly 

On June 26, 1947, a 1000-lb-thrust chamber which c w l e t e l y  fulfi l led the ainLs 
ard specifications of Contract NOa(s)-8496 was successfully tested. The specification 
test u r n  mde on t M  thrust  chamber (Figure 8) wi th  a 19 V2 percent coolant water flow. 
?he configuration vas a modlfjed flared tube, with the nozzle portion of the motor kiter 
transpiration cool&, using porous nickel as the liner material. The injector was con- 
vection cooled with the water subsequently used for transpiration cooling. The test run 
was terndnated by the  operator af ter  190 seconds elapsed time, of whlch 183 seconds were 
at Rill 
appears below. 

The minlmrm performance maintained for the 183 seconds period 
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Fig. 8 
Drawing of 1000-Pound2hrust, Flamd-Tbbe, Hybrld-Cooled Thrust Chamber 

lYrTzlst = 1230 l b  
Isp = 309 secords 

= 500 psla 
Hg02 = 4 : l  molar r a t i o  
Coolant = 19 V2I 

pC 

These experimental thrust  ci-mbers were designed on the same prlnclpa3r used 
in the  deslgn of the mtor of the 300,000-lb-thrust rocket englne; In general, they con- 
finned the design data f o r  the  large thrust chamber. 

V. LARGESCALE PRODUcI?oN AND HAIDLING OF LIQUID HYDFOCEN FOR THE 
m6-AJ-2  mm AND m-N-3 VEHICLE m m  

lhrlng July 1947, Contract NOa(s)-8496 was amended t o  authorize the developnent 
of a liquid oxygen-liquid hydrogen engine, the )(LRL&AJ-2, suitable fo r  use i n  a m 1 1  
scale version of an earth satellite vehicle, the Pnr-N-3, under study by the 

Glenn L. Martin Conpany. 
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Ihe Mtial targ*; speciflcations of the engine were:21 
Thrust 2000-3000 l b  
Ixugtion 60 seconds 
Isp 303 seconds minimnn 
Weight I5 l i i  llltlximpn 

Englne Inlet hssure 35 PSIa Illaximm 
This sectim of the paper describes the developnent of the Aerojet liquid 

hydtqpn plant which supplled the original 4.7- (30 liter)-per-hour requiref..,nts, 
and, subsequently in August 1948, the requirements of 12 pourxis (76 liters) per hour 
when the errglne thrust was increased t o  3000 lb, nminal, and its duration of burnlmg 
extended t o  180 secord~.*~ The &sed ZRl6-AJ-1 engine and FTV-N-3 vehicle specifl- 
caticns are Shawn in Tables V and VI .  In 1947, the requirement f o r  liquid hydrcgen for  
the Aerojet contract hed been Mtially est-ted at 3000 to 6000 pounds depencling on 
the cost. In eddition, the Jet Propulsion Laboratary at the California 'Institute of 
'A?chwlogy required fran 1300 t o  2000 powxis for an Anror Omtlmnce sponsored p r ~ g r a n . ~ ~  
This catblmd demand could be met by a 25 llters/hour turdrogesr l iquefier a M b r  to the 

installation at the Ohio State &yogenlc Laboratory, desi@ by fierrick L. J ~ M t o n . ~ ~  

TABU% V 
S W Y  OF SPECIFICATIONS FOR THE xLR16-AJ-2 ROCKGT ENGINE 

propellants : 
Irbtor: 

mure Ratio: 

Specific Impulse : 
llirust: 

Duration: 
propellant 
Pressurization: 
We- Breakdawn: 

Lilquid Wdmgen and Uquid oxygen. 
Single cyllnder, ful ly  w e d .  Maxinnmr 
deflection i15O With approximately 5 cycles/ 
second response. Servo mechanism not a pc :ion 
of the motor. 
4-Y2:1 l-@xgen to  oxygen molar ratio, overall. 
(Note this change fran 4 : l  is mde t o  f a c i l i t a t e  
motor coolirg and will require EWeau of A e r o -  
nautics approval). 
303 sec mlnlmn. 
3000 11, nanlnal at sea level. 
is 10 lb/sec of propellant consumption at above 
mixture ra t io . )  
3 nrinutes llominal. 

(Exact definition 

mupmp, same propellants. 
Motor, p~mps, and valves . . . . . . . . . 85 lb 
O M a l  . . , . . . . , . . . . . . . 18 lb 

35 psia nanlnal, subject t o  experimental 
verlfication. .--- 
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Dinrensians: 

Electric Power: 

To fit in to  a truncated cone approxinrately 2 ft, 
dla. at motor end, 3 f t  diameter at  tUrbopunp end 
(this diameter t o  be considered fixed) and 
approxirrate1.y 4 V2 ft lag. 
24 volts dc from external s o m e .  

TABLE VI 
SlffrMARY OF SPECIFICATTCN FOR THE PTV-N-3 PROPULSIVE TFST VEHICLE 

propellants : 
weight  : 
Payload: 
&,c Ratio: 
Weight : 
structure: 

Pressurization: 
Power P lan t :  
Length: 

Shape: 
Diameter : 

Control : 

Fillln$: 

Insulat ion : 

Motor Canpartment: 
Electrical  Supply: 

Liquid hydrogen and liquid oxygen. 

95-lb telemetering mar. 
0.65 - 0.7 propellant weI.ght/gmss weight Mxninal. 

Pressurized thin-sldn integral-tank construction. 
(Stainless Steel estimated at .020-inch thick. 
hraporated pmpellants at  35 psia naninal. 
Aemjet xW6-AJ-2 rated at 3000-lb thrust nominal. 

25 - 29 ft depending on gross weight. 
3ftllFKh.m. 
Ogive nose (654% radius) 13 f t  long. 
C y l i n d r i c a l  body (34% dia.) 11 ft .  
Boat Ta i l  Motoi. Cow. (1.96 f t  rdn3m.m) 4 V2 f't. 
Wly gimbal4 m t o r  fo r  pitch and yaw control. 
TLulbine exhaust fo r  ml l  control. Controls 
powered by k@raullc pressure. 
External subport for structure allckvlng p r ~ -  
pellants t o  be held a t  1 atm presswe (or 
subcooled) until lmnediately prior t o  takwft'. 
Oxygen f i l l i n g  connections In space between tanks, 
hydrogen filling i n  m t o r  canpmtmnt or i n  space 
between tanks. 

a) Internal fuzz type. 
b) External drop-away blanket, helium filled. 
Helium filled prior t o  !'iritlg. 

24 volts dc. 

2000 - 2500 pounds ~ S S .  

1300 - 1750 WS. 
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Ccmnercial producers were contacted but they either believed large-scale 
p r d i t i o n  of liquid 
would De incurred if demjet constmcted atxi operated a plant at Azusa. 
ing on the cost of an Aemjet-hi l t  plant ~ a ~ d  t M t  th? t o t a l  cost t o  build and 
operate it would be $1(;0,000. 
camercial  and t k  Aerojet estimate i n  both cost and convenience, a request rras made to 
the Ekreau of Aemmutics for permission t o  esect an3 operate tb plant at Azusa. 
Aemjet received verbdl approval in  September 1947, and action nas initiated to obtain 
t.k consulting services of H. L. Johnston of Ohio State  U.lvemity. 

des- of a plant ut i l iz ing camnercial gaseous m e n  a n i  liquid nitrogen ES a pre- 
coolan'. instead of l iqu id  air. 
special units required fo r  the liquefaction cycle amt t o  supply certain des- specl- 
ficaticns t o  assist Aerojet's design of the mm conventioral special units. 
all carrnercial ccnponen+, parts wwe located and specified ,Ear purchase durlng October. 
Preliminary plant layouts established building requirements. 

Following the receipt of  f o m l  au th r i za t ion  on December 16, 1947, purchwr? 

orders were placed fo r  al l  m-or cannercial units required except the freon r e f ' C m t i o t r  
system for whlch complete spcifications were not yet available.25 Construction of the 

A m j e t  building to hwse ;.he l iquefier also began in December. 
m g e n  pressure vessels t c t  and from the liquefier build- was planned to be done by 
T, !xavy duty Li f t  truck. 

University Cryogenic &boratory.26 'ihe flow of k@rogen h gas to liquid is shxm in 
Figure 9. "e AerOJ'et plant uti l lzed the liquid nitrogel1 precooled Joule-'lhaoson (Qmes) 
cycle because s 2 t a b l e  heat-exchangw cryostat designs were available for a plant of tNs 
ske. The use of an established cycle uas necessary because of the urgent need fo r  a 
propellant i n  the test progmms. 

tc be unfeasible, or qwted prices considerably Ngher than 
Additional check- 

In -dew of the considerable d5fference between tk 

Lk. Johcston spent October 13-16 at  Aerojet In conferences on tk detailed 

He returned t o  Ohio State t o  prepare d r a w  of the 

Nearly 

?t-anspart of the liquid 

The AeroJet cycle was a modified form of the cycle used at the CNo State 

Wor modifications made in the purification pr t ions  
of the cycle 

1) 
2) 

3)  

4 )  

5 )  

included : 
Provision t o  u t i l i z e  a ccmnercial gaseous hydrogen supply, 
contlnuous catdlytic m v a l  of the 0xyge;r impurity in the carmercm 

&asews h y m e n  supply, 
Adsorption purification at liqdid nitrogen tmperatures t o  remove any 
rmxhing gaseous nitrogen and oxygen from the hydmgen upstream of the 
mdrogen expansion valve, 
Uti l imtion of a c m r c i a l  liquid ni';rogen supply fo r  the liquefier 
precooler interchanger, ard 
Use of parallel purification units wh~x necessary t o  allow continuous 
operation over extended periods. 
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bpUe ard gmpellmt density QI vehlcle perfcmmme imrolved a vehlcle dth the 
mll- repuinmarts: 

I) 3ooQile-altituk satelllte asbit 
2) l ~ l b p a y l o e d  

3) mi- vehicle+ 
4) s e a - l e r e l , n o r r - b o o s t e d ~ ~  
~ n g  ~ a a e  mideration of tlre w a p l e x i t w  or the a c w  

t o r a a e o k b i t , ~ ~ t h e v e r t i c a l a l t l ~ r h i c h w r u l d r e s u l t ~  
3npartm orbital energy to t b  vehicle. In d- the energy of a satelllte 
vehicle i n  a stable -It the varlatian of lpgvlty dth altituie y1s taken into accamt. 
Ple energy of a satelllte In an -it at XNI-mlle altitarie 1 ~ s  to be 10.12 x 10 

by a Runge-htts steprlse iizmtion of the basic equation of mtlon, us- a p€&mba- 
t ion techlque inclm the effect of drag. The altituie a d  kinetic energsr were added 
at the gld of bcnnirrg to obtain an equivalent total energy 
altitude In feet. 
altltuie as a fumtion of the mss lg t io  for different aets of values of the standard 
specific iapulse, vehicle density loadlrg, arrd total initial acceleration. 

'Ihese calculations served to shar the effect of specLflc inpulse on vehlcle 
perfonname. Ihe effect of propellant density is ooncealed by the fact that vehicle 
density loadirrg ard mass ratio, both depedent on density, are mt expressed as direct 
f\mctlons of density. The p s s  vehicle welght WBS detgmined as the SUB of a l l  the 
vehicle canpomnts divided Into suitable groups, and expressed as fllnctions of the 

pertinent vehlcle and pmpellant pmpertles. It 089 fowl possible t o  evaluate the 
motor, puaplng plant, plplrg, valves, and contmls by meens of available data on exlstlrg 
vehicles and by detalled deslgn studies. 

nK structural weight did mt lend Itself to the above-noted metM of uldlysls. 
I n  d e r  to achieve a mass ra t io  adequate for satellite p e r f o m e ,  it was necessarg to  
use unconventional fabrication teclnlques. The best method tad been proposed by the 
O l e m  L. Martin Cunparw, Baltbnre, Maryland, and North &nerlcan Aviation Inc., Irrglewood, 
Callfomia. It carprised the use of a highly stressed thin skln in a pressurized 

structure with integral propellant tariks. The pressure placed a l l  the sldn material 
under tension sufficient to prevent w ccnptpsslve loads. The ribs and str- 
required to carry canpression loada In  conventional s t r u c t m s  could be anltted in this 

6 

ft-lbAb (--level f't-lb of enepgY). V g t i c a l  tmeCm CalculatlOnS Wese 

as an ene~gy 
results were presented as a serles of curves glvlrg this energy 

my, and the skln could be nighly streased.2g 

'See R. Crrrgill Hall, "Earth Sateliites, A First Look By The Ulited States 
Navy," in thls volune - Ed. 



The sun of a l l  the vehicle caqxments, vlopellant ard payload weigMs was then 
used as the gcoss weight. The results were prepwed h a  series of curves inrrhichrmss 
rat io  arxi density load- wwe s h  as f'mctionrr of gmss uelght for a given set of 
values of propellant density, total takeoff acceleration, and specific iapilse at 
stamlard corditions. Almost rone of the vehlcle ccmponarts VeFe weight q e n t  on 
SpeCiMc hlpulse. m assuaptions and methods used in this e had been evaluated by 
H. S. Tsien of the Massachsetts Insti tute of Techmlcigy, a consultant for this pro- 

mass ratio, and between propellant density a& weight load- for a Nmber of vehlcles 
suitable for satellite or extreme long-range performance. 

W r t a n t  than propellant density. This result contradicted the of many 
reputable groups and Mvidua l s  in the field of rocketry at tht t-. The aut-, 
Robert oordon, cautioned that the results of the r e ~ ~ r t  should mt be irrdiscriminately 
applied t o  a l l  rockets iader a l l  carditions. Such a practice wculd be as Mefenslble 
as was the practice of applying A d  (V-2) data ani perfoxmame t o  every new applicatlm 

granl.30 Rrese calculatims Served t o  shaw the relaticn between popellant density arrd 

The results shmm In Flgme 13 ImUcated that specific lnpllse is rmch m ~ ~ e  

110 matt- MW far fran the A-4. 
Amng the report's corrclusions: 
1) If it were desired t o  build rockets for extrenely long range, i.e., 15,000 

miles t o  I n f M t y ,  it osould be necessary to achleve vehicles with high mass 
ratios. In  this type vehicle, specific impulse is of gmater inportance 

than is pmpellant density. 
2) The mln3xmm size vehicle capable of satellite performance varied fYan about 

25,000 t o  60,000 pounds gross weight for knom liquid prepellants. 
3) The best propellants for sa te l l i t e  vehicles based on nlnban gross weigms 

would be: 
propellant Mlnimm Gross Weight, Pounds 

1. 0 and H2 23,000 
2. F2 and H2 25,000 
3. F2 and Li 25,000 
4. 02 and Al (BH4I3 33,000 
5. 02 H2 38,000 
6. F2 and NP4 40 , 000 

3 

VII. THE PUMPING OF LIQUID HYDFIDGEN 

L? 1946 Dietrlch Singelmann, a Gem rocket-enghe designer employed by the 
Air Material Camnand, revealed the unique characteristics of a centrifugal pump 
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corrsistlrg of a Ught+weie)lt redial vane mtor d t h  a cmcentric case that he had 
developd C a r  the OXMizer pmp of the RW 10.09-716 Booster Fbcket 
by the werische Moteren WerkE. 2ht row of thls pmp (w 14A snd 14B), co~is tcd 
of a h b  with three op mre radlal thln =tal vanes. A partial shmui ext- to 
paheps 1 /3  of the radlus, used on the back side of the VBR~S. No forward s3de 
shrolxl le&s used. The discharge of the PIBp Bas taken thtw&h two or- mumi tarrgentlal 
mlfices wkse diameter detezrmir,ed the disct.larlge characteristics of tk pmp. 
I&-. -Inem desmlbecl ane pmp In particular which opcratcd at 25,OOO rpn and developed 
82 atmDsphems pssure w i t h  nitric acld. 'be -3ler was 7S mIllhetep.9 diillaeter by 
l2mllUneters wlde at the t l p  arrdpupped 7 litem or 25 W s e c  at anefficiemy of 
45 percent. !bls saa~ pap developed about 75 atmospheres pressure dth rater.= 

constructed such a pap based on Sln@dmam1s des- mder Ccmtmct W33-038 -1479 
(162431. 
1947.= he t o  the e x t m l y  low teqemture of liquid hydmgen, the cplio State Oroup 

tad faud It necessary to provide suae rztM of insulating +he pcla h.an roan tm- 
t U r e .  

and SU- tb FUXQ in thr- 

mararfactured 

subseqtrently, the at axto State th~versity bsearch bmdatian No. 264, 

results were discussed durm a visit by -jet pmsonml in November 

It a p w  practical fran the test standpoint to USE A large vaculml jacket tank 
fluid be- kldled.  Results Of purp t & X  with 

mkr and U<;1iJd nit- good, but with llpuid the p m r ~  Cavitated moSt Of the 
time. R?is was caused by an excessive f e a t  leak into the pump result- fhm inccmplete 
s~&ersIan. The rapid evapcratim of the liquid hydmgen in the sutmmsion tank mede 
mIntalr&g an =equate llquld level extreaely difficult. Nevertheless scme of the polnta 
seemed to r d  on the emtic4ated a flow m e  at 

A subsequent lntmqew with S m l m n n  after the ORio State visit resulted In 
r e c m t i o n s  for puaps u8ef~il to the x ~ ~ ~ 3 - 2  e m  pmgmm.3' spring the following 
month, it was learned fmn an lntervlew uith M. N. Nyborg of the Naval Air Missile %st 
Center, Point bhgu, that two p w s  R.an the EM# 109-718 Jato Wt (far the ME 262 air- 
plane) could be obtained to provide an early test on the basic characteristics of such a 

P e r f m e  tests with rrater of thls 3.3-inchdiameter oxidizer puap revealed 
that the characteristics of thls p u q ~  ylh?re superior t o  those of conventiatlal centrifugal 
PIWps In tk same speed range. Of greatest interest was the constant flow ctvugcteristics 
 hen aperated at redwed w . 3 6  sub~equently perfoaraance and cavitation tests wlth mter 
were conducted with the Aerojet deslgpd, AR-2720, a &inch diameter, sbradless, radlal 
vane, centrifugal ptlnp with a conical Cischarge 

with llquld hydrogen, and the ptmp reidentifled as AR-2797. l h i s  pump incorpmated an 
irapeller laacNned f2-m a slngle billet of 17s a l a  alloy. 'Ihe bearhgs used in the 

m . 3 3  

Ihe inpeller, bearlap, and seals of the AR-2720 puap were modified for test- 
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pmp were deqqpove  ball bcariryJs having brcmze cages. Mcarta clearance seals witre 
used in the p\mp for hydmgen testing. Provision was made far prwmrlzw the seal 
secticn with k l im i n  order to nxhhlze furdrogen lmhge f k m  the impeller h0usIr-g. The 

construction of the PIIP~ is shown in RQwe 1 5 . ~ ~  Ihe pap WBS deslgmd t o  the foll- 
specifications: 

N = 40,000 revolutims per minute 
%%x = 23,300 feet 
$ax - 87 g a b n s  per m e  

Mmcul ty  WBS experienced in cooli21g th? prap to a tenweratwe law emugh tc 
parnit Mllirrg the pwp case with liquid hydmgen. l h ls  was caused by the muill size of 
the diffuser through which the gas generated dur- cooling hed to escape. zhis trouble 
wras elbinated by addlrg four V4-lnch-dImeter h l e ~  in the puq, case, and ccvlnectw 

these to a bleed valve which WELS closed after cooling tple p u ~ p  and before start- the 
test run. W i t h  this difficulty overcane, liquid twhgen vas PLnped successRilly. A 
flow rate of 0.68-ib per second a d  a pressure rise acmss the punp of 400 psi were 
obtained. 'Be head-vs-capacity curve is shmn in Figwe 16. TNs curve skows the unlqie 
property of this type of purp: that of operating at a constant capacity over a wide 
range of pressures, W c h  in t h b  case wis fmn 40 percent or lower up t o  85 percent of 
the maxirnan punp-pressure rise. ' M s  d q u e  w r t y  of'fered advantages when used In a 
rocket engine paplrlg plant. The flow rates could be contmlled by the purps, ellmirat- 
irrg the need for  fl0w-re~tIr-g valves and result- in a basically shpler anl 
ligtrter engine. 

Ebr the Alt-2797-type puap, the head varied apprwrlmtely as the sqmre of the 
speed a l e  the capacity varied directly as the speed. A t  the design speed of 40,000 
rpn, ard the carrespomMng peripheral velocity of 1,047 feet per secord, tk head would 
be in excess of 20,000 feet and tfie capacity would be appmximately 86 gallons per 
minute. These results were in approximate agreenent wlth the predicted values. ?hs! 

power limitation of the pmp test stand prevented testing at 40,000 rpn, tfie des- sped 
for the pump. The puap shmn in Figure 17 was operated successhlly with as little as 
25 psi difference between tNs suction pressure and the vapor pressure. W s  Micated  
tht a suction pressure as low as 40 psia cculd be used In a hlgh-altitude test vehicle 
or missile in whlch the liquid hydmgen reached the pump inlet with a vapor pressure of 
approximately 15 psia.  

RK pimp- of liquid m e n  ms denonstmted successf'ully for the first time 
wlth the lightweight, hlgb-speed centrifugal punps, In a series of tests corducted during 
March 1949.~' 
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FLOW RML- LLu/ S f  C 

VIII. EFFECl' OF JET OVEREXPANSION AtJD SEPARATION ON ROCKET 
THRUSTCHAMERPIBFWWEE 

EBr.zy theoretical analysis had irdicated that a rock& engine des- correctly 
r high altitudes (low ambient pressures) would suffer serlou8 losses In perfamame hen 
mated at low altitudes (M ambient presaufes).40  he results ( ~ g u r p  18) Micat& 
at although the perfomme of a sea-level motor WE 20 bercent less than that of a 
gh-altitude mtor, the higkaltitude mtcr would lose 95 percent of Its perfcmmnce if 
erated at 8ea level. This assumed canplete overexpansion In the hlgh-altltude rocket 
glne, The PTV vehicle would have to use a high-altitude version o f  the XLRldAJ-2 
&nt~ In order to obtain hlgh p f ' o m e .  However, this engine usually wuld be ,!tarted 

sea level and wuld have to fUmLsh sufficient thrust t o  lift the vehicle. If .E 
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m. l a  
periaaman?e at Iaw Altituie of a Nozzle Designed far High Altitude 



It 
ue!re about 13 percent mter than In a nrrmal expanslon+xzle thrust c-. 

f h n  tfwtse tests that the losses L! the overe-zzle thnmt chub?  

It )ILLS appamnt that the problem of losses yxild still FeDlELin to be 
solved for sil@f3stage, 1- Mckt missiles. Tk collceptual solutions m%w 
easily fanailated, and Involved tk injection of gases Into the side d l  of tk macle 

to cause separation at the correct arcs ratio. Harever, at thi.; point In the contract, 
it YBS ronsidered urxleslmble to contirue to divert mdnparrer for thls irrvest~tion. 

l h e  object of th i s  portion o!' Qmtmct Noa(s)-8496 was to develop a 3000-lb- 
thn& regeneratively cooled rocket thust ctamkr whlch urc*sd satism the target 
qecifications for the mket engine described i n  Seciion V. Bn aver-all ergine I- 
(specific inpu2se) of 303 SeCQds yas I-eqUmd, with estimates that the tmbcpmp YXLIIL]. 

reqxlre six percent of the total prcpel.lant flaw. cawquently, the thust C h E b e r  WUld 

have to produce an I 
t k  misslie, ~ U e d  for the Hz:02 mola r  ra t io  for the thrust chamber to be only 4:l. 

rocket engine &mar&d that certain new desigp &+a be established because all earlier 
work had been c d u c t e d  with e;aseous propeliants. TNs data r ~ s  to be obtained Rnn a 
400-lb tmt chai&er developmt 
determine the effect of motcr gecaretry and iqjection configuration upon h?at-t?msfm and 
perfonmnce. ' h s e  tests uere to be lpade Witbut the benefit of f i l m  cooling by liquid 
hydmgen. €4- determined a suitable thrus t  chmber geanetry ami best iqjector con- 
flgwaticm, phase 'Rro yas to be initiated to determine the effects of film coollrg by 
Uquid hydrogm upon perfarmnce and heat transfer. The film m l a n t  was t o  be irijected 
down the chamber wdils Rum the mector face ard/or in the chamber Just fortam3 of the 

nozzle. Adequate perfomme, as noted above, ms an I of at least 322 seconis. To 
satisfy perfmmnce and we- requirements ad to pennit regeneratP:? coollrg with 

liquid oxygen, it uas decided that motor test- s h l d  be at 500 psia chanter pressure. 

pmgram muld be used as a basis for the des- of th? 3000-lb combustim chamber and 
injector. Developnent of the 3000-lb-thmst chamber wis to  continue until target spenl -  
flcations had been achieved. Eht time and furds did not permit the carpletion of the 
s y s t m t i c  program outlined above. Instead, an abbreviated proeg.am, descrtbed l r? thc 

of 322 sec&. A further requirenent, based upan the tankage of 
42 w 

The design of a regenera - t % ~ l y  coole? 3OOO-lb Uquid -liquid oxygen 

plarmed In trro pkses.  Phase C k  yxild 

SP 

Ihe best lqjector and chamber conf@mition developed on the 400-lb-thrust 

followir?g paragraphs, transpired. 
The f i r s t  test of the 400-pound-thrust unit was conducted s n  Jarwry 21 1949. 

By May 5, 1949, sixteen tests had been canpleted at 400-lb thmst, using liquid-phase 



mlWW ard mtW-CWiIWtlctI-dd, liquid -qUld 
chapabgs dth SUiWle Iy)zzles to pmduce 4OC porrrds nanirral thn& at 305,4oC, ard 500 
psia ChEBbg -. Ple general caLstructim of these calhstion ehmlbem and 
~ a r e S h o n h ~ 2 0 .  m? i m e r ~ ; u r d n o ~ @ s u e r e ~ o f  copperto 
pmdt L;rtl.ge heat-flux densities t3 be hardled with safety. lb? abow cbmber% were of 
dlfYkmnt ler@hs a& tm diiYerent Nsaeters; hence L*, length, and dizmeter could all 

F@we 21. Five lnJector canfienations ~lere tested with a w&er-moled plenm chaarber 

of 64 L.. ?he best perfixmance was obtained with the lailti-tube concentric-ifice 
Wector (cosxial) desiipled by G. H. asborn (F€gure 22). 

the U@d k@rcgen thaorrgh the mtral tubes. 

lmbdiaee ori-Xces, a c h  sprayed liqu€d hydmgm daw the wall  of the amhst ion  
ckmber. 'Ihe f m  r.m with this Wector ms very successftd. The test lasted for 40 
secand~ wittmut ciamge to the thfilst -. m s  ir\fectar, at 504  in^ e- 

pressme, e v e  a specific impulse of 366 s e e d  a.& an average kat-flir density of 
6.45 €%din2 in  the chamber, and U.3 &din2 i n  the nozzle, 5re appamme of the Jet 

@XhStlOn 

be usecia3 pm&ers. 4 typical thrust t2hadEr- OF. the test strtnc is shrm In 

In this de&@, the liquld oxygen 3as irifected thrwgh tb? annular mif lees  am3 
Each pair of orifices suppUed plogrellant 

to atcut 8 powxis of th-ust. Fllm cool2rg \cbs a@n supplied by 24 0.015- 

ducirrg t ~ s  M is m in 
T b  w 1 b  cankrstiati chamber ( P r w  24) w s  des- and assenbled using 

some parts R\m another. pmgmn. Bw u p ~ e r  chamber was macNned f k m  a cast-copDer 
bi l le t .  Electrolytic copper vas preferred, but cculd not be obtained in the required 
size. %he cast cc#er t i t  m -used for the imer chanber has only appmx5nntely one- 
tm the stren@h ard o n e k l r '  the thermal cauluctivlt:~ of electrolj'tlc copper. The 
imer ard P!Cer chgnber befcre assembly is show in FiaUp 25. m s  cranrber assembly of 
49 L* e s  desigmi with a nozzle exit to throat area ra t io  of m l y  4:l bexiuse of size 
ilmitations of the exist- parts. The helical coolant passage nas des- to accam- 
date a water f low of ten pauds per secord with a 110 psi  pressure dmp. 

!%ccessN tests with the nulti-tube cancmtric-crifice mector a t  400-lb 
thust resulted ii the 30oG1b-thrast concentric-orifice Wector design (FWm 26). 
Fwr !wndreC and eighty-nine concentric orifices were used in addition t o  60 t@mgen- 
f-lant orifices. Eich pair of orifices supplied propellant camspordbg t o  about 
six pour& of thrust. The trouble experlercced with the tUrn4or: on the face of scme of 
these mectors led t o  the conclusion that the fie1 should be mected  thro@ annvlar 
orifices. 
flawirtg in the ~ d u s  and the i i w i d  oxygen flowing t m u g h  the cer,tral tubes. 
27 shows this hjector after fabrication. 

23. 

Accordingly, the 3,000-lb w e c t o r  was des- with the liquid hydrogen 

Ffgure 
Figure 28 shows a waterflow test. 
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I bve lo tg  been CQlCerned with SUqlectiHg cogmic bodies to direct tests, 

sipdlar to -s on terrestrial lmtter in the labomtmy. c o n c q r q y  first 
lpodest m a r t s  in this direction, J. e. ~ecker,  rector of the ttice obserpatosy5 

okr#med: 
of P. ZMClgr. ZwlcQ p3ppesed to pmxiuce artificial meteor sbwm. fiis pirst a-s 
in 1946 yere twnwxessN-but later v l m n t s  succeeded in lw-and since then othw 

mme fyFst maustic prqxxal of exprirmts of this type rms m darbt tht 

authoks 

1. 

2. 

hve contlnld anahgou work." 
The epals in this field tht I hed inmind at ti%? end of Wrld War II were: 

hmchlng fast particles (artlflcial meteors) at all h e m s  in the atam- 
pwre for the plTpo8e of explcllrlng I t s  pby8icwh?mlcal conditions, for 
instance, WMS, s b k  ollaves, eddies, desities, electric ard magnetic fields 
w ~eu 
c a m  be obtained t- observatioas of the tracks and polnt-for-polnt 

local chemical -sition. Data ~n all of tm ~haracteriati~~ 

spectra of the a r t i f i c i a l  metecrrs.3 
Iatachirrg artificial &ears fYan great helghts with velocities greater than 
11.2 kdsec into lnterplanctary space, fkee of the gravitational pull of the 
Earth. 
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As the moat canrenient amms to pmhce fgst pmticles, in 1945 we decided to 
use Smed c- of e and pItty explosives, as well as m - x  (that is, uquld 
nltromeftrrne doped wlthdiethylaufm uhlch we developed at met arxi a c h ,  because 
of its unif'ty, gave tk finest ejected particle jets, aa shnm In one of my pap 

an apex angle of sixty degrees. With tkse, particle velocities of newly 10 Wsec 

statlmwy caneras. With very great dlfYiculty later on we pmducd conlcal inserts of 

In the 0, pmduced very lutdmus tracks, even In tenuous parts of the ae;lpDsphere, 
where poorly axydizable particles Ilke I ron arwf capper could mt be seen, since fWction 
heat- did not sufflce tc, maloe than suf'ficiently luninous. Tne pwbles, hmrer, arose 
over har to produce self-lurdnous particles tbt cculd be seen even when ejected into a 

vlous K L  ~ s l u R a r t i c l ~ ) 6  As Inserts we gmemlly used ooppa a? imn ccnes d t h  

were&-3, asareasrwdbymtatirgcameFasar.rotatirrg~pdllDklpplus 

titaniua because op its ready olrydizabiuty. aKse ejected particles of Ti, 9amtrqp 

vacuun. l h i s  problem I solved thatgh the invention of comscatives or heat explosives. 3 
Caruscatives are solids tht detonate or explode on appllcatian of sufficiently 

strpng shearirrg stresses for instance, wt in contradiatlnction to C Q m D n  explosives, the 
reaction products at Sesrrdard PFesSure and Teqmature (SPI') are SOU. Virttrally no 
@3 is generated, or orily gmall tplDlplts of gases am gene!rabed. This of COLIpBe PllLS an 
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A t  the erd of World War 11 the Us A i r  Farce asked me to  go t o  Gemmy as their 
technical representative to  learn about various Wes of military research accanpllshed 
in G e m .  My fl.&in@ were subsequently p u b l l s h d  i n  book fonb8 A t  the s ~ m e  time I 
and w teamnates under the leadership of Col. John A. O*Mara had Bmgnged for rmch of 
the Gem equipnent to  be sent back t o  the k i t e d  States. Of especial Interest to me 
and a few other scientists were a number of V-2 rockets that were brought to the Whlte 
sands Rwlng Grounds t o  be Mred there with various types of scientific devices on 
board. pOr.rqy ptlrpose of launching a r t i f i c i a l  meteors, It w of c m e  important that 
t3re flrlng occur at nigm. Tfirough the good offices of my friend Theodar von Karrnan, 
Geneml Barnes of Arrqy Cm3nance afianged for a firing of a V-2 rocket on the nigm of 
Decenber 17, 1946. 

ldlaneters altitude above sea level. The flight of the V-2 rocket to  a height of 190 
kllaneters was a beautiful one. Unfortunately, for reasons not discussed here, none of 
the shaped c-s fired. our disappointment was etxmmus. meed, the failure of our 
experiment turned out to  be a disaster, became further laumhlngs of this sort iere 

subsequently blocked for a full eleven years. Sane so-called experts on (natural) 
meteors, ambng then Professor F. L. whipple of Harvard, reported t o  the wgnlzant 
agencies of the E3 goverrynent that the experiment which I had proposed could not possibly 
succeed and should not be supported. These agencies not only followed his advice, but 
officials actually talked about charging me with wasting the tax-payers' m y .  R&u- 
mtely, good friends of ours were informed that I and my collaborators frrd all paid our 
own way and tad not received any funds fram anybcdy, so we were spared the necessity of 
having to  face a judge. 

to  develop even m e  powerful shaped charges and better inserts t o  be ejected h.am them. 
We also tried to  get funls for launchbg these larger artificiz: meteors Into inter- 
planetary space from sources other tim any of the US govenmentdl or milltary agencies. 
Because of their  historical interest I wi l l  mention two of these attenpts. 

First I had the idea that, for the sake of keeping records about the be@ming 
of experhental astronaqy and man's nrarch into space, it would be of Interest to  secure 
nroving pictures of all of the important steps th35 were t o  be undertaken. By givlrg the 
movie irdustry the right to  dissaninate the film, that industry might finance OUT pro- 
jects. I therefore approached one of the well known Hollywood authors and s c r i p t  writers, 
my old friend Mr. Michael Blankfort. He went at it enthusiastically, but unfortunately 

Nine shaped charges were to  be f'ired i n  groups of three at 36, 48, and 60 

As mentianed, during the following eleven lean years, Mr. (xmeo am3 I c o n t W  



oritbut succes1, as he relates in the following note VSNch he ldndly wmte last year for 
my use in the present article: 

A Note M a PrpDOsal to Finance a Moon Prolect 

- the in the early Fifties (1953-19551, F’rofessor Pritz Zwlcky visited 
n(y home and &fng the course of the evening mentioned the pmblen of financ- 
a project of propelling pellets to the !noon via rockets. !here was t o  be a 
nrmber of special canmas placed strategically around the world to  record the 
launching and lamilrg of the pellets. It was estimated tht $100,000 would be 
sufficient to tfre experiment through. 1 volunteered t o  speak to  
Mr. m l  F. W c k ,  at that time chief of production of 20th Century-Fbx 
Films. I WMild offer his caaparry the world f i lm rlghts t o  the mon project 
far tht sun. I saw Mr. Zanuck the next day ard explahed what was proposed 
and what VBS be- done. He seaped not only interested but entlusiastic, 
and pannised t o  take the matter up at the next meeting of the Board of Mrectors 
of his ccnpgny. I mt ioned  that there was an urgency about the pass- of tlme, 
an3 he replied tkt he YlMild not vait but telephone. 
emt hDurs later. He reparted t!at New York h?id rejected the proposal as 
outside their c~rmon run of business. His disappointment WLS almost as great 
as mine, but neither canpared t o  Llr. Zwicky’s. 

I saw PAm about forty- 

r.lichae1 ~lanlcfort 

April 13, 1971 

Next, my old friend Sydney chapllan stepped in. &? had been i n  m ~ r  audience at 
the University of Oxford in the spring of 1948 when I gave my Halley I.ecture on hbrpb- 
logical Ast~wrxxuy.~’ 
a d  considered organlzirg all of the projects of the I n t e m t i o m l  Geophysical Y e a r  (ICY) 

us- this method and, as a special case, include experiments with a r t i f i c i a l  meteors. 
As a preliminary he told me that during a stay in Australia he would t ry  to arrange for 
me t o  launch my meteors to  the moon with rockets fran the rocket base at Woanera. He 
uras successful in interesting the cognizant agencies In Australia in my project. As I 
d e  preparations t o  go to  Australia, a curious tNng happened. &I a beautiful Sunday 

afternoon in Pasadena I was called by tk London Times. The reporter said that the 
Prime Minister of Australia, Mr. hnzies ,  had called Winston ChurcN11, lnqulrlng wh3t 

this crazy project of shmting the kbon from ustralia was a l l  about. k. Churchill, 
being quite as WrLnfOnwd as W. Menzies, called the experts of the London Times, who 

also knew of nothlng and wfio called me. 
the Australian rocket men had ever thught it necessary t o  talk to  the Prime MMster 
about my s-le project. Wlt that is where they had made the i r  fatal mistake. Mr. 
Menzies became incensed, claimed that my project would give rise t o  world-wide reper- 
cusslons, and he ordered the flight wce l l ed .  

He had been hpressed with the power of the Morphological Approach, 

It turned out that neither Sydney Chapnan nor 
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I still had many faxwi@ted Mends in the US A i r  Farce. I had come to know 
these men after my tour i n  Gernrar\y as their technical repzvsentative, atrl after serving 
far years on the Air F m e  Scientific Advisory Board uder Generals Amold, *3atz, 
and Vmentn?rg. I n  particular, Dr. &lox Milsaps, Chief Scientist at the Alamppdo Air 
F'orce Base, and Dr. Maurice Dubin promised t o  watch for 
research s o w  rockets that mi.&% a l low us to instaJ.1 our shped charges. In August  
1957 these two geritlemen infamed me that m Aembee rocket would be fired In October, and 
that about me cubic foot of space would be available for us i n  the instruaent head. 
Eh.. Cuneo and I therefore feveriehly went t o  work on our shaped charges and the cmstruc- 
tion of timers that could be set to.i@te the charges at the PIOper muDent of the rocket 
mt. 

A l l  of our devices were gtwn3 tested at Alamogtxdo on the night of October 15, 
1957. Next day sane trouble arose, because another group of scientists had cosmic ray 
reCon3ers installed in  the rocket. They feared that our exploding charges would destroy 
their instruments. Hw we resolved this very difficulc problem has been described else- 
where.33 lo ~n any Case, the charges were mted prcperly as we 

of 85 kilaneters, exactly 91 seconds after the rc:ket had left the ground. 
&E very ltprdnous pellet consisting mostly of TIC and some A1203 was ejected 

with a velocity of 15 W s e c ,  ccnsiderably i n  the excess of the escape velocity of the 
Earth. ?his pellet becam the first m 4 e  object to be shot into interplanetary space, 
and thus the first tiny ar t i f ic ia l  satellite of the Sun. 

way out was photographed by mny cameras, including the P a l m  48-inch Sdmldt telescope 
located over 1000 kilmters to  the West. 
the Superschnidt telescope on Saclamento Peak i n  New Mexico, by means of interrupting the 
photographed trajectory with a propeller shutter. 

space available In one of the 

p~arpaed at a height 

Its ltmimus tmec to ry  on the 

'Ihe velocity of the pellet was determined by 

Unfortmtely, both the scientific comrernity and the world at large did not hear 
about our success until  a few mnths later, because the Air Force would not release any 
data until  they had made sure of a l l  of the facts. F'urthenore, everybody was excited 
because the Soviets a.lready had successmly launched Sputnik 1 twelve days before. 
During the subsequent rush, when the United Sta.tes tr ied t o  catch up with the Soviets, 
a r t i f ic ia l  meteor projects were forgotten and a l l  of nly plans to  shoot chemically reducing 
projectiles into the Moon came to  naught. Thus, to  this very day we have 'IO answer yet to  
the vltal question of whether or not deeper lying moon rocks mi&t cmtaln water of 
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crystall lzaticn that would nuke possible the instal la t ion of sinple Ufe-sustaining 
devices (solar f’urnaws, plus mgnetchydrodynamic generators, plus electrolytic cells fo r  
the Froduction of various elements), such as I had proposed and partly constructed twenty 
Years ago. 3, 6,  7 

With the launch of Sputnk 1, scme modest phases of the plan,’ that I had first 
4 outllned in w Halley Lectore at  Oxford in 1948, appean?d within practical  grasp. To 

prevent the Vzrious g o v e m t s  ard the i r  respective agencies from blundering in to  outer 
space and bungling things, as has been done throughout history with all Large-scale n e w  

developoents on Earth, some far-r>ghted men (and in  particular the lawyers, pWsicianS, 
pure scient is ts  ard engineers of the International Academy of Astronautics [IAA]) -ha- 
sized the necessity of international agreements t o  precede any practical constructive or 
destructive actions on extraterrestrial bodies and i n  cuter space. These effor ts  led to 
the forrrailation of a preliminary “reaty f o r  Cuter Space which was si- by s a  eighty 
nations in 1968. 

International Institute of Space Law m hard at work t o  andlyse and formulate them. 
the basic a s p c t s  of the March into Cuter Space haw been isolated, analysed, and evalua- 
t&, sane international o;-ganization such as the bh w i l l  have to  decide which of the 
following three generic typ::. o f  eri‘;er@ses should be allowed and undertaken: 

details s t i l l  remain t o  be cla-ified and the mnbers of the IAA and of the 
Once 

1. Scientific exploration arrl coristluction of research stations i n  space ard on 
the various bodies of the solar L i s t e m .  

Exploitation of sane of the extraterrestrial resources fo r  use In pure and 
applied science, basic technology and medicine. 
Exploration on 3 moderate, or large, scale for c m r c i a l  and technical uses, 
including the establiskiint  of general h m  se t t l emnt s  on t!ie various bodies 

of a s d t a b l y  recanstructed planetary system. 

2. 

3. 

4 

Zwicky’s plan called for modiQing the physical conditions of s m  of the pre- t 

sently uninhabitabitable bodies in the solar system; e.g., FFrst, constructing subsurface 
installations on the Moon and the planetoids; second, naking them habitable by changing 
surface conditions of the Moon t o  provide a breathable atmosphere of molecules heavy 
enough not t o  escape; t h i r d ,  recmstructing various large bodies of the solar  system by 
mving them t o  other l oca t im-U.  



For the past several decades furds far research haw b m  rather overabundant, 
not always t o  the benefit of hudunental research. These fw& have naw becam? scarce, 
ard it is usenil t o  nmLd the yowg scientist  in partic4ar that very inpartant research 
still can be done sinply and cheaply. By way of illustration, here are a few proposals 
an3 investigations that, in part, existed even before the later rapid developnents in 
space research. 

First, I would mention a class of extraterrestrial bodies w i t h  whlch we can 
actually experlmnt because they cane to  us: meteors and metmx-ltes. Although a carsider- 
able mvrber of spectra of meteors have been observed, far more could be done thraugh the 
systematic use of pcrwerf'ul Scl-rrddt telescopes equippea wlth prism ard fbll size objective 
transmission gratine;s, sane of which have now been successfully built  t o  sizes of 45 an x 
45 cn, either as mosaics cir ruled fWl  size by nglself, R. W. Wood, and John Strong ard 
associates.3* 113 l2 

More inportant, perhaps, ~llar~y meteors actually cane cxw3hb-g dawn to  the Farth's 
surface to lodge with us as meteorites. Since they have been traveling i n  Interplanetary 
space far ~llar~y millions, and pmbably even b i l l l aw  of years, they kave been subjected to 
a l l  sorts of extraterrestrial Interactions and events. "herefore, In  some respects, they 
may be considered as substitutes for a r t i f ic ia l  t es t  bodies which we might otherwise 
hunch intenticnally into outer space. lxrring their  travel they have been exposed to 
cosndc rays, to  the solar w M  and electranagetic radiations covering the whole wave 
length range fmm radio waves t o  Gamm rays, leaving the meteorites with the follawlng 
tell-tale signs to be searched for: 

a. Excitation of long duration pseudostable states that are analogous in  character 
t o  the latent photographic images caused by sufficiently energetic quanta of 
light in heteropolar crystals, for instance. The energy thus stored in the 
solid meteorites can be detenrdned by baking them out, 83 was done extensively 
by F. G. Hrmtermns and his collaborators at  the Uni.zrsity of Elerne. 
Protons fran the solar wfnd w i l l  be inbedded t o  a depth of a few hLpdred Angs- 
t m  In the meteors, as they have beer. f d  in  lunar rocks recently. Whether 
or not these proton layers in meteors survive the dive through the atmoftphere 

and have ever been found in meteorites is not kmwn t o  me. 
Heavy nucleons of the cosmic rays leave perrmnent tracks in certain crystals ard 
should therefore also be fowd in mteorites. 
Finally, we know that ?ast solid particles ejected from solid inserts F~I shaped 
charges at velocities of up t o  15 W s e c  c8n penetrate solid blocks, of steel 
for Instance, to  depths of one meter. There is a good chance that during their  

b. 

c. 

d.  
3 
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long travel large meteors w i l l  have been hit by small a m  traveling at  velocleo even 
hlgher than 15 W s e c  and should therefore occaslmalljr exhibit s-t long thin chan- 
nel holes. searchiry thmugh various m e w ,  I think that I may have spotted such Imles, 
but the respective meum directors were rductant to  let me cut up their beautiful large 
specimens In d e r  t o  test my expectation. Ccntlnuatlon of tNs type of irrqulry mLght, 

however, some day be -.+ 
Finally, the faint suspicion remins that the missing planet between Mars and e. 
Jupiter my have been blown apart by a nuclear fusion reaction, initiated for 
instance through the inpact a? It by a very fast body of "local origin," such 
as a nuclear goblin - Jected f'ran the sun or sane interstellar ultrafast mis- 

si1e.13 we -1 be able t o  d r a a ~  mom dettntte conclusions once we have inves- 
tlgated whether or not sane craters on the Moon have been caused by inpacts 
capable of l.gnItlng nuclear fusion reactlam -Jld by actual experiments of o w  
awn with ultrafast particles. 
Second, the results of sane experimentation with extraterrestrial bodies can be 

observed Rum the Earth, inasrmch as nature Itself' provides the mans. For instance, the 
Sun ccexperiments" with the Moon by lllwdnsting it in Variocls phases. The resulting 
successive heating and cooling of various parts of the Moan's surface could thus be 
obsezved and Its heat c d u c t l v e  properties be derived. Sunllefit falling on the Earth I s  

partly scattered and can be observed lllunlnatlng the dark part of the Moon which faces 
us. Proper measurement would allow us thus to  determine the Albedo of both the Mom and 
the Earth, the latter varying because of different cloud cover. 

Third, direct measurements of the Albedo of the Moon were &e In the 1940s by 
sending radar slgals to  it a Jbsemring the echoes, f i l e  recently the s m  was accan- 
plished with Laser &am. These various 
passive experimental astrormy. 

FRITZ ZWICKY, 

Morphology of propulsive Pawer,Monograph 
Pasadena. Calif. 1962 
(can be obtained aily  an the bkstore 
Pasadena, C a l i f .  91109 1. 

attempts acttally represent modest exanples of 
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No, 1 of the Society far Mr-nphological Research, 

of the callfarnla Insti tute of Tec,'ulology, 

'1 have also long considered the problem, durirg a concentrated meteor shower, 
of Intercepting scme of the fast  Incoming mlssiles by placing convenient targets in the 
stratosphere or ionosphere In order t o  test the meteors penetratlm power. Since thls 
wl l l ,  hawever, soon be done more conveniently on the Moon, I have abandoned wracking qy 
brains further cc t he  mtter. 
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N??' - 3 3  0 6 6 

Theyears covered by this memoir, cantrasted to those discussed inw ilrst two 
- ~ r s , l * ~  uere extrpmeu hectic. It is very dim-ult for me even llcIw to arorthirrg 
Ilke a clear arrl COheFent picture of them. Nevertheless, by 
llshed materlal avallable in the archlves of the Jet PZDpilsicm Labaratary, I hDpe nhat I 
have to 

attention to uprb- 

will be of use to historfans of as-tics. 
Between 1943 a d  1947 I becmfe increaslrgly hvolved as an adnlnlstratm of 

research.  he ~ i r  corps Jet prcpul~icm -arch project, mS2 wtri~h rmtered ammi 
85 perscns In 1943, grew to around 400 by 1946, ami the ammt of mmey to )IIOBT~ aba& 

acquainted with a l l  that was taldq place on the Roject up to 1944, botn as xegmls ideas 
and their execution, by 1946 I nas aware of x)re and mre research activities put I n  less 
and less detail, and Uttleof q thewas f h e  fm carrybgaatmsearchof w 
situation unpleasing to one of t-. 

Increased f h n  h.ImEds of thausar& tc oIi.ulcms of dollars arrrrally. AlthaqfI directly 

?.cb&%w vm K&n&n9s canectian wlth the csllfornla Institute of Tectwnlogy 

Corrsequently, in 1944 I took 
(Csltech) 1-w terurxrS in 1342, apd in 1944 he With &I- 
vlties In Washington, D.C.,3 where he took up residence. 
over contract negptlation Rum both tecimlcal and man&pmt points of view, tash that 
requlmd frequent t r i p s  to klght Field at Dayton, Ohio, to Washingtan, D.C., and tc: other 
places. Life became a "between +rips" ldnd of existence. 

+Presented at the Fifth Histmy of Astronautics m i m  of the International 
Acadensy of Astronautics, Pavssels, Belglun, Septenaer 1971. 

Institute of Technology. 
*Co-Fcun&r arrl Dlrector (1944-1946) of the Jet Rqnusion Laboram, califarnia 

'&ustee-Past Resident, International Acadeaw of Astmmutics. 
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& 1944 it WBS fairly evident that World War I1 wdld end in the defeat.of the 

fcrces of fascism in Gemany, Italy ard Japan. 
a t d c  energy for destmctive purposes uas demmstrated at AWcgonM, New Mexico, and 
then at m h l m  and Nagmmkl, Japan. As I was drawn into the councils of thase with 
adlitary respansibillties, I participated mxe and m ~ ~ e  in discussions of what shaild be 
done i n  tk mxt war with l e -  rocket ndsslles. Obviously, if atan ba&s could be 

and mxe distasteAil t o m e  as the mmths went by. I had lorg been colwiclced that YBT 

betmen or by states with &3vamed technolcgy was a faam of natiolldl h s a n i t y ,  even befare 
a way to release mclear energy had been fanrd. It seemed to me that ideas and effort 
rn ;FSuy needed nu# to find Imys for "sUver€?rn" states to flmction in peace together, 

mther than to develop better meens of destroying theaselves. 

have remariad when th!? war ended tWt  all he wanted to do was t o  fiailng; I felt the 
same w, except that I do not care very mcb for fishirlg. I had ccapleted 10 years of 
mcket mseamh, and dealt with problenrs on the fringes of basic a d  
knwledge, Qvices req- the use of explosives and toxic chemicals, the safety of oup 
stafY and of aircraft test pilots, flustratiom mwlt lng  fnm deallng with aduinlstrators 
nho had no grasp of the nature of research, travel by train and by air t o  meetings that 
frequently were not =ally necessary, etc. 'Rnrs, at the age of 34, I detemlned to mke a 

When we had begun rocket msearch at Caltech I n  1936, m s t  of our o r l g h l  group 
of six was dedicated t o  the pacem uses of rocket pmpu1~0n.l ciesilyl of a mumiirg 
rocket had been ou1- mt goal. Though I never lost sight of air fL-s+, goal, world &vel- 

sion.  hen the MAC cmponxl became the first success& sa~lcung rocket to exceed heights 

attahable by any other mans in 1945, I felt a sense of persavil fwrillment. I und- 
stood that this was but the first pmbe into extraterrestrial space, and that voyages t o  
the Moon and planets would follow, but I also knew that there were now nrarur others who 

would camy on the work recessary to reach these m w  distant goals. In  1936, the nunber 
of engineers i n  the world seriously Interested in astronautics was probably less than 50; 
by 1946 the;% were several hxxkeds. 

What troubled me most about lea- JPL was the separation Rrm the mnbers of 
bhe s t a f f ,  good and 
many trying times. I have never agalr~ mrked with a grcup that was as cooperative and 
enthusiastic. But the new goal that I had set for myself was ir,?----?tionzl cooperation. 
Although I left Caltech with a Weyear leave of absence, wfiict . :> mewed in 1949, I 
then allawed it to  lapse and, in one way or another, devoted IQV-~? 50 international c o o p  

eratim during the past 25 years. 

But what then? In  1945 the harness- of 

& light emugh, they could be used as missile varfieads. such dellberatians became ID31p 

By 1946 I YBS mtall.y and pl~~~Icdl ly  w t e d .  mii r-:- is Said t o  

science 

SerioCIs m s a l  of nprselfm of ngr hopes for the fitlllp. 

-t~ by 1938 dictated CUI' p a r t i ~ i p t Z i ~ n  in the military apPllCatlCn O f  rocket p m -  

of whcm en? my closest mer& and with whan I hsd shared 

?he night before I departed f h n  %xas for Unesco In 



Paris, one last effort was lnade to dissuade me f k a u  leaving the Jet FtqnAsion Laboratory 
(JET,). A gwreral officer of the Ordmnce k p w t u m t  tekphcmd me from WaWrgkm, D.C., 
and urged me t o  zvxonsiderngt decisian. when I asked VM s for Ns av lce  he had 
told me that if he were y q ? ,  he would follow a path similar t o  the me I had chosen; 
it was unlikely that myme e& wouldget me to chargew mind. 

t o  Paris. Albert Einstein thou@t that nnrjor points of the Unesco prqpm were defynitely 
wxtWle. He said ye rmst have c- to  fY@t far mal issues and not allar Unesco t o  
becane impotent, like the ccramdssicm far Intematlcml Intellectual Cooperation of the 

of Nations. V a m w a r  Bush Said that scientists nust uark tcgetkr to stop 1wz.8 fa- 
gpod. He didnot  lovmverymchabaut Unesco but supparted it. - 8. Jotnscm, then 
the Cmgressman f h m t h e  d is t r ic t  of~qyhape inlkxas, said he UBS not acquainted with 
b s c o  intenticas arrl tht the ulited Natim was just a "baby." 

Upar IQ? arrival in Paris, Joseph Needkn, Head of the Natural Science SectIan of 
uhesco, assirpledme t b  task of st- ways to break down the barriers to the fYee move 
Ent of scientists am3 e-rs between natims. It certainly was not tme that I becapne 

a member of the Unesco secretariat as a Iocket expert, as was stated in an ar t ic le  hwtile 
t o  tk aaganizatim in the Saturday Ekenlrg Post entitled "Jullan Huxley's Zoo." ulesco 
did  not cane wlthh a sllell of rockets before the Intemationdl Geophysical Year (19) in 

off lc ia l  duties, I wrote a popular ar t ic le  enti t led 

I made a tar of the East Coast t o  discuss Unesco with mny persons before 

1 5 7  - 
W1e at Unesco, outside 

"thamd Rockets towatds Space" in 1950, upon the imritation of Kenneth W. Gatland, who 

served as the editor of a collectlac? of articles for a book called Rockets into a. 
But that venture was given up by the publisher i n  1954. In 1950, I also wrote "A Short 
History of Rocket PFopuZsion up t o  1945" for the Princetan University series of volun?s 
on Jet Rapllsicn and HI& Speed of Wfiich, at that time, q y  lcng-time 
colleague, Martin SlamerMeld was editor. That ar t ic le  was finally published in the 
volune Jet propuls irn Engine s in 1959.4 

by the soviet Unlon 3n 1957, an event that Rlade m r e  evident than ever the need for  
nationdl cooperation I n  this field. 

AerqjeGGeneral corpOraticn2 and then President of the Irtternatianal Astronautical F'edera- 
tion, and von IC&&, who h%l becan? active in Federation affairy, told me that It was al l  
very well t o  wark quietly as an artist in a Paris studio (WNch I had been doing since 
1953 after le- Une%o) but that my experience in astronautics was wasted. They Urged 
me to  participate In the work of the Federatl~n.~ After mch discussion with ngr wife, I 
dcclded tc accept appointment as a repn?sentative of the F'ederation t o  Unesco. Py 1959, 
I was again devotlng most of my t h e  t o  astronautics in the Fedemtion, especially In cm- 

nectim with the establlshmt and direction of the International Academy of Astronautics. 

I did not resume w m k  in astronautics unt i l  after the launching of t k  Sputnik 

.4ndrew G. Haley, one of the faaders with us of the 
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mt t o  return t o  * subject of this IImmir . . . . 

"he Air Corps prslect at UE begiriniHg of 1943 was cansolldatlrg the success- 
hill dewlqrment of solid-ard stoPable-Uqubpmpellant e- for aircmft super- 
performance rrl;gllcatlorrs with research directed t o  inDFoyiTlR the propellants, ralslrg 
ex@.rE performarrce, ani increasirg tklr thtust aad duration. coopenrtlon on laatters of 
dpveloppent am$ praductlcti was maintained with the w e t  Rgberlrg Cazpratlon for 

starable-liquId+mpellant mcket engitle des- on a SOLITlci scientiMc foundation. Prac- 

meet 8pecincatlaIs for tmts of up t o  Bpaclrd two tons for duratlors of up to about 75 
secamls. @ the end of World Uar 11, infonmtion ~1 the design of cooled Uquid-propel- 
lant emglnes and of pulps YBS .wel l  edvtmoed. 

Albert A. Chrlstman, In N s  histoay of the Naval Weapons Center entitled 

those prcgmns s m d  by the Air corps arrd the Navy.2 lfre Rqect  had placed solid-arri 

tical l n f ~ t l a i  had been provided e n g b ~ ~ ~ ,  perrnittirg the dt?~m of U L C O O ~ ~ ~  mbtoss  to 

Sailors, Scientists and Rockets, absented: "A suggestion by a Navy captain that it WaiLd 
be desirable t o  have a coozwgtlve effort between ooddard arrd Maba b m t  out Goddard's 
view that the work in Pasadena nas ebaut the stage in 1940 that his work had been in 1925. 
He referred to  the Caltech program as t k  'Student Work.vn5 G o d m  evidently did not 
sub~critx t o  vm K&&*s maxim: "It IS always wise t o  
Just as clever as oneself." Gcddard's opinion of our efforts does not surprlse ut?,' but 
he rmst have been mprlsed when, within two years after N s  remarks we had successfull.y 
developed ami put In to  production far tkre A i r  Parces ard the Navy servlce-type solid-arrd 
starable-llquld-propellant engines. These became, respectively, the progenitors of the 
errgines in, for exanple, the Semant ,  Polaris, ard Minuteman missiles, an3 the Tital d s -  
sile and the Apollo carmand Module and Apollo Lunar Excursion MaMe. 

TNS raises an Interesting questim concerning develqnnents i n  Britain, USA aru9 
USSR after the enl of tk war, a question that should be probed by historians of rocketry 
eni astronautics. I beUeve a goad case can be mde to shcu that mil i tary obsession in 
these countries far contira\ing certain developlrents of Gem rocket technology caused a 
vast waste of M s .  The obsession gave pr ior l ty  to  pocket engines using l lquld oxygen 
( U X ) ,  as in the case of the V-2. In the U.S.A., though the developnent of engirres uslng 
a conposite solld-propellant and a storable-liquid-propellant ccnbinatlon was not dropped, 
It certainly was assigned a lower priority. But today, not a single Anzrican military 
operationdl missile uses a LOX engine, Instead they are propelled by descembnts of solld- 
and liquid-propellant engines developed at JPL before the end of World War 11. 

fm they were Indeed needed for extraterrestrial space activities, but they were not then 

that sameorre else q t  

The investment in LOX englnes turned out to  be an overall technological gain, 
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and are not ~IOW of prlmary interest to  tk military services. 

stowble liquid prcpellants also have 811 impartant mle t o  play in the pmpulsion of 
spacecraft at this phase of the "space age." Nanetheless, popular opinior., even the 
apinion of some who should know better, has held that rocket developnents in the U.S.A. 

lagged far behird that of Nazi Gemmy. ?hat belief is patentljr false, but ~ & h s  die 
m. 

lrhat is mre, solid and 

111. ORIGINS OF THE OFWIT PRWECT 

A t  the Alr Corn hjec t  in 1943 mt inued  t o  follcu the directives of 1939 

In early July, von &I& received a request fran the Can- 

that Umited us t o  rocket engines for use with aircraft.2 In the SLmmer of 1943 this 
situaticn charged radically. 
rtlandlng General of the AAF Materiel Center, Wright Field. He was asked t o  study and can- 
ment an three Eiritish Intelligence reports on reaction propulsion devices for projectiles 
and aircraft supposedly being developed in Gernrarly. 6 9 7 s 8  Von K&n&*s ccmnents, based on 
an Investigation that he, Hsueh-Sben Tsien (Chien Hsueh-Sen) and I made, were sent t o  
Wright Field on August 2. Alt- mch of the data h.an Gem prisoners in  the reports 
was incomct ,  inexact, ani exaggerated, it was possible to  d r a w  some interesting conclu- 
sions. 
aircraft develmnts,  as we learned later, is irrelevant to their inpact on the 1943 
mili tary scene i n  the U.S.A. 

reports, t o  be read with circumspection, can be found i n  the book ?he Mare's Nest by h v i d  

?he fact tht our conclusions born l i t t l e  resemblance t o  actual Gem missile ard 

Fascinating b a c m  material on these intelligence 

m. 
The AAF : :&m~ Ozficer at  Caltech at  this time was Col. W. H. Joiner, a most 

cmgenial and helpful officer. He imnediately appreciated the significance of our con- 
clusions and suggested to me that a stx iy  should be d e  of the  possibility of propelling 
ballist ic missiles with the rocket engines we  had developed or that were available at 
Aerojet. I turned to  Tsien for help, and the two of us ccmpleted our study i n  November. 
The results showed that although ranges i n  excess of 100 miles could not be reached with 

available engines, rocket missiles could be constructed that had a greater range and a 
mch larger explosive load than rocket projectiles then being used by the Armed Forces. 
Af'ter discussing the amilysis with us, von &h& decided to attach a mrandurn to  our 
repart  proposing that a developnent program be initiated along the lines we had indi- 
cated.ll These docurents for the first time carried the name "Jet Propulsion Laboratory." 
Joiner sent t h e  memorandum and analysis t o  the Camanding General at  the AAF Material 
Center. 
office next door t o  Joiner. Staver also forwarded these same docwnts  t o  Colonel G. W. 

Trichel, Chief of Rocket Developnent Branch of t h e  Amy Ordnance Ikpartrr.ent. 

10 

Captain R. B. Staver, an Anr(y Ordnance Liaison Officer at Caltech, occupied an 

2 
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van K&&, Tsien and I at this point concentrated our t-ts on the technics: 
problem of long-range missiles ard on what appectred t o  us t o  be the most reasonable steps 
to  be taken t o  develop them on the basis of current experience in the U.S.A. with solid 
and liquid propellant rocket ergines. Staver and Joiner, on the other hand, pursued quite 
a different thmght process. 
ccntinued supprt of the development of rocket and other types of jet engines and of their 

application by the m i l i t a r y  semrices after World War 11. lhey fear& the his tor ic  ten- 
dency of the g o w m n t  t o  drop potentially important research f o r  military purposes when 
a w a r  erded. Furthemre, they believed that our Project s M d  not only be continued, 

13 but exparxkd t o  becane a center of jet prcpulsion and missile research and development. 
I have pointed out before that there was a conflict of opinion as t o  the kind of work that 
could o r  should be Undertaken by an academic i n s t i t u t i m  of Ngher education and 
research.2 Von K&m& and I were of the view that Caltech was an appropriate organization 
to take responsibi l i ty  f o r  basic engineering research, but not f o r  the development of 
prototypes of engines and of vehicles that involved problmc; of meting production and 
end-result specifications. The fact that the ClRDcIT Project did include these latter 
actidties can be understoob only in terms of the special situation prevailing i n  the 
U.S.A. i n  1944. 

Staver later told me that they were concerned with assuring 

The response of the mi l i ta ry  services t o  the two d o c w n t s  on the development of 
long-range missiles plar-ted a seed fo r  the bitte,- inter-service mil i tary rivalry that took 
place in the 1950s. I recall discussions with officer:, i n  the dir Forces and the  Ordnance 
Deparbwnt on the appropriate "botanical" classificatior. !' a rocket missile. 
cerned with anrg, ordnance said that ,  since long-range guided missiles followed a b a l l i s t i c  
traJectory l ike a gun projecti le,  such missiles were clearly a responsibi l i ty  of the 

Department. Those responsible fo r  long-range aircraft barbers said tkt ,  since a 
low-range mded missile needed aemdynamlc control during the first phase of flight i n  
the atmosphere, the Air Forces clearly should be responsible for  their deve lopmt ,  and 
they called %he missiles "pilotless aircraft." 

Instead, von &&n received a l e t t e r  on January 15, 1944, fran Trichel of Amy Oninance. 
It expressed not only interest  in the proposed prcgram, but a desire that Caltech under- 
take a mare intensive program than originally outlined.12 Trichel urged that a revised 
and more inclusive program be undertaken at the ea r l i e s t  possible date. 
lated that the Ordnance Department was prepared t o  f u r n i s h  the necessary f'ur.ds t o  cover 
such a project providing Caltech, i n  turn, wi t s  wi l l ing  t o  give the necessary qhas is  t o  
the undertaking i n  the assigment of pexonnel and f ac i l i t i e s .  He also recomnended that 
a proposal be submitted that would include a chronological schedule of the  studies t o  be 
d e ,  models b u i l t ,  etc.; further, if such a project w a s  decided upon, i t  would be 

Those con- 

But the A i r  Forces did not respond t o  ow proposal, rmch t o  our amwerent. 

H e  further s t ipu-  

344 



advisable t o  make a contract with Caltech on a cost-plus-a-fixed-fee basis. The plan of 
operatiom should MtialZv cover not m e  thvl one year and the expenditures should not 
exceed $3,COO,OoO far the one-year prcgram. 

Incarporating his suggestions, an3 von Kin&, with the support of Robert A. Millikan, 
chairnran of Caltech's Executive Council, obtained the appmval of the Caltech Trustees t o  
put farward the prcposal t o  the Ordnance Department. 
Chidlaw, Chief, Material Division 0-Cyyce, Assistant Chief of A i r  Staff,  directed a letter 
t o  the C a a a r d i n g  General of Materiel Carmand, Wright Field, requesting the following 
information: 

a )  

b) 

Trichel's letter t h r e w  us  i n to  a proper dither! We prepared a new proposal 

On January 20, Brig. General B. W. 

12 

W i l l  the Amy Alr Forces authorize the use of the facilities at CALCIT by the 
Ordnance Department? 
W i l l  such a long-rarge developnent contemplated by the Ordnance Department con- 
f l l c t  with work being conducted by tile Anqy Air Forces? 
Von K h 6 n  also responded on February 1 t o  h j o r  General Frank 0. Carroll, Chief 

Ergineering Division, AAF Materiel camrand, Wright Meld, inquiring about APF interest  i n  
research directed towards the developnent of aircraft or  pilotless-aircraft traveling at 
transonic speed, and apparently helped the Materiel Comrrand formulate answers t o  the above 
questions. 12'14 Accordingly, on February 17 the PA? Material ccmnand at Wright Field 
cleared the Ordnance project t o  proceed at G U I T ,  so far as the AAF was concerned. Also, 
carrol l  sent a letter t o  von .rcrtndn approving, under his supervision, a project for  
llathoclydw (raqjet)  erglne aevelopnent with the Ordnance Departmnt that could be used on 
aircraf't, provided AAF research would not be retarded i n  any way. 

of Caltech a new prcposal, based upon Trichel's suggestions, t o  Major General G. M. Barnes, 
Chief nf the Technical Division, Ordnance Department, i n  WasMngton, D.C. proposal 
was accepted practically intact1* (It appears i n  ihe appendix). 
the Anqy Ordnance pmgram was placed with Caltech on June 22 "for services consisting of 
research, investigation awl engineering i n  connection with the  development of lcng-range 
rocket missile and launching equipment and for  comljlete reports, drawings and specifica- 
tions describing all  work done i n  connection therewith." An expenditure not exceeding 
$1,600,000 was authorized. 
January 16, 1945, with the following objectives: 

12 

Events now moved rapidly. On February 28, 1944, von K&mh submitted on behalf 

A Letter of Intent for  

A definitive contract followed, and entered into force on 
12 

a) 
b) 

c)  

The missile woul-f have a minhnum weight of high-explosure payload of 1000 pounds. 

Maximum weight of the  missile would not exceed a weight consfstent wi th  good 

design and maximum payload. 
The missile would have a range of up t o  150 miles. 

345 



d) 

e) 

Target dispersion at maximPn range would not exceed 2 percent for a missile 
suitable for dfrection by m t e  control. 
The velocity would be sufficient t o  afford protectla fmn fighter aircraft. 

The tenaination date of t h i s  contract was set at Decenber 22, 1954; hcnuever, it was later 
extended tm June 30, 1946; the t o t a l  fluds prodded amounted t o  $3,600,000. 

%search Project, WIT, Into the Jet Propulsion Laboratory, GALCIT. Ime new program was 
gtven the designation ORDCm Project (ORDCIT is an a- fa- Ordnance-California Insti- 
tute  of Technology). 

This expanckd pr- led to  a reorganization of the Air Corps Jet F'ropulsicn 

The ORDCIT Project requimd rapid expansion of the staff and facilities of the 
Jet Pmpulsion Laboratory (GAICIT),  or, JPL. lxlring the period under consideration, JPL 
was attached t o  the cuggenheim Aeromutical Laboratory (GALCIT) directed by von Kddn.  
He remained titular director of G A W I T  un t i l  1949, when he b e c a m  Professor Emeritus and 
Clark B. Ydllikan succeeded him. Efy thls time, JPL had been separated f'ran GALCIT and 
came directly under the overall ab ln is t ra t ion  of Caltech. 

the ORDCIT Project, von K h d n  underwent serious abdanlml smgery at the end of May 1944, 
i n  New York City, whlch prevented Nm fran returning t o  Pasadena unt i l  S e p t d e r .  
he was recuperating i n  New York, General H. H. Arnold, C a m a n d b g  General of the AAF, 
asked hlm t o  undertake the creation of the  Scientific Advisory Board t o  the Chief of Staff 
of the AAF ('to investigate a l l  possibil l t ies and desirabilities for  postwar and hture 
war's developnent itp respects the AAF." Von K&&n left for Washington, D.C., i n  
kcenter  Ig'W, :&Rafter returning t o  Caltech only for  short period of the.  

Ti e s c q ~  of the ORDCIT Project posed Caltech achninistrators with novel problems. 
Haw wodd t , c F  manatp the range of act ivi t ies ,  t he  s ize  of the JPL staff, and the amount of 
mney invcl'lwd? I..' i y  decided t o  establish a JPL Executive Board, responsible t o  the 
Caltech afs+;dstr?tion, whose t a s k  would be t o  oversee the general policies of JPL 
a*;nlnistration an i  the imllcat ions of any new technical developrents that took place. 
Qien, when von K&& took leave of Caltech, t h e  question of who would direct  JPL had t o  
be resolved. 
I took over as A c ' N  Directw at JPL. But the hpl lcat ions of t h i s  division 0; respon- 
s ib i l i t i es  soon required clarification. 

While we  were i n  the  midst of preparing plans f o r  carrying out the program of 

while 

C. E. Mllllkan w a s  asked t o  b e c m  Chairman of the Jm, Executive Board, and 

fin my long experience of work- with von K&&, I knew that a certain cool- 
ness existed between him and C. b. Millikan; t o  be sure, I had inherited t h i s  feeling. 
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I also could not easily forget that, if v m  K&m& h d  not overrultxi hlm, Milllkan would 
have stopped the WIT e k e t  Research Group in  the spring of 1936. When Mllikan stated 
i n  the autunn of' 1944 that he expected as chainan of the JPL Executive Board t o  chair 
regular weekly JPL pmject cderences ,  I exploded. I told him that I cwld  not continue 
makirg technical ard administrative decisions if the conferences were run by saxme who 

was not intimately aware of what was going on in the  laboratory from day t o  day. Von 

Neither nly relations with the JPL Executive Board, nor those of Louis G. auu?, 
who succeeded me as JPL Director i n  1947, were ever very satisfactory. 
1945 I became so irritated with MIlUkan when he presented a surrmary of work urdemay t o  
the Board, that I slarmed dawn papers, announced my resignation, anl stalked out of the 

meeting. The next day, after talckg into account the reasons for my displeasure, Millikan 
and other Board marJ>ers convinced me t o  change my mind. But t h e  problem of divided res- 
ponsibility was never resolved. Dunn, when he became JPL Director after I left, sinply 
refused to  attend meetings of the JF% Executive Board, a d  Caltech f inal ly  dissolved the 
Board i n  1948. 

In  1944, Col. L. A. Skinner was desig-ated Liaison OfCcer f o r  the Army Ordnance 
Department. ?hose of us concerned with solid propellant rocket engines were acquainted 
with his studies i n  the 1930s of nitroglycerine-nitrocellulose as a propellant. I also 
had met Nm when he worked with the "Indian Head Group" at Indian Head, Maryland, in the 
early 1 9 4 0 ~ . ~  Joiner was succeeded by Col. E. H. Eday as Llalson Officer for  the AAF, and 
Lt. Col. J. W. Newnan was deslgnated Uaison Officer by the A m y  Ground Forces. 

Beglrming in 1944, research at JPL w a s  carried out on four m a r  prqfects: -1 
(Pmject MX 121 of the Aircraft Laboratory of the AAF Materiel C m ,  was a continuation 
of the prcgram previously carried oL;t fir the  Aircrew Laborztory 1; JPL-2 (F'mject Mx 363 
of tk Armament Laboratcay of the AAF Materiel Carmand, begun i n  1943,2 was Dn hydrobar33 

research); J p L 3  (Project MX 527 of the Power Plant Laboratory of the AAF Materiel C a ,  
begun In 1944, was prinrarily on r a e t  engine research2); and J P G 4  (the OHDCIT Rojec t ) .  

IQhIiin supported me. 

ck? one occasion in 

2 

?he ORDCIT Project involved not only rundamental engineering research on theiiml 
jet piopulsim erghes, propellants, anct the desim of guided missiles, but also the  con- 
struction of missiles and launching devices for  firing tests. 
made i n  cooperation with the Ordnance Department. 
thinklng in terms of design and construction of mch larger devices and equipment than 
before. We were greatly helped in  meeting this situation by Raneo R. Martel, Caltech 
hfessar of C i v i l  J3gIneering and a member of the  JPL Executive Board, and by A l a d a r  
Hollarder of the Byron Jackson Co., of Los krgeles, a m m f a c t m r  of p w s .  '-%e design 
of large constructions required t o  develop and launch missiles was guided by William A. 

sandberg of the Consolidated Steel Co. of Los Angeles. Mark Serrurler of Caltech super- 
vised che design of installations for raqjet engine scudies. Eugene M. Pjerce, Sr . ,  an 

The f i r ing  tests were t o  be 

Thus, we had t o  b e c m  accustcmd t o  
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architect who had been rr(y personal assistant since 1943, and W. Hertenstein, head of 
mbtenance and buildlrgs at Caltech, bore the brunt of des- and contmctfng for IKW 
buikiirgs that had to be ccnstrur+-d iis quickly as possible. The %nstructim p m g r a ~  
was flirther aided by the ordnance Liaism OWicers--SMnner up t o  A w t  1945 and t i r e -  
after, Colonel E!enJamtn S. Mesick. of Laboratory adndnistm?lm 

in 1946, and suprvised material prcmremnt. William R. Stott ,  Assistant Carptroller at  
Caltech ax3 I spent mny  days on contract negotiation. 
special faci l i t ies  of JPL in J i m  1P45 is shown in Figure 1. 

V a l  C. Larsen took 

?he layout of buildings and 

“be o m z ? t i o n  c w ,  of JPL as of Januari 4, 1945, is shown in Fiqure 2. +Pc 

Technical Sectlcn Chief: were: 
ti. J. Stxwart, .Section 1, Res-arc5 Anal,v,v3Is 

J. V. Charyk, Section 2, Ilndmciter PmpulciDn 
E. S .  Selfert, Sectlrtn 3, Liquid Pmpellant Rocket Eixiw, 

C. h%ley ,  .Section ‘I, Solid hnppllant Rocket W~I@S 
P. DJWZ, Scctim 5 ,  Phterfalz 
S. A. Johnson, Section 6 ,  Propel.lants 
w. B. Ru??;, Spct ion 7, F m h r L n ~  C r ~ i ~ n  
J. Amnew,, Section 8, R w e m h  >:im 
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Mg. 2 
Organization L h a r t  of the Jet propUlsion 

Laboratory, 1 4  A u g u s t  1945 

W. H. plckerlng, Section 9, Remote Control 
W. D. RaMie, Section 10, met Engines 
S. J. Goldberg, Section 11, Field Testhg 

mien, who had been the first chlef of the Research Analysis Section, left 
Caltech for the Massachusetts Insti tute of Teckplology i n  1346. He returned in 1948 t o  set 
up the Je t  Prcgulsion Center established at Caltech by the Daniel ard Florence ouggenhelm 
Foundation. Martin Stmmerfield returned t o  JPL fran the AeroJet Engineering Corporation 
In the autumn of 1945 t o  take part  in plamlng and research analysis of possible applica- 
tions of rocket propulsion t o  extraterrestrial space flight. 

taken on solid-and Uquid-propellant rocket engines and on m e t  englnes up t o  the end of 
1946 at JPL In my memoir on the Mr Corps Jet propulsion Research Project.' I shall 4% 

cuss briefly belaw the research on guidance ani cmtrol of missiles that William H. 
Pickering, a la ter  Mrector of JPL, initiated i n  1944. 

1 h v e  already discussed Rum w viewpoint the hlgh points of research d e r -  

V. 194b MISSION !Ill EUROPE 

Colonel F. F. Reed, called "F'roggy'' by N s  friends, vlsited JPL in  the slprmer of 
1944. He w a s  Assistant Mili tary Attache, Ordnance Department, in l.mdon. We decided that 
I should return his vis i t  by go- t o  Great Britain t o  study rocket ard r m e t  englneerlng 
msearch, t o  obtain firsthand experience In the  target area cf the V-1's ark2 V-2's, and 
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to inspect the parts of the V-2 that had strayed off e 
to wasN&m at the b e g l m  of September for 8 brlefhtz rJld to ob- d e m  fQ? nly 
visit frcm th? European Thexter of operations (F113;. After sune delqv, e- 
to Pasadena,'' the orders appeared. Exlrinp the fLrst week of Octobcr 1 flew to Acestwick, 
Scotland, ant then took the train t~ -on. 
Gem V-1 launchirg sites 519 &her Mnds of installations in northern France (Pa de 
U s  region) Ilbemted in August, I was given the rank of Colml (asdMlated rank, in 
case of capture), with tk instruction that I was not to war an insignla cd? ~ t y  urnilfonn. 
Comider% thzt I h?x3 received the rar.. of 1st Lieutenant in the O f f i c e r  Reserve I n  1942, 
which I had to  resign in  order to continue rocket research at Wtech, I considered LL 
jump In rank prettv gocd. 

Upon the urging of R d ,  I designed and had a t a i lo r  make a shoulder patch with 
a nxket on it--perhaps tk T h t  U.S. m i l l t w y  insign4,a signiQclng rwket missiles 
(Mgure 3). Althaup;h 32 yeam old, I looked mch younger, and on q y  i.etutn journey, when 
1 checked in at blling meld in Washington, D.C. t o  catch a P i 7  to b s  Argeles, the 
sergeant at the desk lqoked at my identity card, then looked at me and said, -Don't K 1 . f  

m, you m't be a Colonel!" 

ard larrlird In Sweden. 1 went 

retml trip 

Since ngr tr ip  ircluded an inspection cf 

m. 3 
Unofficial Rocket Missile .Chol.c?der Patch Deslcsned and Worn 
By t he  Author !n the EWcpe.m 'heatez- of Ope&tions, 1344 
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Eighty-two raws of engineers and scientists in the U n i t e d  m apezr on t" 
Ust of those -d th  whan I discussed various aspects of my mission, among t f m :  Sir Alwyn 
D. Crow, Controller of Projectile Devklopne.it, bndon; W. Blaclanan, Chief Superintendent, 
Projectile Developmt Center, Abeposth, Wales; J. E. Lennard-Jones, Chief Superintendent, 
Arnranent Research Department, Fort Halsteed; C a p t .  A. Richards, Surcrintendent of %rpedo 
Fjrp. arri Div. Greenock, Scotlard; Cannodore F. Whittle, Power i e t s  LtC;., h t sLone .  

The discussions w e r e  quite open on both sldes, although I hew that sane i n f o p  
mtion was held back, just as I held back on scme of our plans and developments. C m  

Lo research practice in the U.S.A., I was particularly impressed by the  extent of British 
theoretical analysis atxi the length of debate on pros and cons before a decision was !lade 
t o  build sanething. 
lMted financial and manpower resources available i n  wartime Britain. 
Private F fiasco, t o  be describcL below, might well have been avoided if 7 more thorough 
theoretical analysis of 911 W d e d  wlwpd missile lad been made. 

daninatlng personality of Sir Alwyn Crow, of an anti-aircraft roc!cet missile. Under his 
leadtrship, unguided anti-aircraft ballistite Up rockets ' : for ~~mta ted  Projectile) were 
developed ard used in the Battle of M t a i n  i n  1941. Some said that the UP'S should have 
k e n  called "misguided" missiles, for, as Charles C. Lauritsen, who watched them perform 
in  London that year is quoted to  have salu: "I don't think they ever shot dawn a 
bcmber.. . . s(53 IO8) m y  did make a lo t  of noise, which perhaps gavc a psycholcglcal 
boost to  the people. 

arriving during the night, launched fmm ai rcraf t  uver the North Sea because land launch- 
lrlg sltes 011 the other side of the R g l i s n  Charnel had been captured by the Allics. V-2's 
bwtkde6 hndon Pan bases off the coast of Holland. One shook-up a conference I was 
attending at Fort Holstead. IQ first experience of this sort left me rather disturbed, 
b G t  my colleagues continued the meeting as th igh  nothing had happened. 

gen peroxide (H202). The British were of the view that the  nitric acid-aniline propellarlt 
corblnation was less suitable than hydrcger. peroxide and, hopefully, n i t m b W .  We at 
JPL did not g overboad on either of these latter chmlcals as the British did. (F3y 1944, 
we hiid good wasons t o  doubt the great expectations of John W. Pzrsons and Frit:: Zwicky for 
nitranethane as a mnopropellant. 
and, E S  far as I know, nitranethane was finally given up as a rocket propellant b e c a ~  e it 
is sensitive t o  shock and is difficult  t o  use as a rocket motor cd&it'k.) Test faci l i t ies  
for liquid-propellant engines were still in  d very primitive state i n  Rrltain, and werk 
was j u s t  ge~,'irg wderway on composite solid-propellant engines of long-+ 

?his difference in approach was In large par t  due t o  the mch more 
I A.ealize that our 

ThF! main ir,terest in Britaln in 1944 centered on the inpro\..wnt, under the 

By the time I arrived In hrdm in  October 1944, only a few V-1's were still 

Inf'olmation hrs avai-able on the V-2 and on Gem~ zngimo using LOX and l-iidro- 

It was tested extensively both at JPL and at Aerojet 

2 %  duration. 
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&fore proceed- an t o  Pasadena, I visited "richel arrd his staff during a stop- 

have JPL designs ccnstruct and test a soux?hg rocket. I exp- that the p x q g m  could 
be carried cut rapidly if  modes^ lpquirements w e ~ e  set (to lift a 5 l b .  payload to 
1OC -3 ft). I also pointed cut that a rocket With a Uquid-pmpeUant engine cculd be 
considered as 2 .-.laall-scale test vemim of the cospindl, experience umld be @wd With 
lmwhirq trc.hniques, and the rocket might be considered a first step in the developat 
of a mded anti-aircraft missile. 'lk pmpasal was inmilately received favcmbly. 'he 
Anq+ Signal Coqxi established ~~~~u.€renents for the pocket that :et its meteomlogical 
payload m e d ~ . ~  By Januaty 16. 1945, a study of the pmpose3 s a u d i r g  rocket, requested 
by the Qrdnance Jkpartmnt, nas conpleted by Stewart ami meM (See Section VIII). 

OW in kiashington, D.C. After =wing ~n rqY I.)nopean mission, I w i t &  ngr vish to 

Ihe first  missile t o  be tested used a solid-propellant mket engine that could 
be quickly provided, as pmposed by Tsien and the author in 1943.l' It was called 

Prlvate A. with the intention to name subsequent rnissiles in  hierarchical otder of atnw 

ranks. The JPL missile series erded in 1954 d t h  the Serge&*, a sdLid-propellant 
surhce-tesurface missile with an inertial guidance systein. The Private 4 (also desig- 

nated as t-ne XF 1OS1000-A) was des@& to  provide experimental data on the effect of 
sustained mket  ttRust on a missile stabilized with fked fins ami an the use of booster 

rockets for missile launchirrg.21 A pilotmgaph of ttre missile is sham in plgure 4. 

f'ran the body. The gross weight was 500-550 lb., includin& a payload of 60 Ib. The 
solid-propellant mLor, mamf%ctured by the Aemjet bglneering brp. (m Aemjet General 
COrp.1 delivered a t h s ?  of 1,000 3.b. for a b u t  30 sec. The specific inplllse of tb 
asphait-base cii table propellant GALCIT 61C was 186 sec. 

It 
a l ewh  of 92 in., a maximm dlatleter of 10.25 in. ard 8 tail fins extenjltlg 12 i r k .  

!he Private's launcher was a 36-ft.-long rectxr~~lar steel b a m  or' the tnss 
type, with fcur guide rails imide the truss. 
lateral ard vertical  angles could be varied (&pre 5 ) .  '&e missile was bcosted oy 4 
modified ordnance Department aircraft armipnent rockezs !n a cluster as shown irk SiguIp 6. 
?he 4 rockets delivered a thrust of 22,000 lb. for 0.18 sec. They carpleted their burnkg 
and discomected fran t h e  missile before it lcft the launcher. Full  irtails on the des- 

of the Private A, its booster and launcher, can be found i n  References 22 t o  24. 

Barstcw, California, between Decenber 1-16, 1944, while I w a s  in  Englan:. 'Iknty-farr 
rounds were fired with an average m e  of approximately 18,000 ya rds ;  the  maximan range 
was 20,000 yards (11.3 miles). The missile reached an estimated peak hei?$t cf 14,500 ft. 
ard an estimated maximrm speed of 1,300 f't./sec. 

It was mounted on a steel base and both tb 

Fir- tests were made in the Mojave Desert at  Leach Spring, Canp M n ,  near 

A view of the .mke trail of a 
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m. 7 
View of the .prro)ce Trail of the P R N A ' X  A In Tl.!tqM 
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Fig. 18 
Flot of f rdar Data obtained Fnm Round 10 or the 

WAC QJRPORAL h l ~ v  Charted With Pmpellant 

On Navanber 9, 1945, at Aberdeen, Maryland, representatives of tk crdrrance 
Depa”tment and the S i g m l  Corps mt with JPL persclvrel to review t h  -esults of the WAC 
tests.46 It was decided that another five rcurds of the WAC should be aosenbled and used 
for testirg an inproved parachute an2 parachute A c lease system, a remitter beacon in  the 
nose for radar tracking, and a data telmetering system. 
i n  m c t i o n  with this pmg-am at White Sards F’roving Ground between bby 7-29, 1946, 

mnt  team who had been brought t o  the U.S.A. t o  be incarporated !2to the Ordnance Depart- 
writ’s lorg-range missile program. wernher von Braun acted as qxkeman for fhe -. 
By tkis time we wem quite well acquainted wlth the V-2 njssile. lbo carplete ones wm 
recelved at Jm, i n  June 1945. Their arrival on two railroad fiat cars caused mre excite- 
mnt among the people of Pasadena than a whale sirrdlarly transportc3 sane time before. 

unproved WAC Corporal B sarralm raket ,  $,th Meeks as Project CooxxUnator. 
incolgomted tk remmerrlations resulting f m  the tes ts  of October 1945, and later, 
thcse of May 1946, as well as a lighter weimt waesigwd e m n e  and prop 

V a r i o u s  tests were corducted 
45,46 

While these tests were uderway, we first met menbers of Lhe  Gem V-2 4evelop 

In March 1546, plam were initiated ror the desig;i and constmctim of the 

?he vehicle 

z’lt f m k  +.a 
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increase the p m P e l l a n + w S  wight Of the tYrst des-. 
WAC B a t  M t e  Sards h v h g  Ground in Deceutm 19% arri in Febmary - Pkmh 1947 can be 
fougd in kferetlce 47. 

!he 2psults ami kru-har obtained with the UAC ckiqmml- irmxprated In its 
successor, tk Aembee, desi@& an3 cotlst.~~~ted by Aerqjet axxi assenbled by the lkmglas 
AiFcraft co. mt pmject, sparso3.ed by t b  Navy &maU of Qldrrance, yas carrled out 
d e r  tk technical direction of the AppUed Physics Labomtory of Jdns HqWns UrJver- 
sity, supervised by James A. Van Allen. The cantract t o  -?et was awm2ed on May 17, 
1946, ani the first f\lll-scale Aerobee VBS launchd at Wte Sar& m tbvettm 24, 
~ 4 7 . ~ ~ ~ ~ ~  since 1948, ~UIEFUAS variations of basic WAC been canstructed 
in the USA and in other cocpltries fcr use in -ti- resemch.33 

A an t h ~ !  tests of th? 

A nnsJar objective of the clRDCIT plq;lect, as described .'n Sectim III, was the 

develapmt of a remtely oontmlled missile to an explosive load of lo00 lb. for a 
distance of up t o  150 miles, with a dlspemlcn mt in excess of 2 pcrcent and at a 
velocity sufficient t o  affon3 pmtection fmm fY,@er almraf t .  Ch August 14, 1944, Tsien 
outlined a pmp=am far m e m  missile (with the des-tim ltF36 L 20,000) that 

the follann(; tentative spec~~mtions:48 
Grossweight: 5tons 
M a t e r :  36in.  
Rocket thnast: 20,000 lb. 
Ra\stduration: 60sec. 

Sp. mllant ccm: 0.005 sec. 
Stablli~tim: flns 
Rarge: 30 t o  40 ndles 

A t  th i s  time, only a stomble4.iquld-pmpellant e!nglne of the type develcped by JPL could 

In the U.S.,,. up to that time. The largest uncooled motor that had bem tested at JPL 
deli*ered abcut 5,000 lb. thrut. 

rocket mi a guiding humher. I do not believe that we knew in early 1944 that the V-2 
was launched in tlds way. There wa3 collslderable se=ptinlsm v o i d  over the possibil i ty 
of keeping a lamp ndsslle in a vertical posltlon solely by means of tail fihs and control 
surfaces as it slmly lif'tel off the gmurd. On the other hand, it was not feasible t o  
ooost a large, l ightly constructed vehicle at a high velocity. 

the missile began imnediately. 

met these SDecifiCatiOns; the thrus t  required vas mch hight3 than any motor C O n s t N C t e d  

We also f a  a requhment t o  launch a large rocket vertically without e booster 

Detailed analysis of the varlous carpcxlents and of the flLe;ht characteristics of 
The desi@ arA testing of the 20,000-lb.-t.hrust nitric 
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aciihmillm type engine was initiated undw tire s m s i o n  of Hamd Seif'ert. Ye 
decided to develop two erglnes sirmltanearsly: an errgine with a gas-pmssun? prapellant 
supply systaa, with a c h  mch experience tad 

missile desigmted the carpawl E, and an errgine with a tm%h+driven+nap pmpellant 

a t-t engine, alre&y far scrme time by N. Van de Berg, was speeded up. 
M l i t i e s  for test- the ccnplete CarPCgal er&ms were mtn~cted at the wrlw: Flight 
Rst Base, Califamia, of the Air Techlcal service caplgand. l ley yece ccnpleted in 
Jlw 1945 and aperated LIIlder the direction of W. B. Pcuell.lz 

the Caporal prcgram. In the sumw of 1945, RmrprtYeld returned from m e t  and becclpe 

comklnator of the p r ~ e r c m . ~ ~  Infonuation on work CazTied out by the erxi of 19t6 on the 
-cs and mechanical des* of the cmpomls can be fapd in the archives of 
J P L . ~ ~ ~  Fabrication of carpanents of the dssiles uas sut+contract.ed to machine shops 

In the southern wfX7ll.a ama. !me canstructlon of caqmmts became the Illacln battle- 
neck in the - because the CRDLIT Pmject at thls time could not canpete with p r l a ~  
ities assigned to other procfuctim orders of the Anaed Forces for the final year of war in 
the pacific mater of mt i a t .Ls . l2  

JPL ard, fbrthenmre, no work had been ar r ied  out m airwaft autopilot systems at the 
caltech GlggenhLlm Aeromlatical Labaratary. upar the suggestion of 9dmer, corrsideration 
was glven to 
C. Stark Draper's group at the Mas-tts Institute of Technology (M.I.T.) or the 

Meet- bet- von Khdn and "richel on July 29,1944, an15 
Martel ard the author on August 24 with .P ?my personnel, led to a contract between JFT 
and Speny for the coaperativt: developrrent of the Corporal guidance system.12 I espe- 
cially edoyed making the acquaintance of Cifford E. White of Sperry,  who, with Piclcerirrg, 
laid the basis for the @dance system.65 C. B. PfLllikan, wfio lad wide experience in 
aerdymnics, devoted much tlm? to getting this pmgram underway. 
effarts, Plckerlrg joined the staff of JF'L In August 1944 to  estallsh the Remote Control 
Section, wlth Frank Lehn as his principal assistant. Infanrration on the work carried aut 
under this Section up t o  the erd of 1946 can be f o d  i n  the archives of JP. 

w o u l d  be most valuable, for they were resporsible for its developner?t af'ter 1946. 

been gained, for installation in a 

supply system et.lgine (lxrbm&et) fuf installation i n  the coqoral F. The develapment of 
2 

Wen Ihm became hsl&ant Dlrectar i n  1944, he devoted mch of h is  effort to 

BE p r o b l 5  of m t e l y  @- and controUlrrg a missile were entimly IIW to 

contractual armgmmts on Corporal guidance ckve1-t with either 

12+ *re Gylloscape Co. 

prllllarily thrmgb his 

45,66 

I believe memoirs by Dum, Pickering, and Smnerfield on the Cozpml prograns 
The * 

+%e C. SLwk  raper, n% Evolution cf kmspace Guidance %echn~~ogy, 1935-1951: 
A &mfr," in this volm - Ed. 

A Manoir of t he  Jet, Propulsion Laboratory, 1944-1958," i n  this volume - Ed. *See Willim H. Plckering w l t h  James H. Wilson, "Countdm t o  Space Exploration: 
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2. !&Um-Mllls desm of a s a f e t y  pressure llelief valve (1942). 
3. M i l l s *  review of various types of burnirg surfaces of a 

ical ccmfirmatim that the surface of a cigaxstte-type bumlng charge was 
stable (1943). 

After the successful JATD developnent w i t h  the asphalt-perchlorate propellant In  

and theoret- 

191L, M i l l s  sought a hutl-birrifr for the lJerchlorate superior to asphalt. In 1944, 
Qvrrles -ley joirred Mills' group, and i n  1945 introduoed as a mplacemnt far asphalt 
a castable elastaneric material, polysulfide rubber, produced by the ?Nokc', Meal 

Corpratim. A report M the development of this propellant can be found In Reference 67. 
The polysuUYde rubber carpared t o  asphalt produced a pmpellant mch better both as 
rpgards storage teperature limits and hardness at high atmospheric tenperatuws. 'Ihe 

latter property was especially -t in the design of PQh- thrus t .  engines requiring 

a ch8rge with an lnternal-burnlrg surface rather than a cigarette-burning surface. 
Since at this time anly Aerojet i n  the U.S.A. was ~roducing carposite solid-propellant 
ergines, I drew the ampany's attention t o  the  asphalt replacement, but it uas alreedy 
lnterestecl in  a s M l a r  materlal made by the General 'I!ire and Rubber Co. I believe it was 
at the urging of the ordnance Department that the llliokol Chemical h r p .  enterec! the field 
of caaposite solld propellants with the new fuel-binder found at  JPL. 

Privates A ard F, studies began at JPL in 1946 on larger missiles using, in particular, 
the polysulfide rubber-perchlorate type of propellant. ?he results of these studies69 led 
eventually t o  the desim of the tactical  guided missile, Sergeant. 

The Laboratory follcwed closely developments with other types of solld propel- 
lants, especially ballistite, used i n  hi@+thrust short-duration engines suitable for 
boosters. Awlable engines were d f i e d  to  met special requirements for boosting the 

Considerable research was <ilso conducted by the Solid Propellant Rocket Section 

68 

After obtaining the experience with the carposite solld-propellant missiles 

Rwates and the WAC carporals. 

under Bartley, and the Fropllant Section under N. Kaplan, and later d e r  S. A. Johnston, 
an gas generation system; tc ,  replace s t o n ?  gas for* feccling liquid propellants t o  rocket 
mtm. Our optimism that such a system could be developed quickly proved t o  be unfounded 
(see Secticn VIII) . 
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I have described  he background of the i d t i a t i o n  of rocket research at Caltech 
in mgt first meroir on the WIT Rocket Research Project, 193638.' Space travel, w h l c h  

was the gral of this Project, was not stressed after we realized that existing rocket 
technology was h u f f i c i c m t  t o  reach this goal. It is true that jaunallsts published 
stories Interpreting our studies of sounding rocket perforrrrance and preliminary rocket 
engine experiments as heralding a planned landing on the Ymn by Cdltech. It was not 
until after work on the C a r p o r a l  was initiated in early 1945 that studies resun& that had 
been put aside ic 1938 (See Section V). 

began, I believe, i n  the swrmer of 1945 a more detailed analysis of such vehicles, with a 
re-evaluation of the feasibi l l ty  of a rocket payload being launched at sufficient velocity 
to escape the gravitational field of the Earth. Our analysis was based on the state of 
rocket technology at that time, am3 imluded a discussion of the possible use of a nuclear 
energy rocket e~-gine.~O The analysis led t o  the Malina-Sumnerfield Criterion for  step- 
rockets, which states that the og?+.imnn steprocket wi l l  be one i n  which the r a t i o  of the 
m s  of payload for each step t o  the mass of the step propellirg the paylcai  is the sane 

(tk payload f o r  step one is the mss of a l l  succeeding propulsion steps plus the m s  of 
-he final useful payload). 

We calculated, as an example, a steprocket t o  launch t o  escape velocity a use- 
ful payload consisting of an i n s t m n t  for  measuring cosmic ray intensity with a radio 
beacon tranmltter for  sending the data b x k  t o  Earth. Obviously, If a usefhl payload 
could be launched t o  escape velocity, it could also be placed in orbit  around the Earth. 
JPL's first satellite, Explorer 1, on January 31, 1958, carried a cosmic ray instrument, 
and the payload weight w a s  about the same as we had chosen. 
Washington, D.C., I presented the results of our study, as w e l l  as the Ngh points of 
achievements at JPL, t o  the War Equipnent Board of the m, headed by General Joseph W. 

Stilwell. 
b i l i t y  of launching a mn-mde object away from the Earth. 
in regard to  his assignment t o  the Board: "I am eminently suited t o  do something else and 
xould as lief sit on a tack.1t71 

'Ihe KAC could be considered as a tw-step rocket vehlcle. Sumnerfleld ard I 

On January 3, 1946, In  

As I recal l ,  the Board mad. l i t t le ccmnent on the inplications of the  possi- 
Stilwell observed i n  his diary 

'F'rank J. Malina, ''On the  GALCIT Rocket Research Project, 1936-1938," Firs t  Steps 
Q g p 3  SDace: Proceedings of the FgEt  
- Academy of Astronautics, Smithsonian Annals of Flight, No. 10, Washington, D.C. ,  1974; 
also in  Russian i n  pan the History of Rockets and Astlvnautics (Moscow: Pub1:shing House 

-%cord H i s t o ~ o ~ i _ a _ o f -  the International 

hh, 1970). 

374 



We had made conservative assmptlazs in our "escape" analysis, especially as 
mganb pwpellant speciMc inpllse and structural weights of vehicle ccnponents. We 
esLated that a +step rocket to  launch a 10-lb. payload to escape velocity would have to 
weigh 3,000,000 lbs. for the ni t r ic  acld-aniline pmpellant canbinatim, ard that 450,000 
Ibs. mi ld  be required far mygm ard ethanol. It was d i m c u l t  fm almost anyme in 1946 
to imagirre meet- the 

h v e r ,  between 1946 and 1959 hpx.aVenrents in et.lgines and stxuctural design pemitted the 
gross weight required t o  launch a payload t o  escape velocity t o  be reduced by a factor of 
over kilo. This is certainly an amalrg demonstration of tk possibilities of techmlo- 
gtcal =search and develapnent when there I s  a uill t o  support them-fcr good or evil 
Pm)O*S. 

mi- and mt of c m k u c t i n g  SU& 
The analysis rn made w88 correct, as J. E. Froehllch pointed cut in 1959.72 

On July 7, 1946, I returned t o  k d r m  on a second mission in Amge the Amy 
Department. Ass- t o  the cfflce of C o l o n e l  Reed, Assistant Mlitary Attache, 

I was ssked to report m mtters related to science and technology as well as rocket pro- 
pulsicn and missile design. 

especially as they tu'fected oup plans far the fitwe. 

Society (BIS) in Lcaim, and preserned the paper formally at the Sixth  International 
cmgress for ~ p p l i e d  ~echan~cs  in paris.7' ~enbers of the BIS who attended the meting 
were not very happy when I said that at this tlm one could Lard a man on the froon, p n  
vided he was sent up in two halves In  separate rockets, without the offer of a retwn t r i p  
to  Earth. 

I rasained in Rnnpe unti l  December 1946. Bring this time 
I visited yo31 KdnIdn several t*s and we discussed aspects of the post* situation, 

I discussed cnar "escape" study 3t a meet- of the Eirltish Interplanetary 

Che result of this stuiy was Surmnerfield's suggestion that a progxm be initiated 
to launch a two-step rocket vehIcL m i s t i n g  of the WAC carporal b o c s t d  by the V-2. 
Initiation of this program at JPI, was authorized by the Ordnance Department i n  October 
1946, and the vehlcle was designated Wmper WAC. 
Flg,m 20. It was successfilly launched at White Sands F'rovlng crounl on February 24, 
1949 and the WAC reached an altitude of 244 m i d 3  Thus the WAC became the first 
recorded man-m.de object to  enter extra-terrestrial space, anrl the "space age" could be 
said t o  have been opened in the U.S.A. i n  1949. On July 24, 1950, a kzmr WAC became the 

first missile launched f h m  Cape Canaveral. 
While Sunnerfield and I were concluding our "escape" S G I A . ~ , ,  the Navy Ejureau of 

Aeronautics on 12 Decent>er 1945 made a contract n l th  JPL for st [dies 0" a rocket vehicle 
f c r  launching an Earth satellite. The work of the Navy ard of JPT. ,in tkts program can be 

A photogaph of r;he rocket is shown in 
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There are rn itreas of research conducted undep the c:iiDcIT Project that I have 
not discussed i n  detail,  for example, work on materials, cheinlstry of propellants, ramjet 
design, telemeterlng of data fmn! mlssiles in flight ard m t e  control of missiles. 'Ihe 
main reason is that qy role In these dawins was mairlly of 
and, therefore, those that led the actual work would best be able tc shed light on tNs 
W D h .  

adrrjnistrative character 

The preparaticn of my three memoirs on the origins and work the JPL between 
1936-46 has helghtened my agpreciation of the dlff i tul t ies  corfmnting historians of 
science arrd tecfmology. Not only rrPJst historians uierstand the technical matters of a 
developnent, but they mst &e interpretations req~lrirg wide historical perspective. 
ln addition, these Nstorians wish t o  portray the events accurately for the lay public as 
well as technlcal scholars, then their t a sk  is a most difficult  one indeed-& if great 
care is not exercised, the truth w i l l  te replaced by qyth. 

If, 

ColtENTS OF C W ' S  PROPOSAL OF 28 FEBRUARY 1944 

To THE ORENANCE LXPAFUMNI' (cf. Reference 12) 

1. Theomtical investigations on the possible range as a fwlction of the jn i t ia l  
wei@t ard the ra t io  betweu, mrhead and Mtia l  weight. 
decide whether pure projectiles or King missiles o r  both types should be developed. 

control. 
for pure projectiles. 

duration, ard solid m k e t s  up t o  45-second duration have been developed by the GALCIT 
FmJect and the Aerojet Enp_Sneering Corporation.. . . 
auxiliary launching equipment. 

oMer to  obtain data or! drag, s t a b i l i t y ,  propulslon efficiency and dispersion for the 
protctype p=,l ect . 

It is especial'd necessw;, to  

2. Theoretical and experimental investigations on s t a b i l i t y  arid aemdynamic 
Study of ta i l  stabilizers for projectiles and wing missiles; spinning devices 

3. Develapnent of an adequate propulsion system. Liquid rockets for indefinite 

4. Study of the launching system; developnent of adequate guiding rails and 

5. Constructia? of model projectiles of roderate size (300 t o  2,OOcI pounds) I n  

6 .  Methods of remote ccatrol. 
7. Ijevelopnent of adequate experimental technique foi- firiru: tests,  execution of 

ft'ing tcsts, and evaluation of results.  
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It I s  believed that the Ins t i t u t e  could urdertake the pursuit of these objec- 
As far as ItLm 1 t o  5 are concerned, the Ins t i t u t e  would undertake, wikh Its own tives. 

adequately enlarged personnel, theoretical and experhentzl  development work and would 
subcoi!tract I n  the Lo? Angeles area the design and construction of launcNng equipment and 
actual M e l s  destined for  firing tests. A prelindnary survey of avallatle shop a x i  mn- 
powel' facl l lvles  In the local industry indicates that such a procedure would be feasible. 
As 20 Items 6 and 7 it w l l l  be necessary that the Ordnarce kpwtment select  and illc'rltain 

sites f o r  the firing tests, flunish persome?. and materials fo r  executlai of the tests, 
anl especially i n s t m n t a t i o r ,  and personnel frm the Bdllistlr: Research Laboratory f o r  
the ba l l i s t i c  measurements. 

The ldbor.3tory development work shoulc? be carried out on a tract cmned by tk 
Institute adjoining the Air Corps Jet Propulsiofi Researsh h r j e c t .  
able f o r  the necessary f a c i l i t i e s  i o r  laboratory m r k  and p?und tests on propulsion 

@le space I s  avail- 

systems. 
A s  a tentative proposal, the following item arc respectfully subndtted: 

I. 
A. The Institute's Respons!bilities 

To furnish cmprehensive reports on the following items: 
a. 
b. 

-. 
d. On the r . tmacterist ics of various iaurichlng systemz. 
To des@ and ccrst-wct the necsssary f a c i l i t i e s  and carry out erperlr,ental 
research on propellants and materials invol:led IP the design of 19%- 
duration rockets and athodyds; t o  camy out ground tests on the character-. 
i s t i c s  of such devices; t o  carry out a r d o r  direct  and supervise wind 
tunnel and airplane fllght tests ;.I ?.thoQyds. 

111. To establish basic engineering data for  t h e  1aunchIr-g dPVices selected fo r  
f irpg tests . 
To establish bwic engineering data for t h e  model projecti les t o  be used in 
flring tes ts .  
To supdrvise the design and constructfon of model projecti les and launching 
equipment subcontracted t3 engineering and manufacturing organizations 
selected by the Inst i tute .  
To set up a program for the f l r i r g  tests and cooperate i n  carryirg out the 
teats  and evaiuate the result;: based upon all prwf data o b t ~ l e d .  

To cstablizh the specifications and basic engineering design data fo r  
for o m  or more prototype units. 
Tr, supervice the tic: ' . t g ~  and construction of prototype units and per- 
t,irient 1:wnchlnp: equipmnt b:r ergireer! rg aryl manufacturing organlza- 
tlon:; selected by the  Inst i tute .  

On the possible range and barbing loxi  of large-slze rockets. 
Cn s t a b i l i t y  and derodyramlcs ccntrol of such mckets. 
On charact.+ri.r,tics of adequate propulsion systems. 

11. 

TV. 

V. 

VI. 

VII. a. 

b .  
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6. The 0rd.lance DeYjam;ment's Responsibilities 
I. To furnish the necezsrry funds for  the i'ac!.Lties, matelials, supplies, 

salaries, wages, and other expenses i n c l d n r :  a fee covering the averhead 
!involved by the general a m h i s t r a t i o n  of the Inst i tute .  

11. To select, equip, and rraintain suitable sites fo r  firing tests. 
111. To flunish personnel, materlhls, and -> ipplies for execution uf the ftring 

tests including the instrumenthfion md personnel f'rm the Ealli~,. 2 
hesearch Lit'soratcay f o r  the necissary b a l l i s t i c  measurements and t o  be 
responsible fo r  al l  safety precautions. 
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cOWEUdN Tl SPACE DCPLDRATION: 

A MEM3IR OF ?HE JEF PRIlPULsION LABoRA!CQRY, 1944-1958' 

W i l l i a m  H. Picker%* with James H. Wilson (USA) 

In the spring of 1944 I accepted the invitation of Theodore van &innin, Mrectar 
? Caltech's Guggenheim Aeronautical Labw&tory (GALCIT),  t o  j o in  a new wart- research 
ri development project. It had been stlmlated by the Allies' discovery of a large and 
igoruus mketmissile effart which the Gerrm soon launched upon the world under the 
w of V-2. 
fmly of mall rocket engines fo r  aircraft use, another Caltech project had devised a 
?ries of short-range rocket projectiles, and other U.S. technical ~p'oups had done inpoIc 

m t  work i n  military rocketry, at the time no developme*lt o r  research in  the field of 
%-range rocket  vehicles and missiles existed i n  this country to rratch t h e  challenge of 
E V-2. Kiin6-m proposed that such a program be started, and GrdnanL. o f f e d  to 
mor the research at  what was soon named Caltech's Jet F'ropulsim Iaboratory. 

Many of the s k i l l s  t o  be brought t o  bear on the long-range rocket projecti le 
?re already a part of the GALCIT Project, which had made major contributions t o  the 
?&nology of rocket propulsion, notably i n  castable restricted-burning sol id  rockets and 
;orable liquid-propellant engines.* But the n e w  objective called for new technical 
dlls. 
irndn and Wank Wins t o  the JPLOrdnance proposal, organized a Research Analysis Sec- 
.on; pmblem of &-breathing engines, aerodynamic testing, and st.ructural desipp, would 
? cansidered in  other new sections; f ield testing and the acquisition of a test range 
?re new problems. 
gaged i n  the Rmte Control Section that I was t o  found. 

Although K&mh and his associates i n  the GALCIT Project No. 1 had developed 

1 

The b r i l l i an t  applied mathemtician Hsue-Shen Tsien, who had contributed with 

m field, electronics ark3 instrumentation, would also be heavily 

'Presented z?.t the Sixth History Symposium of t he  International AcadenIy of 
;tronautics, Viem, Austria, October 1972. 

*Mrector, Jet Propulsion Laboratory, California Institute of Technology, 
354-1976. 



A t  the tlme I spake with vcn X&nh and ae;t.eed to join themwpmJect,  I was a 
menber of Caltech's Electrlcal RgLneerlrg faculty engaged in a variety of teaching arad 
research activltles, m t l y  war-related. I had tmlning program underway fm dlltaq 
electronics officers an? civillan technicians; 1. had 'ken associated In radar developlrent, 
both at Caltech and at the MI" Radlatlm Laboratory; and I had worked actively in the 
1930s and early 1940s with Victar Neher and Robert Mllllkan in cosmic-ray surveys using 

ball0a1-bo.n~ sensors. These interests fitted in mther well with the anticipated lleeds 
Of the Jet Propulsion Labaratoqr, ard It was very pleas- t o  be able to b r h g  them 
together in this fashion. I am not certain whether I recognized the Ngtwltltuk rocket 
arxl I t s  p m  the spacecraft as practical successors t o  the c d c - r a y  balloon, but I 
feel certain that &ban did see this far at?&. 

Theodore vul Kim411 was great men: a scientist and engineer, a teacher 
whose stuients may still be f d  among the leaders of aercmau iss in mtlcns, a 
gracious gentlemen and persuasive advocate, and a builder of instltutlolts such as the 
Internatiaml ~ c a d q  of ~stronautics.3 Etut I tm his greatest s ~ l l  was as a mixer of 
intellectual disclpllnes aml socidl forces. His p e r s m l l t y  drew me into the field of 
rocket technology, and created the Jet Rqxilslon Labmatory as a permanent l lnk  between 
ordnance and rocketry users and the scientists of Caltech. 

TNs two4lmensional ndxing pmcess, between mcket technology and the applied 
sciences on the one hand and between Cdltech and the govlenment on the other, offers both 
a perspective for vlewlrtg the gmwth of the Laboratory f k m  the chalk+ of the V-2 t o  
the launch of Explorer 1, and a key for urderstandlng the results. It is IQY purpose in 
this mlr t o  revleu the stages of this growth and t o  reflect c(1 the nriXing p m e s s  as 
part of the preparation for the exploration of space. 

The project t o  study the technlcdl problems of a lang-range rocket projectile, 
named 0wx;TT after its OmMance sponsor and Caltech as the rese.wch inst l tut im,  came to  
l i f e  under contract in late June 1944. At  that point it shared the research and test 
faci l l t ies  with three other projects sponsored by the Axmy Air Forces. These were the 

continuing investigation of rocket propulsicn (the original W I T  Project No. l), the 
study of an underwater mcket projectile under W s  Ixtnn's leadership, and research into 
the air-breathing ranljet engine. Cooperation among the sponsoring agencies did rmch to 
p m t e  the joint and mixed research activities. 

In part because of the broad spectrum of technical questions It raised ard the 
new research it called for. and partly because of the strorg appeal, both scientific and 
strategic, of ultimately being able to  develap a high-altitude, long-range rocket vehicle, 
ORDCIT eqjoyed an advantage over the three propulsion projects. A hiefi-altltude sounding 



rocket would c m y  on the work of MUna and Ns pre-war colleagrres, while the long-range 
mndssile mswered the direct challenge of the v-2. Alm all fwr of the PFojeCts con- 

timed to gmu, thls last o m  grm Pastest ard fbrthest. It -crew  hi^, expan& 
Ire to temporary fli&t-test ranges in the Wave desert and the flexas reaches of Fort 
W s ,  ard to pennenent launch facilities at Wte Sands, New Mxlco; It grew technically, 
over the revlge of errgirreerirg disciplines mentlarred above; and operatlmally, fFcm the 
testing of research vehicles to  the systematic integratlcn of a new kind of weapcn, and to 
XmJ dimensians of sclentlfic observ&tlcn. 4 

My arm efforts were concentrated upon the CRXIT Project fran the tlm I joined 
the Jet propulslm Laboratmy late tkt sumer. W first taskwas to travelEast to 
examhe radar am3 optical 
Ftwbg kmd, look into the state of remote cmtml equipnent a t  spefiy G y r ~ ~ ~ o p e  and 
Gulf Industries, atxi see Dmdcre yon K b h ,  wtm was remperatm i k m  surjyry i n  New 

flight-data infarmation systems 1- at JPL. 

was upon carmercial broadcast and camunlcations techwlcgy; televislm and feedback- 
ccntmlled a-tion were on the bench, not cn the shelf. €Kgh-R'equeJlcy applicatlms- 
such as radar was tc  be-were severely limited by the lack of an mroprlate anpllfylng 
device. It was -sale to buy, ard difFicult to develop, equlpxmt that would function 
reliably under the stresses of field operation or mket fllgbt. But wartime mcbillzatlon 
changed this carpletely. 

Violently, Anglo-h~~~€can collabomtion made possible a large and gnxlng fandly of radar 
equipnent and widemd fields of application. Ccnparrents rugged enough to ride an artll- 
lery shell, exenpllfied by the proxlmlty fuze, were in productim. Aircraft autopilots, 
lcw-mise tmmnlcations, and fire-cart;rol sys tem became widely available. Moist of us 
reallzed how far the techniques had moved airy when, In postwar surveys, we observed the 
extent to which Allied efforts had outstripped those of the Germans and Japanese. I 
faund, for excaple, that although the V-2 development nwnds Carried a radio telemtry 
system, the Peenemude ergheem had t o  rely principally upon tracking and recovery of 
the rn'eckage far performance arKl dlaglostic InfCaTnation. 

techniw at the MIT fbdlatlon Labmatory and Aberdeen 

Y e .  I con~luded that ~e would develop the ~ ~ e c e s ~ a r y  gramd-eest instnmentatlon ard 

It is inprtant to recall that the focus of the pn?-war e l e c M c s  industry 

lkrirg this period the state of electrcdcs technology advanced rapidly, almost 

E$y the time I returned f'ran my first trdp in the fall of 1944 and began activat- 
ing JpL's Rerott ntrol Sectlm (also responsible for test Instnsrrentatlm, flight per- 
famance "re!portlngn or telemeterlng, and t r a c ~ ) ,  two rocket-vehlcle project efforts 
were Mderway. The first,  called Private, was lntenied to provide early lntegratlcn end 
launcNng eqxrlence end t o  yleid whatever applied-research values were possible Rum so 
s m l e  a des-. It consisted essentially of a solld-propellant Aerojet JATO unit wlth 
Berodynemic nose and Mn assenbly added; it waa launched from a rail by a cluster of fau, 



1 
I 

pig. 

With Motion-Picturp Camera 
t Test Vehicle, Instmnted 

This f’ir~t OFZDCIT vehicle tested ir the Califomla desert north 
not far f’ran the present Goldstone TrackEng Statim, in kcenber 1944. 
experience mt only to the JPL team, but also to tbe lpup k.an Aberdeen Proving Orourrtts 
Ballistic Research Laboratory, w b  pmvlded radar trackirg. ?he next Private series 
irnrolved a whged versickl of‘ the missile, called private F; this was tested at the Hum 
Range of Fort B&s, ’Ikas, near the White sands site then under construction. Private F 

It gave valuable 
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during the lffevious mcade, and reflxted the science-In-society tradition established by 
Robert A. lvtiUlkan and George E. Hale a generation earlier. in World War I. 

When OREI!C began, two canplementary principles were in operation: that of 
Cooperatian and mual urderstanding between the a c a d d c  scientists of Caltech, the 
militavy officers, officials of the govenment, rd the working engineers of industry; and 
that of the autonany of the t e c m c a l  expert and investigator. The resulting balance was 
also mrlced out on a gram3 scale In the nationwide wartime research mbilization led by 

Vannevar Bush. ?he auto- principle was formillzed an3 strergtherEd by ' m l s  Dunn soon 
after he took over direction of the Labaratcay in 1947: the broad Air Forces contract was 
modified slightly t o  recomze the right of the Inst i tute ,  as well as the governmnt, t o  
approve the technical tasks proposed.7 W s  Mepcndence was seldan exercised in fact, 
but it assured the integrity of the Labomtory as an impartial technical advisor. 

Corporal.* After reiterating the research mission of Corpmal, I dlvided the fllght pro- 
file into (1) vertical ascent, (2)  decllning-arrgle thrust phase, and (3) parabolic h.lee 
flight, each with its particular cmtrol  requlrements. (We might note that the smaller 
test vehicles evaded such requiremnts by the nature of the's humh modes and fllght 
profiles.) Stabillzatim during the vertical ascent, by a gyro-ccmtrolled autopilot, and 
the progmmd pitch turn were required by Corporal's mode of flight, and control of the 
burnout velocity ard flight-path angle t o  provide the required target accuracy. T. seler 
ted the radar-carmard d e  for this guidance, whose elements are illustrated in Figur 

ceived an interim scaled-down test vehicle which could also be used as a vertical sounding 
rocket-the climactic goal of the crlglnal Caltech student group. It was 8oon mmd Wac 
Corporal. Designed t o  carry a 25-lb instrunent payload t o  100,000 r't, it wa8 t o  be 
Llnguided, boosted out of a 100-ft tower by a " T h y  Tim" rocket ard propelled by a 
1500-lb-thrust acid-anillne rocket engine (Flgwe 4 ) .  The first version, tested in the 
fall of 1945 at  White sands (ad Inaugurating that facil l ty) carried a S- Corps mlio-  
sonic package, but m missile telemetry; a later version, tested In December 1946 and the 
fcllowlrg Spring, carried e five-channel JpMeveloped FWW telemetry system as w e l l  as a 
parachute recovery scheme wNch could return the i n s t m n t s  or even the wfiole missile 
utx&mpd for muse (FigLw 5). 

rn wac corporal was a tritlnphant program in mmy respects.9 outgrowing its 
RIIJ) test-vehicle function, it offered for tk first time the real is t ic  role of scientific 
Inst- carrier in a shple ,  relativeiy cheap form. 
exceed- 200,000 f t  altitude (a world 
cycle for rocket engine and airframe. But most important here, i ts  launch operatiom, 
involving the coaperatim of JPL c m ,  the Aberdeen tracking team urder L.A. Delsaseo 
(which had also supported prior fligllt tes ts) ,  ard the White sandb range, were a valuable 
preparation for Corporal testing. 

In 1945 I prepared a wellminary analysis of guidance and telemetry problem for 

While the Corpor2l research vehicle WBS mturlng on paper, F'rank mllna cc - 

It outperformed specifications, 
at the time). It brought forth a new den- 
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F i g .  3 
Guidance and Control System fo r  corporal 

(FmF U.S. Patent 3,179,355) 

I was out of the country durirg the first series of Wac tests i n  1945; In corn- 
ptuqr with Kihxh, I wag looking Into the test instmmentation ard electronics developncnts 
of (3ermny ard Japan, where we fourd very l i t t le  tmt could add t o  &at the Laboratory was 
already do-. I participated in Wac B operations, however, and began an interesting 
association with the system problems of test-range operations and flmt instrumencation. 
In the meantlme, the corpol-,l vehicle m e d  deliberately but surely t o m , d s  its flrst  
f l ight .  

On MRY 22, 1947, Corporal E No. 1 rose f’ran White S a . 3 ~ .  Weighirg dlmost six 
tans and stabilized by a pneurmtic S ~ W A Y  autopilot, the slim white rocket l i f ted  off i ts  
flat stard, gradually pitched f0rwr-I t o w d  tk target, and f l ,?w a ballistic curve t o  
w i t h i n  tm miles of its 62-mile target mqy! (Figure 6). No precision &dance had been 
enployed, though an experimental radio c a m a d  was exercised euccessNly.  
FM/I;M telemetry set (actually two of the W a c  telemetry sets) returned measuremnts of 

A tene-1 
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Fig. 8 
c o r n 1  5-2 L;iunch 





expansion of carporal develOpnene.; the Sergeant project was superrled. ?he electmnic 
autopilot was adopted for the Cmporal missile while the solid-pmpellant engineers took 
their  problem back t o  the labaratcry ard test stand for mere lrnfestI@atian. Fbther 
developnent rras urdertalan by the Thiobl Cterdcal Corparation. 'Ik ulthate heritage of 
this early "Sergeant" powerplant was the reliable solid rocket, used in large scale in 
the Sergeant arrd other mill- missiles, and i n  clustered rainiatUres to  launch the Mrst 
Rplmer  Satellites.l2 

Other projects of an interagemy character also focussed JPL efforts i n  this 
period. ' h j j  

ties. ?he first was the Supersonic Wind 'Rnrmel, which grew in part fkm the ram Je t  pm- 
pilsim project but mostly ftmt the needs of the designers of tk lcmg-mngz rocket fur 
supersonic test data. ?he wr-de ratge arrl: high value of I@& rnrmbers under whifi'l the 
rocket mdels would need t o  'be tested went bey& the capability of 
A general need far such faci l i t ies  could be foreseen, and the talents of Qltach-in p 
ticular the br i l l iant  aemmtical engineer Allen F'uckett- ready ard willbg to  f i l l  
this gap. Accordingly, the Army and Air Force authorized JPL to  proceed. A f led le-  
throat wirrl-tunnel of 12-in test section was canpleted in 1947, and a 2&in tunnel in 
1950. This enterprise supported not only JPL, rocket design and research progmms, but 
also a large group of rocket ard supersonic aircraft developers and research laboratories 
rarier the aegis of the two amed m c e  sponsors. 
about one-quarter of tb htmratory's effort, ami it remins in operation t o  this 

?he secord intempmy effort was mre directly ccmcernfd with the rocket pro- 
ject- and o t h e r s 4  involved my awn efforts as w e l l  as the Labomtory i n  its ccn- 
sultative role. The prirwry external need posed by the loq-m rocket pmJectile was 
a well-instnmented flight-test facility. We began to use and inqmve the White sands 
range in 1945, inaugurating it with the first  Wac Corporal In the f a l l  of that year. We 
learned a geat deal a t i u t  the instmnentatian and operational requirements Lf rocket test- 
lng in those early years, and, when the kvy developed their Point - test range 
(beginning i n  late 1946), I perfon& a m&er of stweu t o  help them set up their instru- 
mentation system.14 We &.red w h t  we hid learned mre infoanally with the other users of 
White sands, which included the V-2 scientific and engineer- program, the Nike anti- 
aircraft developnent, and the Navy's b j e c t  Viking.' 

lowed, m s  coordinated by the Research ard Developnent Ejoard of the DepaIQmt of Defense. 
h e  of the comnittees operated by this board, chaired i n  succession by Edmnd C. wlckley 
and myself, was concerned with test range instrzpnentation: tracking, telemetry, and can- 
& control. We wrote stardards for an FTJVFM telemetry system, expecting this to be an 

not center upon rocket vehicles but rather upon large-8cale test fBcUl- 

available facll l ty.  

A t  one time the wind tunnel took up 

This interchange of infomatior,, ard the s w i z a t i o n  of practice which fol- 

t See Milton Rosen, "The Viking Rocket: A Memlr," in tNs volume-IM. 



interlm stage PendiHg the adoption of pulse telemetry systems. 'ID the surprise of a good 
Imw people, ?WIT4 proved quite durable, and renrained in good use mch longer than 
expected. The successor t o  our carmittee, the Inter-Range Instrunentation Group, nrairr- 
tained our star&uds in terms of subcarrier channels, but in later years the field of 
telemetry modulation gradually opened up t o  a peat variety of schemes. 

Was focused pr inc ip l ly  i n  the C o r n  as a test vehlcle for the technoloey of the liquid- 
Prwellant guided lnissile, with SllEiUer solld-pmpellant effwts gitkred amuttl the 
sergeant =search vehicle, and 
still-gradng electmnics activity was engaged i n  guidance, telemetry, and traddrg for 
the ndssiles, and In instnrmentation system for the W d  tml and the mcket firing 

rarges. lybr (~kn Interest was pritllarily eneaged by C a p r a l ' s  pblema,  though I was COIL- 

cerned with grotmi instrunentation systens arrl the distant potential of the rocket far 
upper+&msphere research. 

By mid-1949, then, the rocket- an3 missile-related research of the Laboratory 

research and test- in the wirrd-tumel. Ihe 

Nothirg in nature remlns flxed, and the mingirrg perdulm of research and 
developnent umler which we M worked on Corporal swung rapidly forvlsrd in the fall  of 
1949. The experimntal rockt vehicle which we used as a device to stdy guidance, mls- 
slle aerodynamics, and the Ilke, was transformed into a guided missile d e r  developnent. 

lkder the pressure of the c w  world situation, arrl with the guided-misslle 
progmm now five years old, f b q y  (lrdnmce redewed the prospect of obtaining an accurate 
and usable weapons system fL.an our o n g o i ~ ~  s t d y  effort. l h i s  ms, after a l l ,  the* 
objective. Their pmgram &id mved forward on two fronts: Of(DcIT on an applied-research 
basis, and Project Hermes bullding fran the captured rermlns of the V-2 developnent as an 
industrlally-based tecblogical progrm at the General Electric Canpany. With four fllght 
tests  accanplished, one of than highly successful, corporal trsas evidently making good pro- 
gress towards Ordnance's goal, a d  Colonel (later W o r  General) Holger Toftoy of the 
Ordnance Mssiles and Rockets Branch, asked bus h n n ,  JPL's Director, to  determine 
whether it could be converted t o  a weapons system. 

Imls aWr, who had been generally responsible for the C o w  pmeram since 
1945, reasoned that the mJor technical step was the provision of an accurate guidance 
system. He accordingLy brought me into the Inquiry, and we &ave the matter rmch thught 
before deciding in effect, "let's give it a go." In Septenber 1949 we travelled East t o  
confer with the Colonel 'Ibftoy at the Pentagon. He talk& t o  us about the need for a 
demonstrably field-worthy guided missile, the limited prospect for achieving thls soon, 
aril. the Ordnance Department's wish tbt JPL move Carporal rapidly in tM.s direction. I 
was much impressed by the faith of this professional soldier In the Mtistrial4evelopment 
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capablllty of our laboratory, considering that we were so largely researchriented ard 
had no experience of this kind. I believed we could solve the technlcal problerns of the 
Wdance system, kmver, ami Ic4.1Is ysas confydent that we could handle the Industrial- 
engineeTing transition. lhus began the carporal guided-ndssile developnent project, for 
which h d s  asked me to take responsibility. JPL bewi t o  chmge fmn a research 0rgp-I- 
zatLcn to a duel-p\npase, research and hardulwre-developnent team. It really was as sinple 
as tiat: we said we could do it, and Tbftoy told us t o  go ahead. 

Things began t o  move. In April 1950 the A n q j  Qrdnance Wed Mlssile Center was 
mt?.vat&. at Redstone Arsenal, Huntsville, Alabama. Altw at first the -t of 
DeCet~x Nsappmved th Amy's request to lbt brporal as a keapons system developnent, 
In  October 1950 they establish& the M"fYce of Mrectar of Guided Mlssiles at a Ngh 

-t level. In  tke s ~ l l ~  m t h  JPL was issued a contract far the new Corparal 
15 PW* 

chnge in the organization, in part to reflect the recojgltion of a dichotcxitj between 
research and developnent engineerlrrg. In the early years there fiad been a relatively free 
ndxing of researchers arxi rocket-Mlders, and it had often been possible and appropriate 
for one man to follow his work thrcugh research t o  hwdware developnent. By late 1944, 
bwever, we M separate @dance ard  electrmlcs-research activities. In 1946, the mny 
technlcal sections m clustered into four divisions; in Ixaul's reorganization of 1950 
two of t b s e  emerged as research oriented, contrasted with ngr division, now called Guided 
Mssile Electronics, and the one headed by Paul Meeks, Gulded Missile hglneerlng. 

Merests  and the techical discipline of electronics are strorgly rooted on both sides 
of the fwe.  The electronics activity at JPL had a dual role from the start: the irmr?- 
dlate developnent of test Instrunentation system with long-term &dance research, or, in 
the later period, ndssile and test-range electronics together with carmslications theory. 
Bus, Itxllnation ms mre tuward organizing on the basis of technical d i s c i p h s ,  
and lower- th? barriers between research and practical operationdl develapnent. I;. 

1954, after I was named Mrector of the Iaboratory, additional p w t h  in form ard f'unction 
called far another reorganization of the Laboratory, and we mved toward sanewhat greater 
integration of research ard engineering, with three departments divided essentlally upon 
discipline W s .  By the time of Fkplorer 1, the three Department Chiefs (respectively 
F'rank aoddard, Jack ESloeNich, and Bob parks) had additiondl responsibiUties in the areas 
of research (inclrding the w ' l d  tunnel operations), the space proJect, and th? mlcsile 
project, respectively, though these three activities each drew on the t ech lca l  resources 
of oil three departments. 

But I n  1950 when it f o n d l y  became a camlidate guideddsslle system, corpoml 
WIS still evolving slowly as a research vehicle. ?he propulsion systan, mature In 

"Ms shift i n  the -tory's objective was acconpanied by a more gradual 

I was not altogether in agreemmt with tMs  d l c h o t q ,  partly because qy awn 
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principle, w s  still developing i n  tern of -ware as the deslgmrs probed the dimen- 
sions of welght, matertal, and configuration. lk autopilot was at a slmilar stage, 
hvlng pmgressed f’ran tk hydraulic design used i n  aircraft t o  a pnemt lc  one, whose 
vulnerability t o  the heat and vibration envirorment of the missile was demonstrated in the 
fourth rueJlt test .  bng-range guidance t o  provide acsmcy at tk target was still 
lnaturlng in principle; test instnmentaticn, radio telemetry, and radar tracking were 
essentially ready to  meet the needs of the developnent program. 

reach a target only a few hunired meters across, about ll0 ldlcmeters fran Its launch site, 
after flying a course which left the a tmspkre  and re-entered it. RK broad principles 
of radar-carmand guldance were those I had worked out In 1945, and hwe mentioned above; 
the plactlcal realization of equipment M c h  would perform correctly and could be mass- 
mcduced was a distinct challange. 

First ,  none of 
us knew quite how accwate or rellable such a guidance syscem ought or needed t o  be; ard 
second, the A r q j  wanted one quickly. As a ccnsequence of the first condition, the require- 
ments for corporal tenled t o  evolve with the system, as the “hemeticians, the engineers, 

and the mil i tary planners worked along ani learned the* m, and also as the Corporal 

test pmgram fed infomt ion  back t o  them. ?he s e c d  condition made it desirable that we 

work toward an interim solutim rather than ultimate perfection. The Corporal system thus 
emerged as a hybrid, or lash-up, based on exlsting equlpnmt or  des-: A W l e d  
Corporal E rocket (Flgure ll), an all-electronic autopilot derived fYan tk Sergeant test- 
vehicle project, modlfied Slgml Corps 584 radar, ard a doppler link for wloclty measure- 
ment. For ground handling vehicles, we modified the designs of construction and Wicul -  
tural mchines, among others. 
succeeded by a new and better system, probably In  the 1960s. 

my plan of 1945: the inertial autopilot stabilized it through launch and continued ln 
operation, but It was augmented In later phases of flight by ovemlding cQrmands from t b  
mre precise ground canputer, operating fran radar and telemetered missile data. 
Range control was naintalned by shuttlng off the rocket engine when the proper velocity 
had been attained; thls was sensed by the separate doppler link, and executed by a very 
precise valve system actuated on radio c~mrand f t r m  the 
the accuracy of thls early radio guidance is tkt within a few years we were able t9 find 
errors i n  the survey mps of WNte sands. 

equiprrent problem a r i s i n g  f’mn tk 
autopilot was placed next t o  the rocket engine, s u r r o d e d  by bat  and vibration. Mount- 
ings and structures often would anplio the vibration by resonance, and we learned a great 

16 

The most cr i t ica l  technical problem was lmg-range accuracy. Corporal had to 

TNs was canplicated, in turn, by two "strategic" conditions. 

It was Implicit i n  tNs approach that C a r p o r a l  would be 

As ultlmately developed, the corporal guidance system c0nfom.i essentially to 

ccmputer.’7 A measwe of 

In the C m p o r a l  E flight tests,  we had early discovered guidance ard control 
envimmnt of a rocket in f l Q h t :  the early 
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carmunications linEGs were shplifled t o  m o  up anci one down from the missile, with caw 
mand, telemetry, and doppler tracking a l l  gathered into one looped circuit. ”bansistor- 
ized electronics were a part of the Sergeant des* f h n  the start, a l e  Corporal telem 
etry had had, for exanple, to  be “updated’’ with such circuits. New equipment packaging, 
in which the subsystem units took the form of nearly solid blocks,  in which the chassis 
w e r e  hollowed-out shells rather than f l M y  internal skeletons, reduced our worries about 
vibration. Autanatic checkout equipment rapidly verified the readiness of all circuits 
for l a m h .  

The mor guidance problem, velocity control, was solved when the JPL systm 
design group developed a set of aerodynamic drag brakes (Figure :I 4). Oler&t- rather 

Mg. 14 
Sergeant Rwge-Control System 
(Fram U.S. Patent 3,188,958) 
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l ike  the blades of a camera shutter, the brakes reduced the velocity t o  the requ'md 
value. Ell@-tested, the d e w  proved as -le and lffecise-as the shutoff t res which 
perfonfed the correqxqllng f'unction on the liquid propellant Corporal.'* 

Yet a fundamental debate still remlned on the central issue cf se,:c .-generation 
mlssile guidance. Those of us with Corporal elrperience advocated contlnulr4 >he prln- 
ciple of keeping the mjo r  cargutlng f .nction on the p ~ u l d ,  and using the mi~:;lle-ground 
link as the accurate reference-measuring system. We felt that all-Inertial guidance 
schernes, then be@ developed for  early ICBM programs, would be too m s i v e  and expen- 
sive for Sergeant. But Ordnance I the field forces favored the Invulnerabi l i ty  
and shpl ic i ty  of tNs mode, and authorized parallel developnents, with support from 
industrial contractors, of all-inertial and radio-inertial guidance systems for Sergeant. 
In  a relatively short t h e ,  Bob Parks, with John Scull and other JPL Colleagues, came 
up With a highly acceptable small stable platform for the Sergeant. Althorn the advanced 
ground-b&d guidance derived from carporal was sanewhat mre accurate, it could not matc!! 
the inertial des- for  f?.eld simplicity and freedan R.om radio Interference. 
the ircrrtial system was formally selectea. 

C a r p o r a l ,  partly because of the sinplicity and excellent perfomme of its powerplant, 
but mostly because both the engineers and soldiers w e r e  bLc;lding upon the Corporal exper- 
ience. Less than three dozen Sergeants were test f l o w  at White sards (Mgure 15), com- 
pared with over one hundred Corporals; both JPL and the 
guided missiles and test rirings smoothly, and had flm certain cruclal Sergeant experi- 
ments 88 passengers abcard earlier Cmporals. Finally, corporal had caught us haw best to  
use industrial collatmatlm. The englneer~ firm which would b d l d  Sergeant, a new 
divlaion of the old spefiy Gyroscope C o q a n y  I had vlsited on my first t r i p  cut of JPL a 
decade before, job& as ccxontractor during Sergeant's devel-nt. 

One minor missile-system project of the ear ly  1950s deserves mention at this 
point, for it served as a solld-propellant research focus and a case study In missile 
developnent. h J e c t  bld began as an attenpt tcj adwt the Wcrlcl W a r  I1 G.?m Wfun 
antiaircraft rocket technology. W s  rather mll unguided projectile was deve?oped far  
some time using the liquid-propellant des* of the original before the Army asked us t o  
study it in the solld-propellant mode early In 1951. ?he rocket booster was about s i x  
feet long, three Inches In diameter, ard joined t o  a ball ist ic d a ~ t  about the size of the 
kindle of a broa.  
ing beacon and telemetry set. Designed for targets at 40,000 ft. altitude, the missile 
reachea an acceleration of over l0Og' after being launched fran a 1- tube iFigurp 16).  
Althorn we could U l d  Mivldual  rorads precisely enough to  achieve ^he necessary accu- 
racy, the mass-produced version f e l l  sanewhat outside the tanget circle.  ).bout this the 
a mil i tary analysis showed tht a different approach--guided ascent, exemplified by 

In 1955, 

'Ihe Sergeant mlsslle system developnent went fcmard at  a mre rapid pace than 

had learned how t o  hardle 

It was spin-stabillzed. For R&D purposes, the dart corittained a track- 
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Nlke-was strateglcally superior to  the W unguided-volley rode, and the project was 
temhated. However, m a q ~  of the manufactured rackets were later used as mall-scale 
sounding rockets and test-vehicle stages, a ?ole i n  w h k h  they served with distinction. 

while the labom- appear& t o  enJoy a .peat- freedm of research in the 
earlier resemcMcminated period of rocket and guideddssile experlmentation than 3n the 
G3rpoml-t missile en@ee&g phase of the 1950s (see %ble 2:, the difference is 
partly illusory. Par orre thing, JPL wds crowing at a rapid rate thmugbut this period, 
a!rl the expinsion of missile developnent vsas not at the expense of reserach activity; in 
fact the two carponents grew together. For another, missile developnent produced new 
classes of research problems, of which elastic properties mi telecammlcations are two 
lngmtant emuples. The ultlmate positive effect of missile developnt  on applled 
science m s  a-lmst a case of serendipity rather than t e c b l o g k a l  determinism, ami repre- 
sents th? war them of w manoir: the missile contributed rmch of the tedmlogy for, as 
well as the inpulse towards, the practical scierre of a s t m u t i c s .  

the body of guided-missile developnents in the early 19509. A t  the time, in a project 
sense, we were oriented toward the practical problem at harrd, even though the advances in 
tectPlology had far-rangirg inplications, sane of them as obvlous as rocket propulsion and 
others as subtle as ground-based guidance. 
tion and envimrmentdl testing that the missile projects afforded us would sinpllQ the 
developtent of space systems. But thmughout this period, fran the inception of the 
Cmporal t o  the terminatia? of the lald, the seeds of space exploration  we^ @rmi.natbg; 
in tk middle of the 1950s they began to grow. We at JPL became involved in ;he proposa l ,  
ard then in  tk developnent, of a space vehicle. 

It is only with hindsight tiat we can see the -0 of the spacecraft within 

In addition, the practice in system Integra- 

IV. 'IWARD SPACE 

JPL's fonrril act ivi t ies  directed toward space exploration began ahmst imne- 
dlately fol lwlrg World kr 11. Frank Malina has described the arigin and ear ly success 
of wac corporal as a sa~rr l ing  rocket,*' atxi I have a1.1uied t o  its role in the corpo- 
techlogy. A t  about the time the first Wac vehicles were reaching towad "extreme alti- 
tude," JPL received a U.S. Navy contract to  s t e  the problem of orbiting a satellite. 
This a c t i v i t y  lad Its origins In the Navy EUreau of Aeronautics i n  mid-1945, where the 
satellite mission, inspired by review of the V-2 develomnt, was studied and considered 
for scientific, camunlcations, ard cartographic roles. l h e  launch mode In this study was 
a sirrgle-stage rccket using hydmgen and oxygen; Robert H a W  and Harvey Hall were its 
most enthusiastic chanpions.21 ,JF'L's involvemrit took the form of a technical review and 
confirmtion of the Navy's calculations, ard was conducted by the Research Amilysis Sec- 
tion Lplder Haner J, Stewart's direction. Stewart and his colleagues concluded tkat the 
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sirrgle-stage mode was feasible but mrglnal for a successful satellite mirsibn, whlle 
ml t ip l e  rocket stages would be preferable.22 With a sanewhat adverse teclrical judge- 
ment, and the d imcu l ty  of flrding a proper military mission for the proJect, these early 
satelllte studies gradually faded away, but the potential of military mketsy in the 
Service of experlnmtal science clld not. 

About s W y  V-2 rockets had been brought hum Bxope to the U.S., and test- 
Firings of these missiles began at WNte sarrds in 1946. The OpPaFtunity to  f ly sclwtipic  
Payloads in these b ig  b l n b  was quickly seized, arrd an interagmcy group, whlch soon 
becarne the Atmsphere  Fbcket Research Fanel urdm James Van Allen'a le&ersMp, 
began t o  coodnate  this work. I served on this panel, which eventually became the RxAcet 
and Satealite Fk9esearch Panel during the IN. Ihe Jet prcgulsim Iab0mta-y also took an 
early in ti &tion and difpu~ion of ~ t m o s p h e r e  "space" science. ~n 
m5Mlwch 1946 we orpgnlzed a smposiun ai Gulded MSssiles and llhe Atpnosphere at 
Caltech, gathering scientists arrd 
laboratories t o  discuss hlgbspeed a-cs, missile laullchirrg, the ~ s l c s  of the 

f'run university, Mustrial, ard gRvesrment 

23 atmosphere, ami problens In ca&ustim arrd &ds Qnauics. 

lhis s y n p ~ ~ i u n ,  uhlch heard thirty-six papers plus a supplementary dlsrnrssicn on 
upper-air experimerrts, was a prime exanple of the mixing pmcess I have outlined. First 
of all it vas an opportunity for rrarl~~ of those engaged in rocket developpent and Its 
applied sciences, lnterml and extern,  t o  canpare notes across a techlcal field from 
smokeless pawder to supexwiem3ymnlcs-pmbabprobably for the fYrst time cn such a scale. 
second, an3 perhaps rnR important, it brought tNs broad popibtion of rocM t&Xmlc+ 
glsts into contact with an equally broad spectrum of potential scientific users, fran tk 
astIlcmmer t o  the neteorologlst. As an institutiondl mixer, the synposim. 
effective: JPL, Caltech, the University of Califamla, and the M D  groups of Southern 
Qllforniats aircraft irdustry were strongly represented, while tke eastern universities, 
Various armed-service research groups, and at least o m  eastern industrial laboratory were 
also in evidence. '&e llrres or" c d c a t i o n  represented and reinfarced at t h i s  meet-, 
ard mlntalned by the Upper Atmspkre -1, contlnu& t o  be effective In tk next decade 
of aerospace growth In the Wtxl States. 

Ihe value of the rocket t o  the ldnds of experimenters present e t  this synposiun, 
and the degree of organlzingand plaMirg m k r m a h l n g  t o  be done, are indicated l n a  
publlcatim of rrdne written In 1947. I wrote: ". . . it w0:il.d appear that the desm of 
the rockets is not adequately coardhted  wlth the p&sical research program to  wfiich they 

are lnterded t o  apply." The sanre conclusion was expressed in action with the develapnent 
of the Wac-based Aerobee by the Applied Fhysics Laboratory of J h s  Hopkins, 1946-1949 
( d e r  Navy sponsorship), and of tk Naval RsRearch hboratoryts V i l d n g  (1947-1955). My 
analysis mtched desirable research pmgrarns ard tblr necessary observational conditions 
winst two representative available mkets, Wac ard V-2, the research condltlons they 

equally 
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could pmvlde, ani ttre techlqu?s they representea-especlally in telemetry, instrum%t 
Fecovepjl, and the like. I suggested that extensive comic-rediation studies be deferr .' 
"until a sateUte mcket can be pkoduced," but 1 did not venture to predict that a period 
or ten years ami sevenmnths would be enOu@. 

Ihe difficulty with the soumlbg rocket fbr m>st atmsptmlc ani space science, 
was the sbrt lif'e of the mission. Fbr metearloglcal investi@larrs, b a l l - o o r ~ m  
-tim rras SUpeYicr. Ihe Wac, f a  exraple, flashed thraq#l the strata of 
irrterept too rapidly fbr set18aag to m:p.,f far tg.pew3-m ~ s . l c s  ard astmp!! 
h s ,  the dmtim at traJectmy's peak, ard OUT a b l l i t y  thm r;c) control the vehicle's 
attiwe fcl. instnm3nt point-, ~ 8 8  w. parachrte re~ove~y of the S C I ~ ~ ; U Y C  

pay?_Jads was co~lsldered rat- as a means of suppwtlng the use 02 spectral and p b b  
graphic instnrments t b n  of rednirg at dltituies of interest, far th? latter were too 
Xgh far a prachda to have klped. Fbally, I considered the questlw, of payload we- 

dlstrlbution, and it is interest- that nof weight esthates fbr f'llght electmnics eguiP 

though of course th? develapnerrt of ndcrocircuits end tk p p a t  lmmase In ccaplexity ani 

porrer have baLanced each&& in this case. The entirc peyloadwelght of Explorer 1 
totalled less than the 20-lb figure I had allocated for telemetering alone for the 
research mket. 

togettrer for the next step tarwrds space e x p h t i o n .  harm the early Wac Launchlngs, 
Holger Tbftoy, Frank t&U.m, and others discussed cart~ining V-2 ard Wac as a twr>-stage 

test vehicle. 'Ihis became the Bmper project In which JPL joined the Gem1 Electric 
Hemes ac t iv l ty ,  provldlng Wac B rockets mailfled for spin-stabilized launch at the peak 
of the V-2's trajectory (Pigure 17). Ttre hlgh-altitule Bger-Wa c flights, which achieved 
a record altitude of 250 mlles on pebrzlsry 24, 1949, did not return data ham scientlflc 

instnrnent payload. However they demnstmted the feasibility of rocket staglng, and in 
particular that of joining two existing vehlcles to  produce a tNrd. 'DE later EkmpeH&c 
launches were devoted to the study of anotkr technical pwblern, aerodynaraics at hl.@ 
speed, and tbs did not relate to space science. 

Project Orbiter, whlch grew Into a ccmpetitive pmposal for a U.S. Satellite 
launch during the Internationdl Gecphysical Year, resembled the Burper vehicle in sane 
system respects. That is, existing hard- was to  be bmught together for a new nrLssion, 
SLqpPorted by a mtltlple-agemy tern growing h.an roots set In Peenemnde and Pasadena, 
wlth a fYrst enphasis an fll@k danonstration ard such sirrplirLing c-ses as spin 

stabiuzatian for the upper ;%ages. 

the Office of Naval Research, the American Rocket Society, the astroptwics comnarity, and 
(In the person of wernher von Bram) the 

lllent were appmlclnR*ly t b s e  used in Fmger an3 )griner spacecraft in tk early 196os, 

Meantinre, In th? late 1940~~ the two "available" hlgh-altitude rockets came 

The Orbiter Idea originated in rrdd-1954 a t  meeting of satellite advocates from 

Crdnance rocket pr0gm-1. Those in atterdance 
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atmospheric re-entry at hiefi velocity, and a heat dissipating nose cone of the ablation 
type v ~ a s  designed for this pupose. TNs des- h d  to be tested wder fll&t caxiltions- 
tkt is, actual reentry in a long-mnge ba l l i s t ic  trajectory-+s soon as possible. ?he 
test cone would have t o  be instnmented 50 tht its perfamame could be telemtered and 
its flight could be tracked for recovery of the probe. ?he Aprll 1956 Microlock stUay 

report referred to this alternative possibility for the camnlcat ions system. In fact ,  
the test-vehicle p m w  was already d e n a y .  

lite system design based part ly upon the use and adaptation of existing miterials -Cra 

missile projects. aE lcm&range test mission req- by Jupiter appeared to be wry 
similar ts the satellite Launch, Wfering nrainly in the lesser enera denrvld, ard of 
course in the payload. !he transformtion of the Orbiter launch vehicle and telemetry 
Into a Re-&try 'kst Vehicle (KI?I) would save time and money for the latter ami provide at 
least a partial test demnstration of the former. It was a natural evolution. 

First authorlzation of the K"V came In Septenber 1955, after the Orbiter satel- 
Ute pmposal h d  been rejected. Flight des-, laboratory and ground tests, and asser&ly 
of the system proceed& on schedule, and one year later the proof-test d e l  was launched. 
The inproved sub-scale Sergeant spinning clustered solld-rocket upper stages, ard Micia- 
lock tracMng arrd telemetry perfarmed well, but only an Inert payload was flown over the 
300o-ndle trajectory. ?he second test, tk following hky, carried a l / l O  scale Jupiter 
nose cane, but a guidance milfunction precluded its recovery. QI the third test In 
August 1957, a l l  systens performed excellently an3 the nose c o x  vas recovered, validating 
its design f o r  Jupiter and c o n c l w  the KllT program with several sets of flight hardware 
left over. 

?he successful orbiting of Sputnik 1 two months later created unprecedented 
excitement worldwide, and sorrespcadlng tension withln the United States. Nowhere, I 
thlnk, were feelings 50 strong as in the beleaguered Vanguard project, where the n o d  
ups and downs of rocket and Instrument developnent were IK~J transformed by the press and 
public into &ains ard losses (mostly the latter) in a global ccnpetition. Amng the for- 
mer propments of Project Orbiter, in WasNngtm, Huntsville, and Pasadena, feelings of 
frustration also ran high In view of the recent FU'V dmnst ra t ion ,  and on occasion tem 
pers wore thin. It was an e~1~11ou9 relief when the was authorized t o  proceed with 
its oft-proposed satellite developtmt as a backup for  V-; I served as cOOrdinator 
for this project with the Technical Panel for the Earth Satellite Program. 

Braun had placed a l l  tk improved Redstone hardware in carefully controlled storage just 
in case they should be needed. Jack Froehlich, the JPL project rmmger, h d  reassigned 
a l l  the one-fifth-scale Sergeant motors f'rm the project to  long-term l i fe  test, a device 
whlch had the same result. 

When Rojec t  Orbiter was tezminated In late 1955, it was a fairly mature satel- 

A t  the conclusion of the re-entry test p r o m ,  General Medarls and Wernher \on 

Ehough Microlock ground sets had been constructed for  

0 
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extensive field testlrg as well as installation at the Cape for Kpv traddng. But one 
critical elm?nt-the satellite itself-had t o  be created k.am scratch, Jack k d l c h ,  
kam S t W ,  Snj I felt strotlgly that this task was logicauY the responsibility of the 

of &dlls, ami OUT rprior work i n  t k  Miter studies. BE? v#l Brarpn teem, as a part of 

view of the* & a l e  skill, felt tht they shuuld be responsible fci* the whole effort. 
'&e polnt was settled In favar of the Iaboraatory*s participation, in a vlgarou meet- 
bttre ~eneral ~edaris,'9arx1 I think lloIlle of the team has since tad cause to regret this 
resolution. 

a w r y ,  as it bms so intinrately imrolved with ar C ~ ~ t i o p l s  system, OUT spectnrm 

their strorrg mtiVatim Which h d  cafiled this cam unflaggingly for t h r ~  y a . ,  i r c  

As c m t o r  for the TecMcal Panel for the Earth Satellite m, I po- 
posed that the Arm(y satellite carry James Van Allen's cosmic-ray immanent (also flown in 
V m ) ,  wMch I €am we could readily accarmodate, and tkwice Dubin's mLcrometmrite 
sensors; four taperatwe measurements from inslde and outside the paylo& p a c e  can- 
pleted the list of te le t ry  sources. We expected tk mlcraneteoTite infomition and the 
tenpeT.ature data t o  be of duel value, helping the imnediate fi ture desieJl of satellite 
equipnent as well as adding to scientific knowledge. T k  Van Allen experimnt had been 

considered one of the higti-priarity IGY -tmsphere or space imrestie;ations, a Judge- 
ment happily confirmed by its bountiful results in several missions. 

standard chmels of telemetry, dividirrg up the temperature - outputs and those of 
the two mlcranetearite detectors, a& camylrg Van Allen's Ge@~-F.ube measuremnts 
redmimtly (Figure 21). Because of limited battery capacity, one transmitter opemted at 
M.gb power-fifty milliwatts-f'os. a start time, and the other a t  only ten milliwatts fos. 
an expected two months. The hl@-power signal, wNch was amplitl*le-nrrdulated, was intended 
to be recoverable by Project Vanguard's Mnltrack ground stations am3 the like, but only 
cur few Mlcrolock sites were expected to be able to track the long-llfe, law-power signal. 

When we were given the gc-ahsad, we had pranlsed to  be ready in 90 days, or by 
early February 19%; but sched- at the cape Canaveral test range allowed us only a few 
days a t  the end of Janua~y. ?Ns was indeed a hectic arrd busy time: not only had we t o  
prepare the satellite, but the Sergeant missile and Jupiter radlo-guidance pgpm were 
also ccndng t o  a kad, 

High winds forced postponement of the scheduled launch on Jararary 29, 1958, and 
again the next day. Eut caditions improved on J a n m  31 and the countdown Carried to  
zero. I d t o r e d  the events f'mn WasNngton, D.C., i n  the carparw with Wernher van Bmm, 
James Van Allen, arrl mny friends end colleagues of the IGY camittee anl the Department 
of Defense. Llftoff came at 10:48 p,m. EST (Figure 22). About Mve ndrmtcs later, Wernher 

speed cluster Wted. Fran this point, of came,  active guidance an3 Mstone te1emet:y 

We decided to f l y  two battery-power& radio transznitters, each carrying four 

tm to t~ ard said, "It's YWS nOw''-the f i r s t  stage been Separa ted  m3 tb hi&- 
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Fig* 21 
Ekp1orer 1 Satellite InstrunentatIan 

tere art out & the system, there was no canriud l lnk any mme, and after the .anterm at 
Antiepta Island lost the slgnal we would not hear hum the space probe agsin unti l  it passed 
over Califamla, an hour an3 three-quarters afterward, I f  indeed it was in orbit. sweral 
of us tried rough calculaticm of the flight path, tplluvape, as it turned out, that the 
still-strong Jet  stream above the Cape krJd boosted the bird t o  a high velocity end -, 
and hence a lo- period. FYnally, elght minutes late by OUT reckoning, the Gan -el 
valley Radlo Club Pasadena, and the Earthquake Valley Mlcrolock site ne8r San me@, 
Cblifornia, picked up the 0- and called us. We 

A few hours later at a : 38s c c n f m c e  in the nain hll of the Naticclal AcUw 
of Sciences, I joined wernhg von Brarn and James Van Ailen, answering questions about the 
Mted States satellite. It was a turning point fm each of us and the oFganizations we 

bolic of the mixing process between w e r i n g  and science, between tk world ami the 
reeearch laboratory, whlch T have 8oug-k t o  trace tbough the dozen p6atau. years of growth 
of the Jet propulsion Iaboagtorg. Now the process hai gone a step f\trther, as I am sure 
'lbcdme von KBrmen hxi expected, both tko@ t k  Ihrsslan efforts and our own: it trad 
ndxea rocket tech-01~ with the universe, ard reduced astronautics t o  practice at last. 

in orbit. 

-sent&, perhape m>st Of a1 fOr the hbOI'atOry d w5df. ?he eVent WBB d.80 6m 
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3. H a  Dryden's 6lo@ of Kkmh in the N4S Biqe;Taphical WnoIrs Vol. 38, 1965, ard those 
of prank Wira in Techolow arrl Culture, No. 2, Spring 1964, and Frank Wattenddf ard 
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N77 - 3 3  0 6 8 

In tbe 20th Century, reco@itim of t k  bgmtance of the physics ard 
dmlstry of the Earth's abmspbre gave iorpspheric resemch an irrcrc?esl@y strong 
tkowtical base. hrerrtually, it paved the w for a txwd spectrun of scientific activi- 
ties that are llc~y ref- to as space research, or space scieme. No Nstorg of resear& 
in space can be caaplete, I suhdt, without an account of the played 
in theariginof space science, am3 tk role that it has carthied to play in int- 
n a t l d  space devel-s. In this brlef maaolr, I hope to look very t r le f ly  both at 
the pBst arrd the ft&ure of scientific research in space h.an the vantage of my- 
experlemes. 

No attenpt w l l l  be made hre to present a m l e t e  picture of tk way Inuhlch 
iomspkrk reseamhand aeroroaor eventually led to research 2n space; ratkr, my account 
nill be essentially autoblo(p9phical. Such an appvxch seems warranted because relatively 
few scientists early recofglzed the inportame of the pbysics and chardstry of the Earth's 
uppg atmspkre. Fewer still werp resparrsible far the truly mmrkable iror>act that upper 
atmospheric research had upon ln%matlonal moperation In science in the 1950s. The 
creation of that rerparkilble enterprise, tb Internatioml w i c a l  Year (IN), ard 
the urqmced& contiruatlon of space reseamh thereafter, stens fnm the sam taproot 
aaemrrmof.  

In a ramrkable tribute published on the occasion of Sydney bC2mpuan's eightieth 
blrthday,l there are four skmt articles,  each with the title "Ion>spkric Physics and 
Aeronangl." The authnrs are J.A. Ratcllffe, David R. Bates, M. Mcde t  ard W.B. Hanson.* 
These four dist- investigators call attention to  tk contributions that this 
great scientist made to tno of t h e  most exciting parts of &at I m u  llke t o  ref@ to as 
" A S t ~ h y s i C S . "  I refer, of canse,  to ttJ0 inportant disciplines, ionospheric physics 
and aapnargr, experimental and theoretical methods for s t w  the Earth ani its 

that 

+Presented at the Fhmh History Synposiun of the International Academy of 
Astmmutics, Constance, Oenrrrn Meral Republic, October 1970. 

U.S. National Camnittee for the TOY, National Acad- of Sciences. 
++Professor and chaiman, Department of m i c s  and Fseteomlogy, UaA, chairman, 



relations to  the Sun. With this i n  mh3,  I could properly call t h i s  short mir, 'The 
A s t m g e o ~ s i c s  Story," because mpe than any other single Influence, the developllent of 
aeromay d e r  the Inspiration of Sydney Chapan ard a relatively saall croup of pm 
scientists has been responsible for the remarkable achievenents ard even mre renarkable 
pnraise of science In space. 

grew considerably in the 1930s, ad continued undated in the period followirrg World 
War 11. 
aeromqy af'ter the erd of the war, who supportcxi adoption of the new name, ttre Intep 
natioral  Association of Gecnragnetisn and Aero~;-qq (IAGA), for what was previously the 
International Associdtion of Terrestrial Magnetism an3 Electricity. This charge was 
anmuneed at the 1954 General Assembly of the international union of Geodesy ami 

Chapmn's interest in what is now called aemncqr began in the early 19209, 

It rsas Chapmn, with the help of a f %  Qf us wfro became lmreaslngly active in 

GeopQlsics (NGG) in Rome, *re chapnan YJaS the presidirg omcer. 
With this change in the ram of one of the seven associations that rkde up the 

NGG, aemrmy Mndlly faud an intermtional  kxne that it has occupied with increasing 
act ivi ty  and distinction. I had the privilege of be- president of the IAGA from 1957 
t o  N60, ard of the IUGG fran 1963-1967. I also kid the p l m  of arganizirg a 
synposiun on tk upper atmosphere at the Iw;G General Assembly held In Oslo, &may, in 
1958. It was there that aero- began t o  cane of age. Subsequently, a regular series 
of upper atmosphere synposia have been held on the occasion of each successive ruGc 
General Assembly, and aemmny has beccxne an increasingly visible ard inportant part of 
tk IUGC ard fras begun t o  play a significant role i n  the ac t iv i t i e s  of the Interrational 
Union of Ftadio Science (W.51). 

of Sydney chapran's leadership of an ever-growing &roup of scientists.  
his outstarding scient i f ic  example, he brou,@t these men together in  the IAGA, help& 
them develop very inportant parts of astrogeophysics, and inspired them in miq areas of 
international scient i f ic  cooperation that exist today in the International Council of 
Scientific Cnlons (ICSU). I say this because aeronany was principally responsible f o r  
the  interest i n  and eventual p a t  success of the International Geophysical Year ami its 
rerrarlable offspring, science i n  space.3 Thls, it was no accident that Sydney Chapmn 
served as the Interrational President of the IGY.  It was my honor t o  be Chalnran of the 
U.S. National Comnittee for the ICY i n  the &tioral  Acadqy of Sciences. The story of 
the IGY and its continuing inpact on in t e rmt iom1 cooperation i n  mny areas of science 
since 1957 i s  a dranatic example of the unforeseen effects of Mgina t ive  scientific. 
efforts.  

?he story of aeroncsrg, as the reader m y  have messed, is largely the story 
I n  addition t o  

To provide f?lture Nstorians with otherwise imccessible material and guidance 
on the unwritten story, I believe that scient is ts  s b u l d  write more autobio@yapMcal notes 
than have noIlnally been cistormy. In this memoir, I should mention briefly my own 
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acierrtiflc tspe.rluUx8 that bve played same part in the dftnlapaent of -*ICs. 

'Ihtsa u l l l  be dlaDst ent-ly re&rlcted to mgl mle in the steadily emphsls 
cm labmatmy sftdiea of a-ic am3 space physics, awl to my related activities in 
tbe Icsu. 

Ply interest h atppspkric physics really began in 1W at Princeton Wversl ty ,  
dthspr discotrery tbt tk erpen lirre of ataadc oxygen, a prominent feature to both the 
amcm and the-, could be obsewed in the spectnrmof tk -lei@ afterglow 

of nl-. mls ccime shortly after Mermn, also in 1927, hed prodwed an 
0qrgenep.een line in electrlcal discharges ard Identified It with the airglor ll* 
meesumdbyBabcockandwiththeauroralgreenIlrre. AftepremHrgJ. C. McIanran's 

of a~rgeenthat M beenpxwmt. TNS accidental discavery ledme to Mler studies 
-tely directed at an urderstandirlg of th spectra of aumm and a ~ r g l m . ~  

At th? tisreof t h b  first observatianof the greenallmml Ilneof chemi- 
lmlmscena, I knev paretically m * a  abatt eitkr the aumw or th Ught of the 
night sky, as the -was thenknwn. !J& principal interest lmolved the productia! 

arxi pmperties of atardc gases, based on w thisis on atcmic l@mgen, nrlt ten shopltly 
after R W. vood trad pspduced ataadc hydmgen in electrical dlschmges. A t  prirrcetun I 
studled o t k r  atcmic gases produced by electrical 3lachaqps, them cutside the 

dbcbrge. I started With fbrtkr -s an atondc hydrcgen, but soon ktrned to 
nitroepen In an atterpt to explain the la- l lved afterglow of nitrogen, IYM known as the 

-hl@ afteFglaw* 

pepcr I neuzBd ttrat the lirre I rn observed in the ni--was due to traces 

l?m? fact that the Imis-Rayleigh afterglow was a property of nitrogen, can- 
blmd with mgr acciderrtal obsemation of the green line in the afterglow, led me to believe 
StrOIlgly that contitlled W e s  of the afterglaw would help explaln the tlwl incanpletely 
urderstood spectra of the a m  ard the night airglou. mve i n  1928 t c  the Unhersity 
of Califomla, b s  Argeles, brought me into close contact n i th  Babcock and other 
Ht. wilsoll astmmmrs, and their interest in the nlght airglow encouraged me to continue 
my studiee of active nitrogen arm3 its possible relationsNp to upper atmspkric spectra. 
Here, I ahwld mention the 1928 Carlo-Kaplan hypothesis whlch used both metastable atans 
ani mlecules of nitrogen in an attenpt to explain the long llfe of the afterglcw of 
active nltrcgen. Norre of the metastable atans or the metastable molecule of nitrogen 
uhlch tere used by Carlo arxl myself t o  explain the afterglow had ever been directly 
observed in the laboratory; the green line of oxygen w8s a "forbidden Ilne" tkt origi- 
nated on a lan-lying metastable state of a t d c  oxygen. The idea of Introducing metastable 
states Into the nitrogen afterglow pmblem really came fran the discovery of the green 
urn? excltatlon referred t o  earlier. 

Lhrlrg the 19308 I continued studies of active nitrogen that led t o  the dls- 
coverlei of other nit- afterglows, and to  the direct identification of metastable 



atragen mlecules and atans in both afterglows and discharges. 'Ihese studle8 also led 
me to the Identification of forbI&en nitrogen atunic and molecular radlatians in auroral 

spec-. 
mi- of the Earth's uppa. atmsphre d at the same t h e  added to our karledge 
of the atam3 axxi mlecules of nitmgen and oxygen. In my 0#1 mind at least, I am certain 
t k s e  e x p r h m t s  helpec! me t o  realize the iPportance of the upper atmspkre as a great 

@!I could be stuued. 

relatively sinple labomtory stulies helped considerably to clarify UIF 

& C ~ X I Q ~ ~ X  -tory in Whkh the chemistry and physics of nltmgen and 

m Introduction of lmckets for sclentiflc purposes in the 194023 led to 
e X C 1 t l r ) g  arrd rapid developlrpnts I n  m . 5  Neerly all that w!? M d  learned before 
l n s t e e d  rockets became aMilable was subject to changes that this new tool mede 
possible. We could mw look at the Sut. witbut the interfereme of the Earth's atmos- 
pkre, and we cculd study the hl@ atmosphere directly. 

mle in these post-rar developmts, in the second half of tk forties anl 
the early fifties, helped s tbula te  interest In the upper atmosph?re. Houeve~, I also 
trained a Nmber of outstanding s t W s ,  sane of whan have dist- themselves in 
atmospheric ard space research. In sddition, I f d  myself' in a pcsltlan to 
develop support for the then relatively expensive rocket experiments, and in this rary to 
mve ~o the p t  period of rocket and space studies tbt occu~~ed 

dy caae to  mankind as a result of the initiation of the space prcgmm durm the IOY. 

Institution, which I shared In 1965 with S. chaprrrn and M. Nicolet, stated that the a m  
was given far continrit7g effort in &dng ard insplrlrg laboratory experimerrts directed 
at UnderstatxUng the observed mdlations fran the upper atmosphere, anticipatirrg the sig- 
nificance of space research, mor contrlbutiona t o  the International Gecphysical Y e ,  
and enthsiastlc support of internatlollal geopQsica1 research. 
because It is very uiukely that the auard would have cane t o  me tad I mt accidentally 
pmduced the greer~ auroral line in chaniltoninescence many years before. 

story my be, the social, political arxl econanic aspects of a-. lonospheric plgrsics, 
solarcterrestrlal relationshlps, and science in space may be far mre si@ficant histori- 
cally. Scientists mrst learn to  tell the story their discoveries hold for society if 
support fcr msldng accidental discoveries in fludamental experimentation I s  t o  c o n t h e .  
My part in the aeronmy stmy is but one of many e-les of the slanlficance of such 
unforeseen discoveries. 

the IGY.~ 
I lave M doubts regardirlg the quallty a d  qwmity of excititlg scientific results tht 

part of the c i t a t im  for the Hodgkins Medal and Prize of the stnit- 

I mention this only 

I submit smngly that as inportant as the scientific parts of the aemnauy 
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Mlltorl w. men (USA)* 

Quite often, history I s  a matter of recollecticm, based upan unoqgmlzed 
docunents, memzrarda, ad recalled coriv- t i -~ m or less relevant. In the 
present case, that of the Viking m k e t ,  ye are fortunate in b v l r g  tm sou~ces W t t e n  
at the time th? events wxe occurring. The first is the canplete set of IWral Resea2.ch 

detail the histarles of each of the ten V M r g  rockets-the& deslgn, instrumentation, 
the course of field operations, and the subsequent analysis of results. The Sec0r;l 

source is my book !he Vlklrg k k e t  Stw, that covers the sane e;mund, but in less 
technical arrd tux%? readable prose. Alt- it spezks abmt rockets, the book deals 
primarily with peoplethe men wlm bullc, tested, ard launched the rockets, whose 
usorrles, fears and frustrations are portrayed alom with the'r joys and trl-. 

Vmere possible, but intmplatlng sane present thwghes when desirable in the interest 
of clarity. The story of V l k I r g  is best told through its l a u n c w ,  cud I have choseti 
four of the twelve total. These four include the first one, the beginniryg, so to speak; 

the fourth, a launching at sea in the mid-paciflc; t k  e-h, sanetirrves referred t o  as 
the high-altitude static;  and the tenth or last of the orlglnal series. sum3ary per- 
formance data on all twelve Vildngs appears in Tables I and If at the errl of t M s  paper. 

The lauxhings tooK place (except f o r  the Pacific Ocean) at the WNte Sads 
Rpving Grcurri, an Army t e s t a  Installation in  a remote, desert location In Southern 
New Mexico. 
mtains; the basin is about 50 rrdles across and 1CO miles long, rougNy the size of the 
state of Vermont. 

Iaboratory (m) bcket Research report** that describe in techlcal and chmmlog3cal 

In most cases I will let the m e s  speak for  thtanselves, quoting directly 

'phe Pr0vlt-g ctround mcupies a natural basin (the lblarosa Basin) ringed by 

'Presented at the Sixth History of Astronautics Symposium, International 
A c a d q  o f  Astromutlcs, Viem, Austria, October 1972. 

*Secretary, Space Science Board of the National Academy of Sciences, 
washington, D. C. 

*principal authors: Mlton W. m e n ,  James M. Bridgul, d fi ton E. Jones. 



But now t o  the story, quoting first f'ran the Naval ksearch laboratory report 
m the first V i k l n g  flight test. 

m h y  3, 1949, the first V i k i n g  rocket launching and flight was achieved at 
White Sands Proving Ground, New Mexico, where the rocket reached a peak altitude 
of 50 miles. !he Viking, formerly known urrler the name Neptune, was orisinally 
conceived by NRt scient is ts  as a vehicle for carrying research instnanents into 
the upper atraosphere. For several years, the V-2 rocket has been used for this 
purpose with considerable success. l3ut the supply of v-2'~ is lMted and as a 
vehlcle far research the V-2 h s  certain disadvantages k-lth regard t o  payload 
f l e x i b i l i t y  and s tab i l i ty  in flight. In sponsoririg V i k i n g ' s  developnent the 
Laboratoryts purpose is two-fold: t o  obtain an improved vehicle for the con- 
tlmance of u p p e w  research and to advance the rocket art In the Uted States. 
The developnent p r o m  encanpasses the design, fabrication and lambing of 
ten Vikings of which each rocket is an bprovement over its predecessor. 
The field operatiare include one or more static firms of each assembled rocket, 
after which the flight .'iring is corducted. 
experience @ned fmn each rocket contributes t o  the design of the next and a l l  
other succeed- mckets of the series. 

Description of the rocket. The Vikir tg  is a high altitude sourding rockt 
designed t o  carry a 500 pound instnnnent payload t o  a l t i tudes of about 
100 miles in nearly vertical  flight. 
45 feet in length ad 32 inches in diameter. 
9 feet and 2 v 2  incnes) are spaced equidistantly ar0Ur.d the a?t end of the 
cylinder. 
of propellants. 

Prcpulsive force is obtained fmn a 20,000 pound (sea level) thrust rocket 
engine. 
tk engine by means of a turbopump. 
frcr, the decorps?tion .tf hydmqm peroxide. 
pressurizlng the pmp arri rocket propellant tanks, for actuating pneuwitic 
controls, and for cmsting-fllght stabilization. k i n g  powered fligk, the 
vehicle is stabilized in pitch, y;w and roll by means of internal cont--1s. 
M r  signals from gyro pick-offs are differentiated, amplified, and fed t o  
solenoid-controlled @draullc valves. For pitch and yaw corrections, these 
valves control f@mlic servos which rotate the gimbal-mounted thrust unit 
about either 01' both of tm axes. Roll correction is obtained by diverting 
turbine exhaust steam through ports on two opposite fins and by means of trim 
tabs. me roll hydraulic valves control the position of stem deflectors whlch 
are mechanically linked t o  trim tabs on the same two fins. 

After burnings' end the error sensing system is switched t o  control an array of 
gas jets. These debs m v i d e  correcting mcments in pitch, y a w ,  and roll t o  
remove error manents introduced at or after burning's end. 
stabil ization system operates for  about the first 20 seconds of coasting flight. 
(Later versions of Viking Incorporated an active coasting flight control systen, usm steam jets that operated during all of coasting flight t o  s tabi l ize  the 
vehicle in pitch, yaw and roll. The steam was obtained fmn decanposition of 
hydrogen peroxide. ) 

The rocket is serviced with ethyl alcohol, mdrogen peroxide, and liquid oxygen, 
in the order mentioned. "hen the gas storage sphere is charged with nitrogen 
t o  a pressure of 3400 psig.  The final operations are conducted from tm remte 
panels installed In the  blockhouse at WNte Sands Proving Growl. The gyros are 
nulled and the thrust  unit is centered f'ran the controls panel. The bropellant 
tanka are pressurized and the rocket is fired fmn the firing desk. 

The program is so devised tht the 

The vehicle is a conical tipped cylinder, 
Pbur swept-back fins ( to ta l  span, 

The weight at takeoff is about 10,OOO pauds includm 7,000 pounds 

The rocket propellants, liquid Jxygen a d  etml alcohol, are fed t o  
"he turbine is driven by steam obtained 

Nitmgen gas is used for  

l'l-ds post-cutoff 
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In anticipation of the extensive fleld operations required for launchlrga of ten 
Vikings, a rocket servicing crew was fomd at the min h q m y  (the roobt ' s  
builder) In Fky 1948. 'Ihe crew Y(BS ccnpoaed of errgitKgs and techlciana, eight 
fmn theMartin Canparw, three fran the Naval Wesearch Laboratory ard om Avrn 
Reaction Motors (the engine builder). [Note that th@ launching crew consisted 
of only twelve people, assisted later by solllt! Mval persame1 at Whlte Satxh.3 

The rocket arrived In New Mexico on Jamary 15, 1949, ani YBB transported t o  the 
Navy techlcal area. A receiving inspection w88 made, caupments were bench 
tested, mta l l a t ions  were made and flmctioml tests of t h @  control system end 
power plant were conluctd for  the reaairder of the month. After catpletion of 
a hwgar pre-fllght test, the rocket vas re&y for transportation to  t M  hunch- 
ing -* 

(h Fkbruary 28, the rocket was erected In the launchirtg area In PreparatIOn for 
a s ta t ic  firm. The s te t ic  Psirrg of a Viklrrg is an aperatloml test in wt.lich 
the carpletely assembled rocket is fired and the perfonname of the various sys- 
tems ard ccnpanents are me85up(?d using the fllght telemeter- systan. Ihe 
rocket is secured t o  the launching stard by bolts vrhich the support pads 
on the fins. Tenparary piplng attached t o  the launch stard is used t o  spray 
carbon dioxide ruld vrater Into the tall section in case of fire. The maml  
duration of a static flrlrg is 30 secands, about which time the rocket sboyld 
cut Itjelf off through operation of an alcohol low-level sensor. Ibwever, an 
anergency slutxiom can be d e  fran the firing panel In the bl-. 

I wi l l  not continue the hamming story of the long series of att-ts to static 
fire and flight test the first Viking. Suffice it to say that this operation contlnued 
OVFP a span of tm months durm vlhich various parts of the rocket either failed or 
rebed  to operate properly. The most notorious of these bed performers were the valves 
used to vent oxygen fmn the rocket propellant tank. RKse valves had the annoying 

property of freezlrg I n  the apen position so tht they could not be closed in preparation 
for a firing. lW.8 mlfbc t ion  occurred repeatedly, despite replacanent of the valves 
and redeslp In the field. We pick up the story on l+by 3 after the s ta t ic  f i rbg ard In 
preparation for the flight, with the vent valves beh~m In characteristic fashion. 

The Mrst atterpt m this date was hl ted  at 8:30 in the 
failed to  close properly. Because the weather was becaning ~ s s l v e l y  worse 
and because there was a pogslbillty that the racket WDUld have t o  be returned t o  
the h g a r  if the launching were not c d u c t e d  on this date, the opera- 
tions lad t o  be conducted with rapidity. 'IheFe was no opportunity to top off 
oxygen al tbugh it w88 mwn that the Oxygen lev 1 ysould be reduced by boil-off. 

A series of test opemtians were qulckly coducted In an effort to find a pFoce 
dure for ensrtrirlg clositrg of the oxygen vent valves. The procedure finally usad 
consisted of repeatedly closirrg and openblg the vents prior t o  pressctrization. 
It was, of coupse, not possible t o  keep the vents pmnanen tly closed because of 
the pssure rise due t o  oxygen boil-off. The previously deacribed expedient 
f lml ly  remlted in a successful closirlg of the oxygen vents. The rocket ms 
pressurized and launched successhilly at 0914 Mountaln Standard Time on W 3, 
1948. 

w k n  the vent valves 

The 3aunchlng is mre graphically related In The v w  b c k t  story. - 
C O W G C I ~  passed fma ~ ~ - 2 o - s e ~ o n d s  to  IKIJIUS 3 when tht. camrud was given t o  fire. 

me 
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The plug dropped, stearn sbt out of the turbine exhwjt, che d l e  rocket 
shuddered, and then slowly, mJestically, rose up f'ran tk launching stand 
as its long, fiery jet played upon the gmund. 

mleoff! 

We could no longer see it fKm the blockhouse, but we could h?ar it roaring 
overhead-atxl each of us prayed for  it t o  keep burnlrg. Sixty-five seconds, the 
most we could hDpe for with our oxygen low, might get us close t o  a hmdred miles. 
Tbz! seconds ticked away slowly and then suddenly, mch too early--burning's end. 
What w it-fifty-three, fifty-four, perkps fifty-five seconds? The tlme was 
very uncertain. Tt.le v i ta l  numbers started c a i n g  over the pbne  f'ran C Station. 
Altitude at burning's end - 17 miles, velocity - 3,300 feet per s e c d ,  tlme t o  
peak - 160 seconds, peak altitude - 51 miles. I YBB disappintcd, and so were 
the othmz, at first. We felt better when we heard the remarks fYan C Station. 
Good flight! . . . Stmight up the middle of the range! Fifty-ane miles - darm 
good for a first rocke'. : 

We filed out of the b l o c m e ,  all of us except Pres Layton, who was slurped 
over the firm desk, exhausted. We walked out t o  the launching stawl rud stood 
around it. 
believe it 's gone. I can still see it standi& there." 

It -3 still m. of the crew looked up and said, "I can't 

We conthue this V l k i r g  Mstory with an account of the shipboard launching as related In 
the NRL Rocket Research report. 

CZI May 11, 1950, V i l d n g  Rxket No. 4 was launched fran the USS NoEMlN SOUND at 
the equator in the Pacific Ocean. This rocket reached an altitude of 105 miles 
with a 9OO-paund payload of instruments deslgned t o  study cosmlc radiation and 
atmospheric pressure. Early in the program, NRL, was requested t o  design the 
V i l d n g  t o  test methds of launching Large, stabilized rockets Ran shipboard. 
In A u g u s t  1949, the laboratory requested use of the NoKIyrJ SOUND t o  fire a V'Jdng 
at sea on or about May 10, 1950. The Chief of Naval Operations approved this 
iequest ard Initiated "Project Reach" for the launching of an upper-atmsphere 
research vehicle for the study of cosmlc radiaticn at the equator, and gainkg 
practical experience in the shipboard kxl l ing,  launching and tracking of large 
bankmbent-type miss' -A The ensuing preparations, which cccupled a period of 
seven mnths, culmba~ed in the first successful firing and flight at sea of a 
large stabillzed rocket. 

The first three V l l d n g s  were fired at the White sands Proving G r w n d  in New Mexico. 
A l t h o u g h  the m s t  altitude was 50 miles, the p e r f o m c e  of each of these 
models vas sufficiently good t o  dananstrate the savdness t o  the rocket's basic 
design. Static firings of each filly-assenbled r 2 k e t  were conducted at 
White sands prior to the flights. hl.l use of t t  
atnrosphere lnstnonents was Mtiated in V i m  3 which was devoted t o  cosmlc-ray 
research, solar spectroscopy, and atnospheric pressare measuraaents. 

Early in the V i m  program, both scientific and military Interest were evinced 
in the firing of a large rocket from shipboard. The feasibi l i ty  of such a ship- 
board launching WBS demcvrstrated when a V-2 was fired fran the USS MmwAY i n  
September 1947. The principal scientific value of shipboard hunchings is to  
extend nidely the areas over which atmospheric studies can '& W e .  From 1946 
unt i l  1949 the rocket upper-air research program in the  United States was con- 
fined to  the White Sands, New Mexico area. Althargh a great deal mre r e n a h  
t o  be done at White Sanld, it is essentlal that studies be made at m u s  
ge-hical locations. For example, in the case of cocmtc radiation, 

:ehIcle for carry% upper- 
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geum@etic latitude is lllportant, since tk  ability of the earth's nregdic 
f i e ld  to  deflect an I n c a  particle depends In part upon the nraepletlc field 
direC~Lcn, which varies wlth -tic latitude. In esM ce, the earth's 
-tic f ield perfonas a w h i c a l  sort-, In accordance with coemic ray 
energies. 

The ni -Wiry  .slue of firirre; a large m k e t  at see is lmdlately appamnt. 
Because of the ship's mobility, the LaLplchirrg area is extended t o  Include a l l  
accessible waters, and ths to the range of the missile th&e is added the 
range of the ship, [Bear In mind tbt this ws written about ten yeara before 
the first launching of a Polaris missile from a naval vese1.l 

The Navy Bparhmt In 197 ,  designated the Illss NOKMN SOUND as a f 'acUty for 
the evaluation of guided missiles arld as a mobile launching site for scientific 
imrestie;9tions requiring specific geogtgphic locations. previously, a seaplane 
tender, the NOR'lDN SOUND was converted t o  an experimental @iided+dssile ship In 
the sumex- of 1948. Also In 1948, NRL issued a report that laid the plans for a 
shipboard launching. 
telemetry, tracking and recovery of rocket-kcme equin:ent, and also pointed out 
the necessity of several land-based flrlngs before atten&% a V l k l n g  launrbing 
at sea. The performance of V m  No. 1, howwer, m suf'ficiently good t o  
enable the laboratory t o  propose the 4th Vikirg as the m h c l e  for the shipboard 
l a U n C h i n g .  

?fie report dealt with h x w  am? launchirlg problens, 

The significant Wference In a shipboard flr?;rg m s e  f'mp the motions of the 
shlp, its pitch and roll, that could be a problen in the sqxwation of thc m k e t  vehicle 
at launching. The des- of the launcher was cri t ical ,  hence, we chose a sinple, fixed 
mechanism: a pair of rails al- vertically at one slae of the rocket. Two sets of 
rollers, one set a t  the vehicle's aft err!, the other set 10 feet f o m  of the aft d, 
engaged the rails and constrained the rocket to  mve with the 8hlp until  its ascent h3d 
freed it hrm the rallwy. 

lh dmny Viking missiles were built in order t o  test the launching technique 
prior to  the firm of V w  4. Fach dumy duplicated the l ive rocket in the essential 
features required for the launch test. Externally, IC i s  nearly identical, usirlg the 
. tall and tank sectjm skins. Internally, duplication of the actual rocket ceased. 
me dumly missile was powered by a mlld propellant JATO wh1.ch produced an average thrust 
of 57GO pourds for 3.5 seed. The JATO bottle was cocked at an argle fmn the missile's 
axis in order to  carry it away f h u  the ahip-about 400 feet at f m c t .  The grobs weight 
of the dumy vas d e  pmportioml t o  the thrust, so as t o  produce the same acceleration 
and velocity in the tower as those of the actual Vikirg. 

The f i ra t  dLDmly missile vas fired in the Santa Barbara channel off the coast of 
California tvvo weeks before the NORlDN SOUND sailed on the expedition t o  the mici-pacific. 
The firing had been delayed several days in the search for sea corvlitions prcduclrg ship's 
motion$. of sufficient anplitude. The idea was to fjre the dummy nissile at the worst 
possible mcmenf in fhe ship's r o l l  cycle so as to  produce the most severe "tip-off." 
Then the live V i w n g  would be fired at the mst favorable t h e  In the ship's mtion d 
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Q1 tk Wturn t r i p  to HamLl sane 5 0  lmdlers of tk vikirrg papject CaaplenEmt and the 

stdp's CFeY, Vdm M neya be* c)?Dssed the equator, yere mtlated Into the nlysterles 
af t.* Society of Skll-backs. 

We - the ViMng history d t h  the MIL repart on V m  8. 

In the pell of 1950 NRLana th? rwtin capparur beegn considerlng~ap FevIsIQIG 

desl@IY!wil-ts (500 poullds of payload to  loo nriles) rn alreedy been exceeded 
by vlkftg 4, arrl* In vlldrgs 5 and 6 ppomised to mise the altltuBe 
CemI45 to L25 miles. k lay OFen far mkr increase: (1) 
n m t  in ypeciflc iapilse, and (2) In miss mtio. Attws to increase 
the engine specifyc hwulse wit- major redlsQn (pririclpdlly, by iqjector 
redew) MI mt been successft& althcugh such InazuyBlurrt is certainly possikile. 
!bss ra t io  hed 'been IraJ;coyprl contirrrally thwgh the first seven vildrgs. x 
Large gain could be 
without a comescpniing increase in structural wight. This mas the prlxmry 
putpxe of the redesm. 
and control equipmt to hpmve accessiblllty of the varlous carponents. 

The design chanp,  0rigirrdl;Y scheduled for V i k l n g  7, e r e  achleved too late for 
incoIpomtlon in that rocket, wNch ms kilt t o  tfa original conflgucatlon. 
achieved a reccvd altitude of 136 miles. V m  8, then xs the first model of 

tbe s ta t ic  f lr lng at white Sards plrovirg Q.arnd, ccupled vibsatlons between the 
motor ad structure exceeded static load limits ard w e d  the mket 30 tear 
IC= f h n  the launchiq stand after 15 sr?cads of txnnirrg. Fly*& in a stat ic  
fm condition, the mket contirued wder power untfl It wds cut off by 
I.adio st 61 seconds. It reached an altitLde of 20,wO feet ard landed four 
niles from che Iamchiqg site. 

to the Vlldng rocket in to extend Its altlMe ce-. nE arl&al 

mly by a sirylificant imrease in propellant capacity 

A semr&ry aim was the marrargenerrt of povm plant 

It 

the  ne^ deSlgn. RR mcket ~QLS t o  the f l lght  stage. IW- 

A m gmptdc description of the events smxn&hg this fir- I s  Wen fIom The -- V l k h g  
mket S t q :  

As the secorxi hand on the large clock swept tkough the last minute before 
X1nims-15, .we became quiet. Jim Hartman was at the Mrirg desk, substitutirg 
for Ham3l.n uho took @ver the flre-vatcw station and peering at the rocket 
thmugh binoculars. Mason vas at the controls panel; Mupaell ani I were bet,- 
the two operators a step behird thern. A t  X-miu-lFniwtes W m n  turned on 
wter power ani !&son switched the gyros t o  erect. When after - minutes the 
gyro meters did not cane t o  zem, Nasori x?quested pennisslm to erdt the gyms 
f h n  the panel cantmls. MvpEell assent& 'Ihis procedure left sane uncertainty 
about the true position of che gyms, a c d i t i o n  tht vsould never be t o i m t e d  
for a fligkt, but could be accepted on static.  The count praceeded without a 
told. A t  X+ninus-l&te the rocket vas pm%3urized. hnnell, Hardin, 1 
hung over Jim Hartmn at the firing desk as the m n t e r  needles swung up, wavered 
and then stood still. 

Forty-five secoms . . . Hardin ncdded t o  Wnnell, irdlcatiry; that he was satis- 
fied with the pressure levels. 
cleared for firing. 

Ed flicked on his green light. The rocket was 



lmrty-five secards . . . I turned to tk telmeter inen arrl called for recculders. 
Ihe mrkBE8 re- to theteheter h u e  sevenndles -. we raited. 

nm!nty-flVe 8eccmk . . Tk answer CaIE back. Recorderrr were M. Ueutemnt 
Cooger, t k  Navy pmJect oflYcer, started the count down i n  a bskd voice. 

Twenty,nineteen,eighteen,seventeen... 

lblve,  e l m ,  ten, nine . . . the ready lights were a l l  @wen. 

rive, four, three, t w o .  . . Fire! 
I@lI ter  on . . . plug drop . . . fire ligm . . . the motor hed started. 
far twxarKB, th  panelm meters tlmered andcfmpped to lcner levels. 
looked at M to see if IE l& noticed It. He t& aril was glancm a l t m t e l y  
at tk pamlmetgs end the rockt. A t  nine secaxb ME heam3 adull thmbbing 
sovr i ln theJe tb las t .  Thethughtflashedthwghmyndni: shouldwecutlt 
OB. let It nm to get mough time on th? record? Hat ldng YBS enough? 
A t  thirteen secads the rocket started Mi- almost bperceptibly. Rren 
witlwrt uamlng, before our horrified eyes, It tom loose f h m  the stand ard 
started slawly to rise. * saw th tubes and cables tbt were cjmected to the 
m-ket for Static test snap ale by one as the tall mwBd upwird out of our SI@. 
A great cloud of dust billcrwed tmmd us as t':e mighty roar of a 
bore cb#1 upon the blockhwse mcf. 

Takeoff! I h e r o c k e t h a s ~ l o o s e !  m e r O c k e t i S f ~ ~ !  me&hmlrg 
vM.ds W out fmm the bloc-. A t  the teleneter station the men 
dashed up to tk roof to start trainirlg their  anterras uhlch had been las!! 
dowl for the static. 

P l u s  twenty-five seccnds . . . bt Uagner yelled at me across the b l o c h s e ,  
"sball we cut It?" 

As the secads slipped away I p r x 3 6  this deadly question. "he rocket was 
lost, With opily half a tack of alcohol It could not go far, mt possibly leave 
the r.ange. 
close to the launcm area. 

"No!" I shouted back. 

A t  plus 
I 

Mcket 

If' w Cut it too e l y ,  It d g h ~  fall OKI OW of the fnstduationS 

"Ibn't cut it. You don't kmu w k r e  the rocket is!" 

'Ihircy-flve secords . . . Hat and I were star- at each other across the blcek- 
h=?. I knew he wanted t o  stop the rocket and I fe l t  It w3uld be a mistake. 
lheretns no time to  explain the cordltions - a  tank half fu l l  to start, fifteen 
secands of fie1 burned on the groud. 

plfty-five seconds . . . 'We're golng to cut It," Mt armwnced. He pressed the 
button. We wilted in silence, no% laowirg whet& he M stopped the rocket or 
whether it M cut itself off previously. We had ceased to hear its soctnd mny 
seconds before. 

Finally, at 120 seconds, we k? a muffled explosion. We looked at each other; 
that rmst be inpact. We rushed out of the b l o c h s e  and s c m d  the brlzon. 
'!b the southeast we saw a gray IlillEt'prMn of mke ris- slowly against the pale, 
blue sky. We estimated its dlstance as four or five miles. I mUed towud the 
launcm stand. The two tle-dom blocks fKm the rockct were still in place, 
bolted to the crossbeams of the starrd. Attached t o  tk blocks were a few scraps 
of structure that had been torn from the rocket when It broke loose. The tvso 
shiny stubs of alunlnwn pointed upward, s5lent evidence of the rocket's a f i l  
power. 



kturning t o  the NRL rocket research report we qwte as follows: 

?he deStNCtlon of Viking 8 can Se attributed t o  a cuabination of factors. of 
prlnrary inportame ~ B S  the failure t o  shut off the power plant before the rocket 
M broken loose. Although cutoff could have been effected at  arly the pr3m 
t o  14 secords of bun?irg, ry) actian was taken t o  initiate it. If, in the ll@t 
of foregoing paragraphs, it appears incredible that XI action vas taken, it 
should be mmbered that 4 t o  6 mths are required to assemble arrl amlyze 
the data present& i n  this report, vlhereas the firing crew tad 5 t o  8 s e c d s  
in  which t o  recognize the situation, to  evaluate it, and t o  Wce appmpriate 
actian. The mistake i n  this case arose fran the fact that juigmnt was reptired 
in order tc initiate action. under the anergency pmedures used in early V W r g  
firings, cutoff would hwe been given at about 5 secords when gages on the firirrg 
panel iniicated operation at reduced thlst. 8ut durirrg the coupse of 10 static 
fir- without mi-, there was a tendency to relax the rigid energency proce- 
dures and to rely more on the operator's J-t, since the characteristics of 
the mcket had becaw better lnown and the crew mre experienced. on v m  5, 
a low thrust s ta t ic  fir- was allowed t o  run far 30 secorrds. It shwld hwe 
been realized that, because of the redesign, Viking 8 requixpd the same degree 
of caution as V i k i n g  1. 

Ihe decision to  restrain thc airframe durlng s ta t ic  fir- at t'm points instead 
of four was reached early in the design period m n y  mnths before the firing. 
Subsequent s:ructural analyses and s ta t ic  load tests showed th i s  schaae t o  be 
adequate for normal conditions, plus specified fzstors of a t e t y .  That the 
design was inadequate tor the abnom1 corditions of ViMrg 8 is lylw obvious. 
"he question of how far t o  go in protectirg a rocket a@nst abnomal ccnlitions 
has never been answered satisfactorily. k c e  a specific colldition has occurred, 
corrective action is always taken. But, s W d  an attempt be made to  foresee 
and design for  as rnany abnmal  conditions as possible? Increased factors of 
safe ty  are obtained only at the expense of lower perfomme. Qle lessan can 
be learned fnm the Vik ing  8 experience- for a vehicle tkt is still i n  an 
experhmtal stage of cievelopent, adequacy alone is not a sufficient criter:on. 

'Ihis history closes with an account of the launching of Viwng 10 iraoduced as follows 
in the MIL Fqort: 

'me 10th Viking, launched f'ran the kval site at the WMte sands h v k g  
Grourds, a t  1O:OO a.m. on May 7, 1-954, carried 675 pounds of Instruments 
t o  a peak altitude of 136 miles. 
June 6, 1953, resulted in an explosion ami fW- which destmyed the cclntustion 
cylMer ami severely damaged several other power plants and control canponents. 
The rocket was returned t o  the contractor's plant for rem and an extensive 
investigation of the nature arxl causes of the explosion was made. 

A graphic description of this first firing attanpt is taken from "he V U d m  Rocket 
stc,ry: 

first attempt t o  fire this rocket on 

We were in the blockhouse again, shortly after Mon and went through a second 
count down, punctuated by br ief  holds, the last of which occurred at X+ninus- 
2-minutes. 

"On-the-mark time will be running at X-1ninus-2-minutes. 

. . . Mark! . . . X-min~s-2-minutes.~~ 
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~ p l t W l e ~ e t y l a ? y i n t h e f i c i r r e ; d e s k ; u r ~ c i l t h i s k e y l w a s e n g B g e d t h e  
rpcket could not he preas\lrieed cu- fired. 

"- up m.X-P3irrrs-l..minute. . . Mark! . . . Xdnus-l+ninute . . . f l f t y  
seca?bs.. . forty-flveseccx&. . . fortysecorrds.. . thirty-flveseconis . . . FkoIder on! . . . twenty-five seconds . . . Retarders are on! . . . 
Twenty, nineteen, eigfrteen, seventeen. . . 
A t  ten, Pitts' voice bms joined by the oth?rs rho were re- the tlme in 
unison so tht the rhytb lc  count took on the air of a religious chant. 

"seven, six, flve, four, three, tuso, one, zero!" 

Hardin plskd the f l r l q g  &%ch, the plug dropped fran the rocket's mse, 
and the turblm exhaust belcfied forth a stream of anirws black smke. 
Su%enly, brlthut mrnbg, In less than a s e c d ,  a te r r l f ic  blast smote 
the blodrlmse as the mcket's tall seemed t o  disintegrate. White steam, 

unbellemble violence. lhen a great ball of flarpe rose fmm the tail atld 
ernreloped tk rocket. 

%fire! Rre rocbt's on fire! 

Wkn w saw the explosion, bdh, wlthwt ks i ta t ion ,  threw the fir- switch 
to cutoff. 
aUn b turned to Pitts arrd said, mlhe rocket is out of OUT control. 

The four giant fog mzzles at the edge of the launching mat, each one pointed 
at the base of the mket, wem turned on. 'Ihe mter cam out with agonizing 
sl-ss, trickling tammi the flaming rocket. when, finally, the full farce 
of the spray Nt t i  % tall, a great cloud of steam obliterated the area. 

Joe pltts in the center of the blockhouse was being bahrckd with questians 
and sllgI5estiuns. HIS prhary concern, ard rightly so, ls~s the safety of a l l  
persome1 in the imnediate area. Those In the blockbuse could be considered 
safe, as lang as they stayed inside, but there were dozens of people outside, 
seveml hur&ed yards f'ram the rocket, sane of Whn, out of curiosity, migm 
approach it. 

"All peraamel stand clear, stand clear, take cover! The rocket is b l 3 r m g . W  
Pitts' bmds blared fwth fran the 1-s Outside the blockbuse. " A l l  
persorrnel stand clear and take cover!" 

I surveyed the situation ard wu? sick at heart. Schlecter and P i t t s  M done 
all that could be done; them? was nothlng left now but waft-. The rocket 
was still standirrg, as If by a miracle, but it would be su2ide to  approach it. 
Captain Quirk, the Navy c- officer, was in the blockhouse an3 had set 
a guard on the door - no one could leave. I saw the firm p i t  f i l l  up with 
f i t e  vapor. Oxygen, I sunnised - we must have dumped the whole tankful into 
the pit.  But there vlrere still three tons of lnflamnable alcohol in the upper 
tank and, worse yet ,  four fpudred pounds of NgNy explosive peroxide In tb 
tall with a fire, now coglfined t o  the east quadrant, only a few lriches away. 
Surely the peroxide would go up any minute and then all would be Over. I 
looked at rror watch - it was twelve-thirty. 

plapoes an3 @-metal shot out fkom the tail in an explosion of 

No shoot, the rocket is burnirg." 

Schlecter oldered the carton dioxide and a l l  water sprays turned on. 
It 

belongs to the firemw m." 
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!blv+tNrty-trro. The blocldmse ms a beehive of excitenent; knots of men 
packd at each of the three wirdows, mtc- the rocket, a scant two hndred 
feet away, with a horrified fascination. The other men were scattered about 
the bloc- interior, sclt ' 7  sail1 groups, othfm milling arouml ard 
glancircg furtively ftrm time w) time at the slrall open patches of winiow space. 
Joe Pitts tas at his mstrun i n  the center of the marl, and l ~ a s  tusy receiving 
reparts and relaying information t o  people a l l  over the range. Now and then, 
individual voices could be heerrd above the incessant buzz of conversation. 

"Stand by, no shoot, 110 shoot. "he missile is burning." 

Five hours later the scene is described as follows: 

Five-thirty. Although the fog nozzles and fire hoses h d  been turned off two 
hours before, the tail WBS still dripplrg water into the pit .  The metal vas 
cold, but everJnrtrere there m S Q g S  of the searing hat that M followed the 
explosion. A l l  the tail access doors, both large ard small, had been ripped off 
and &led frcrm the rocket, sane as far as a ht-dred feet. Large peices of 
skin material uere missing, and from the fused edges of the jagged holes we 
could te l l  that sane of tk metal had been vaporized. Inside the blacken& 
shell there ms only devastation. lhe east quadrant was Stted, the controls 
can M exploded, and inside there was a fbsednrass of metal, wire ard glass. 
"hi! fire w a l l  above the mtor was dished upsmi, with a large gap- hole at its 
center. Ihe motor itself wds a mst hof i ib le  sight. It had been blown apart 
into tno pieces; its nrrssive head YBS janmed against the gimbal ring, and its 
nozzle hung awkmrdly by two alcohol hoses like a broken Jaw. 

Five-fifty-eigM. The sun had dropped behind the organs and the western sky 
was red as we climbed into our vehicles and slowly drove away fnm the launching 
area. We had been there fourteen kurs, a long, unforgettable day tht had 
seen us push a buttan that brought instant disaster and, finally, had watched 
a valiant fight t o  save a crippled machine that meant so rmch t o  all of us. 
looked back at  the white rocket, naylr sheltered by its gantry framework, I could 
hear the oft-repeated words, "You'll never see this rocket fly." 

I resolved tmt sanehow, sumlay ,  Viking 10 would fly. 

As I 

Ihe rocket was rebuilt, returned t o  the White sands Proving G r a u d  and success- 
Wly launched dlmost a year later t o  peak altitude of 136 miles (Figure 2) .  
valuable measurements of upper atmospheric pressure, density, arxi w M s ,  and determined 
the ion content of the atmosphere above a? altitude of 100 Mlaneters. 

contributions to the progress of rocket design and developnt .  V i k i n g  was the first 
large rocket t o  successfully enploy the girnballed motor $hat became a standard feature of 
Thor, A t l a s ,  Titan, and Saturn, and almost every rocket of the last twenty years. We 
suffered with and mastered the problems of i n s t a b i l i t y  and vibration in  girnballed motor 
systems and adopted the transfer f'unction method of analysis. 

It made 

Fmn the foregoirg stories of V i k i n g  fi-ings, there emerge s m  of its basic 

lhrough Viking Innovations, the  mass ra t io  (MR) of rocket vehicles was advanced 
Viking spanned the &ap between the V-2's MR of 0.67 ard t he  mOr- to  mch higher levels. 

A t l a s  values of 0.94. 
thrust-to-weight ratio-these were sane of the masms that plou@ed t h e  gmund leading 
to high mss ratio. 

Integral tanks, extensive use of alumlnm and magnesium, low 
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w* 2 

Because of I t s  extensive use far upp@r air resemh,  V M n g  had to develop a 

coasting-flight stab1lizat;Im system cmist ing of B gynz-cortt;ro~cd luray of &as jets. 
Such 8 s-vstem has been a standard feature of succ@edIrtg launch vehlcles arrd spacecraft, 
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N77-3307O 

Robert R. Gilruth (USA)* 

The @vup that created the MercLoy caacept cam? larg;ely fmn the old National 
lldvbmy Ccamrlttee far Aeronautics (NACA). lb Missile Range at Wallop Island, operated 
by the NACA, w88 a mjor facta- in the developmt of this gmup, hence the title of this 
paper, "Run Wallaps Island t o  Mercuxy." !he concept of the Mercury capsule, indeed, the 
whole plan for putt- nran in  space was remarkable in its elegant shpl lc l ty .  Yet I s  was 
a darlrg and uncanrentlcnal appmach at the time of Its inception, and a subject of con- 
siderable ccr&roversy. However, the project demonstrated principles that were so sound 
they ere also applied in the des- a d  operation of the GemM an3 Apollo fUght 

Pw?-J=* 

as a missile in May 1945, thrcugh the establlshmnt of the Mercury Project In  1958. 
It I s  a mod that saw great change, not only in science and technology, but also in 
warld histmy. With the advent of the space agea the old NACA frsded away t o  becane "ASA 
(National Aamautlcs arrl Space Adminlstratlon). bhny of the peqle who had worked on 
and developed Wallops Island research projects helped form the nucleus of the Space Task 
Qratp, the sroup that would manage the Mercury Project. They were joined by others from 
NASH and by specisllists h.an the Army, Navy, and Air Force, d also Pran Industry. 

bEilllstic misrik program In the United States. Had it not been far the bal l ls t lc  ndsslle 
developnent effort  we would not have had tb knowledge of reentry bodies, guidance system, 
or other factors such as the launch rockets themselves that were t o  mke possible manned 
fllght in space in such a brief span of t h e  after the space age amlved. l h e  first 

The perlod covered by this laemoir extends fmn the faudirg of walkips Island 

i.!' the early work at Wallops Island and In  NACA was done In support of the 

+Presented at the Sixth Hist- Sympoailan of the International Academy of 

*Director, NASA b e d  Spacecraft Center (Johnson Space Center), 1961-1972. 

Astronautics, Vienna, Austria, October 1972. 
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Atnerican astronau'i orbited the Earth a l i t t le  over three years after NASA was created. 
Wen so, the  Soviets were the f i r s t  t o  put man i n  space. Yuri G a g a r i n  i n  Vostok 1 would 
fly nearly a year ea*lier than John Glem i n  friendship 7. 

"his memoir i s  based primarily c!i my own reflections and recollections of th i s  
period. I have also discussed special events at length with Paul Purser, who kas my close 
associate throughout the ent i re  period covered by this m i r ,  and had recefit discussions 
with A 1  Eggers anl with Max Faget, both of whm played key roles i n  Ngb-speed aercdy- 
d c s  ar& also in satellite design. 

1 In preparing this paper, I have used extensively the History of Wallops Station, 
written by my former colleague, Joseph A. Shortal, who succeeded me as head of the  Pilot- 
less Aircraft Research Division (PARD). 
conducted the research program carried out there. 
plete story of the d e v e l o p n t  of f a c i l i t i e s  and 2echniques used at Wallops Islulrl. 

particalar,  I have used rnany photographs and figures that Shortal collected f'romthe old 
files at Langley Field. 

That organization operated Wallops Island and 
His excellent history gives t k  can- 

In  

THE BIRTH OF THE WALLQPS ISLAM) MISSILE W E  

"he Wallops Island Missile Range was created during the final phases of World 
W a r  11, at a t h e  when the type of w a r f a r e  and the  weapons being used were undergoing rapid 

change. The flight speeds of a i rcraf t  were approaching the speed of s o d  and problex of 
aerodynamic shock waves and compressibility effects were assuming very serious proportions. 
In other areas, the guided missile had merged as a m o r  weapon of high potential. The 
V-1 buzz-banb was h m s s i n g  tlAc hnclon area, and the V-2 rocket had just  mde its appear- 
ance. 
i n g l y  inportant par t  i n  the air w a r .  
sile, of dread capability with its human guidance system aboard, w a s  very d i f f i cu l t  for  us 
t o  cope with and cased mch havoc wi th  our naval forces. 
effclrt into t i e  development of superior aircraft, and the appearance of so mny guieed 
missiles was a technical surprise. 
of weapon possibil i t ies,  ark3 the newly created atm bomb mde the consequences of all these 
thirgs seem far m o r e  serihs. 

A t  this t h e ,  the  National Advisory Cornnittee for Aeronautics was the principal 
aeronautical research establishment i n  the U n i t e d  States. 
dynamic research dnd for  other fields of scient i f ic  endeavor dedicated t o  the lnprovemnt 
of a i rcraf t .  However, the high speeds of diving a i r c m f t  ard supersonic missiles had 
overwhelmed NACA, f o r  there were no w i n d  tunnels i n  its labol-atories that were capable of 
model testing for a i rcraf t  or m1.ssiles at airspeeds thst approached close t o  and exceeded 
the speed of sound. 

There were other forms of guided missiles i n  Germany that were playing an increas- 
In the Pacific, the Japanese Kamikaze suicide mis- 

The Allies had put primary 

The new jet  engines and rockets opened a wide ry- t rum 

It was responsible fox aero- 

In fact ,  wind tiuvlels of tha t  time had a blind spot tiat extended 
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thtwgh a ithole speed region arolpd the speed of sound (Wch nmbm 1) due t o  a choking of 
flaw In the test sectla of the turmel. The NACA had concentrated 

and its effarts In the transonic range had been snfired to  studies of shock 

wave---layer interactions during the early onset of ccnpressible +flows. The fast 
pace of events of the war made It essential t o  proceed mch mare rapidly wlch aerodynanric 
research. New technlques snd solutions t o  problems were WentQ required. We also 
needed to raise our sights ad t o  gear up for a Larger part of what obviously was t o  be a 
new national effart in weapon research and developnene. 

It ys88 at tNs time that new fac l l i t l es  for  research on the problems ;f guided 
mlssiles arA -speed flight were proposed by the leaders of the NACA with the bwklng 
of hlgh opficers of the Axmy and Navy. A detailed account of the wartime work done by the 
NACA on @ded ndsslles and of events leading t o  the establis-t of the Wallops Islard 
Statim is given in Reference 1. M.lItary of’flclals propased t o  &.qp-ess that a frri- 
flight @ded ailssile -+ be buil t  and operated by the MCA. oeographic sum gs w e r e  
made up md d m  the East C o a s t  of the United States fm a locatiai  where such f’me-flight 
experlnmts caild take place, yet be ccnvenlent t o  the NACA research center et Langley 
Held. A t  that the, a tracking range of about 50 miles soutknrard along the c m t  
believed to be adequate for research purposes. Wailops Island, a strli;, of lard 0)  ;;le 

Atlantic Ocean, met this requlremnt and bad wiUmited range c ’hc t ly  ollt tc  sea. It was 
se’iected in April 2945. 

h May 1945, after Congress had approved this new faci l i ty  and had appropriated 
m y  for buildings and equlpnent,* I was relleved of qy duties In the Flight Research 
Mvision at hugley Field and gut In charge of this new work. There was no fanfare about 
it. I@. Qlawley, the Acting Rglnee~in-charge of the Langley Center, just called me In  
and told me that I w&s to  mnage this new ac t iv i ty  and that 9e had confidence that I was 
the nm to  do it. Prior to  this time, I had worked +n f l i g h t  research after arrlvlne at 
Langley Held in 1937. work involved an extremely close working arrangement with test 
p i lo t s  In  eutablishing hslsdling quality requlrefnents for 
m k ,  I did a @eat deal of flying as an engineering observer, and I had developed a keen 
aFgreciatlon for the pilot’s side of the man-machine ?elatiomhips. 
fmn Chief NACA Test Pilot, Melvin N. Qough, i n  particular. He was very interzsted in 
airplane handling quallties ard took -at pains t o  educate me i n  both pilot and airplane 
characteristics. !IUS background was to  be very lqmrtant la ter  In our WOIK cn Project 
m, and thraghout Apollo, i n  declsims regarding the roles and authority of man i n  
the space capsule. 

Iltos?lc OH subsonic 

d e s . *  I n  some of this 

I le- a great deal 

‘They also proposed that MICA build a supersonic w i n d  tunnel whlch later was 

*Fbds in the m x n t  of $4,5?~,000 were appropriated for the construction of 

authmized for the Ames Laboratory in Callfarnia. 

i’acilltles ard the first year’s opexWwlon, Reference 1. 
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I was also deeply involved at that tlm i n  t ransode aerodyllamic research using 
(1) free-~alllng, instrumented bdies Cw~ped frm high altitude, and (2) the ~ - t ' l o w  
technique,* wf-ich I had invented t o  help with the problems of aemdynamlcs near and through 
the speed of sound. Sane of this work is described i n  nly paper on the development of' t he  

wing-flow t s c ~ q u e , '  that covers tximvior of wings and cmtro15 ar, scnic speeds and 
i l l u s t r a t e s  che importance of thin wing sections f o r  aircraft designed t o  f l y  men throw 
the speed of sourid. 
t ion f o r  t h e . X - 1  research airplane. 
thin Wing (by standanis of those days) which flrst broke the sound barrier in 1347. 
supervisor, Floyd Thcmpson, Chief of Research of the Langleg Laboratory, made the decision 
based on data we k d  obtained with the wing-flow technique. 

of developing a whole new free-flight research f ac i l i t y ,  an3 soon I became completely 
engrossed in the new job of creatil& and operating the Wallops ISM Missile 'm. 
W l 9 p s  Island is a bar r ie r  island off the &st C o a s t  of the C n i t e d  States. It is a low- 
lying s p i t  G f  land separated fran the mainlard by a sa:!, m h ,  and populated by many sea 
and game birds.  Some of the most dehcious clams and oysters i n  t h e  world are t o  be fourd 
In this vicinity. !Re island itself w a s  populated by miniature wild horses, voracious 
horse flies, ami some of the hw-Test msqujtoes I have ever seen. Tf7e north end of the 
island was wooded, while the p x t  we were t o  u t i l i z e  In  our early operations consisted of 
sand and sea grass with a few salt xater bushes. In  the next fw  montlls, worh went ahead 
in the design and construction of f a c i l i t i e s  on the island. A l l  materials of corlstruction 
had t o  be barged frm the mainland t o  the is lar~.  Boats alone were used for  rimy years t o  
transport men and equipnent. 
across the marshes which permitted rapid access by automobile and truck. and greatly 
increased the work capacity of Wallops Island. O f  course, by t h i s  the, I was no longer In 

charge of Wallops Island. 
I learned ~ < . n y  thL-3~ during those early days of b d l d m g  and operating the  

Wallops Island range. 
matters. I found a whole new world of burjgets, land acquisition, hlrlng, r ec ru i t iw ,  and 
operating with other agencies and canpanles, as well as with the carmnlty around Wallops 
Island. We had planned a l l  alorg t o  r9tain Langley Field as our research base, using 
Wallops  IF',^ principally as a test s i t e  where research nlssiles and models of m - o u s  

This work w a s  available i n  t h e  t o  be considered in tke Wing selec- 
It provided the W t u s  for  selecticn of the very 

My 

WNle I irated t o  l v v e  the Fl!ght Research Division, I recoplized the opportwlity 

In 1959, a f t e r  the creation of NASA, a caussway w a s  b u i l t  

Ro'mrt L. Krieger had b e c m  Director of t'x! Station. 

I was a young man of 31 wlth l i t t le  experience except i n  research 

+ The wim-flow technique gave aercrlynamic results over the speed range from Mach 
number of 0.85 t o  1.2, the very range which the wind twne l s  could not cover. 
of the  fact  $hat the air above the  wing of an airplane went quite snmth' . md WZifomly 
through ti..- speed of sound. This region of c L r f l D w  on a P-51 airplane 
mdels of mr?gs and controls. 
ext,ensively for several years. 

It m4e =e 

., used t o  test 
This method and a va;*iat!on of It i n  wlM tunnels was used 
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creative people in this research with mcket-propellcd mxkls. Key people in thia very 
early groq~ and their specialties are listed in Table I. 

Eihmd C. hckley 

Mrtm J. Stoller 

Charles A. 'I8ylor 

George B. h v e s  

Paul F. Funmeister 
9 

We devised llleny specialized tectniqUes for this lpseapch over the next seveml 

years. We had to  seek law cost lnethDds of model construction, lnstnamntation, a& 

tions of intemst t o  desi@ers of new aircraft and missiles. lvbst of OUT =search m&ls 
vme relatively small, and ve used solid rockets alnoost exclusively for pIppulsicn because 

pulsion, to keep withln our smll e t ,  and yet cover Si@lmcant rM&rs of amf,&m- 

+ The o ~ z a t l c n  relationships are described in detail  in Referne 1. Ffay 
Hooker ms my original deputy during the days of building the E$nge. Buckley became my 
deputy in Jan- 1948 because of the lnportance of electronlc interface with the research 
pmgmns. Later shortdl replaced Buckley as my deputy and becam head of PARD in 1952 
wfien I took other duties. 
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Fig. 4 
A Typical VeLcity-TIue Curve for a Drag Fesearch Bbriel 

In pmduc5.t-g rate of mll  rras a direct measure of the ail= power of the design at the 
various speeds encamtered. In thls way, we meamred tk properties of various khds of 

These results fmd imnediate use In tk desw of missiles and hlg$-speed aircraft. A 

typical test result is shown In Figure 7, where xwersed aileron effectiveness is cured by 
uslng a blunt traUlng edge on the allm. 

-- eontrol effectiveness was also used as a -tick for ~:arParison wlth other tech- 
niques, such as the wlng-flow tecmique In-flight arrd the tlgnsonic bulp t ecwque  In wlnd 
tunnels. Conventionzl w-!  tunnels were still unable, because of tk chDking problems, t o  
pmvlde usem &'A for aircraft ard missile configurations at speeds close to  the speed of 
sounl. 

ailerons and spoilers on swept arhl UTlSwept arhl tapered wlngs of various aspect ratios. 

Rlrirg thls early phase of wallops Island work, the systematic data on the drag 

As our abilities increased, we were able t o  provide fhe-fllght data on the wlng 
f l u t t e r  cfiaracteristics and prwsure distributions, as well as on dynamic behvlor of 
ccmplex wirg-bdy amangemnts. Using our new free-fligtrt tectmlques, ue provided .MOP 
nation for the des* of the X-1, X-2, and X-3 research alrplaries. Me1 tests t i  new 
fighter alrciact ere mcade at Wallops Island a l e  they were still on the draw board. 

454 



.12 

.10 

.w 

a 
.8 .9 1.0 i.1 1.2 1.3 1.4 1.5 

Y d W , Y  

b e s t a b  
1 .s 2.1 

1 5 

2 6 

3 7 

a 4 52 I 8 

Fig. 5 
Effects of wing Plan Form on Drag m 

Early 'ksts at Wallops 1s- 

l?E investlgatiorrs usually cmerned drag and s tab iu ty  thrcugh the speed of sound. !RE 
North American F-100 tyghter vas tested in this maner, as 1*?re rpany others. In  the mis- 
sile field, raodels of the F$scal, the Snark, the Sparmu, ami the Nawh werp flm at 
Wallops Island, to name only a few. 

ms considered to be an engine of great pmmise, and a number of ram jet test vehicles 
t e e  flown at wduaps Island. (xle such pmgmn invalvled the NACA M s  Laboratory at 
Cleveland, Ohlo, wblch had prime responsibility for ram jet eng!ne research. lzheir pro- 
gmn used M f l l g h t  vehicles a i~launched over the Wallops Island range. The concept 
was to nknmt the test vehicle underneath a cafiying airplane at the Clevelarrd airport, and 
then take off and f ly  t o  the vicinity of W l o p s  Island. b e  over the Island and acquired 
by tracking radars, the airplane would proceed on a drop run with its test whlcle 
neath. De ram jet engine would then be activated ard the test vehicle launched c n  a 
pmscribed tr&jectory. The radars would track its f l igtr t  M l e  the telemeter receivers at  
Willops Island m l d  record the instrwmt recomls of the englne operation. TNs technique 
wved to be w r y  successrbl, and many such drop tests were mde in the years of 1949 and 
1950. Key people in t U s  Lads Laboratory work were Scott Sinpldnson and J ~ h n  Msher, 
both of wha joined the Mercury Space Task Group in later years. 

king these early years of guided missiles and supersonic flight, the ram jet 
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Fig. 6 
Effect of hselage shape on Drag From wallops Island Tests 

A second ram jet program Involved a Langley group Lurler Paul H i l l  ard Max Faget 
that specialized in pm3-launched test vehicles using ethylene fuel and b m r s  of short 
canbustion length. The conflguraticm consisted of a long central  body containing the me1 
tank with two xam jet engines mounted as nacelles on either side of the horizontal tail. 
T k  flrst ram jet of t h b  type was flown in  b h  of 1950, achieving a hhch number of 3.02, 

a new .world record. A second flight a f e w  mths later achieved a Mach n w t e r  of 3.2 and 
the test vehicle coasted on up t o  a height of over l3O,OOO feet. H u g h  Dryden was greatly 
inpressed at the performrice of these small ram jets and took great p a h s  t o  inform the 
military services of the success achieved at Wallops Island. However, both the Air Force 
and Navy were indifferent t o  this work, and showed l i t t le  interest  i n  follaring up on the 
Iangley designs. 

irg inportance of the ba l l i s t i c  missiles in the natlonal programs. The Langley work was 
pMsed out and the kwis flight effor ts  turned t o  research on reentry bodies. 
interest that  a young engineer, named George M. Low, was working with Scott Slnpklnson on 
reentry bodies ab-launched at Wallops Island only a few years before they both joined the 

Mercury effor t  for  flying man In orbit. The research vehicles flown by the Lewis Lab for  
measuring reentry bcdy characteristics were able t o  achieve very large Reynolds numbers at 
high h c h  n m k r s  because an air-launch allowed the test vehicle t o  penetrate dowrmzd into 
the atmosphere achieving high Wch nlanber in the dense lower atmosphere, whereas the test 

After these l n i t la l  successes, ram Je t  work gradually lo s t  favor to  the lncreas- 

It is of 
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Fig. 7 
Effect of Aileron Shape on Rate of Roll at  Transonic 

Speeds F'ran Early Tests at wdllops Island 

vehicles gmd-launched frcm Wlops Island achieved high hl9ch numbers in  the upper 
atmosphere where the RejTIGlcis rnrmbers were lower. 
terpart for  the work done at Iangley i n  contributing t o  the knowledge of aerodynamic heat- 
ing on reentry bodies for ba l l i s t i c  missiles. 

trol work using "pulsed controls." In this technique, the elevators, or pitch controls of 
an aircraft o r  missile configuration, were mved abruptly up and down i n  a s q m  wave 
pattern by a motor drive, and the response of the model i n  pitch was measured using 
acceleraneters and an angle of attack meter. 
not only the s t a t i c  s tabi l i ty ,  dC but also the lift curve slope, dC the neutral point, 
and the drag due t o  the l i f t  dCD. 

Thus, the Lewis work nade a good coun- 

I cannot leave free-flight techniques without describing the s tabi l i ty  and con- 

F'rcxn these data it was possible t o  obtain 

m L 
- 
dC1 

8 
A variation of t h i s  technique arploylng "pulse rockets" was also used. 

rockets were slmply small rockets specially designed t o  give pitch or  yaw disturbances t o  
t h e  model durirg fl1gj-k for the  same pui-pose, i.e., s t a b i l i t y  measurements. 
ment hi a l l  t h i s  work w a s  the  angle of attack meter. 
that consisted of a smll delta-wing probe mounted i n  the undisturbed airflow forward of 
the nose of the fuselage. 

Pulse 

A key instru- 
We developed ~ u r  own device i n  NACA 
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wlt it was always a problem t o  obtain enough monetary support t o  do a l l  the work 
that needed t o  be done. In fYee-fligm testing, it WBS especially d i f f i cu l t  t o  convince 
the Omgressmen and other high o f f i c i a l s  that work was really worthwhile when the models 
had t o  be destroyed i n  the tests. 
a flne mdel destroy itself in the sea." Recovery e f fo r t s  would hve been mch more 
expensive tnan the models at tkt time, and, i n  spite of the loss of the model with each 
flight, our costs were higtily conpetitive with the supersonic wind tunnels which had very 
great initial cost and far less f lexibi l i ty .  

of our results and they *re not bashtul i n  asking f o r  more. 
Speed Subcamittee," which was led by Eugene Root of the Douglas Cmpany, together with 

other members of the a i r c ra f t  and missile industry, supported us i n  a solid m e r .  
recamrrended i n  a unanimouS vote that the Wallops I S M  work be eq3rided by a factor of at 
least three. 
NACA itself. 
three and this action g r e a t l y  helped in  expanding our work. 

member of a group in  Washington called the "Planning Consultants t o  the Cornnittee on 
Guided Missiles." Karl T. Compton, President of MIT, was Chairman of the parent Comnittee, 
the Comnittee of Guided Missiles, which operated i n  the Pentagon. It was the job of the 
Planning Consultants t o  review the nation's guided missile programs and t o  make whatever 
nxomnendatiom we felt would make fo r  a stronger and mre effective national effor t .  
was a great opportunity for  me as a young engineer, whose specialty was aerodynamics and 
structures, t o  work so closely with these people from industry, university, and g o v e m n t ,  
who were skilled i n  al l  the disciplines and In management as well. 

While I served on this Board (1946-1947) our work co- red the early period of 
the national guided missile program. 
Burblebee, the Navaho, and the N i k e  were among the major missile projects i n  the  United 
States. The atcm bonb was still sc, secret that even people working as Pldnning Consultants 
fo r  the Carmittee on Guided Missiles were not privy t o  the information on the sizes and 
welghts of these weapons. We made several recarmendations t o  the Guided Missile Corrxnittee. 
The most Important one, i n  nly opinion, was that the ba l l i s t i c  missile hAd great promise 
as a weapon and that the techical problems in guidance and reentry could be solved. Of 
course, it was up t o  the  Guided Missile Cornnittee as t o  how our recornendations would be 

taken arrd it was several years before the  national program t o  develop the  ba l l i s t i c  mis- 

sile wds insti tuted.  
I n  looking back over the years following World W a r  11, tk data and techniques 

developed at  Wallops Island had an irrrportmt and quite profound effect  on U.S. Abcraf t  
and missile desigs. In l a t e r  years,  the Wallops Island group would gain c q e t 2 n c e  and 

People b u l d  always exclaim: "What a shame t o  let such 

However, American industry, our principal custaner, was inpressed with the value 
A croup called the "High 

They 

TNs recQrmendation was passed on through thek parent Comnittee t o  the 
The NACA budget f o r  the 'Wallops Island work was increased by a factor of 

Ihring this time of intensive work on new research techniques, I was appointed a 

It 

This was the time when the Lark, the Hems, the 
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experience in dealing with the problems over dlmost the ent i re  spectrum of high-speed 
flight. This background was t o  be a great help in m v h g  Into the space program when the 
opportunity came. 

WALtOPS ISLAND: TRAINING GROUND FOR SPACE 

I have beer asked mny times: "Why was Wallops Island such a go-A t raf i :  
gmund fo r  the space age?" Several factors were hportant.  
j ec t ,  the engineer had t o  consider the whole spectrum of problems. He learned about all 
the phases of his project even though he might only be seeking a drag curve. The model 
had t o  be designed and constructed with a power plant, a launcher, telemeter and Instru- 
ments, radar tracking, operational crews, and so on. 
tends t o  a t t r ac t  and develop exceptional people. I faund tNs t o  be trde also in flwt 
research with manned aircraft. One had t o  take a broad View; t.he de ta i l  thinkers tended 
t o  gravitate t o  the wind tunnel o r  other kinds of specialty work. 

The fact  that the research models were expendable and therefore had t o  achieve 
a very hlgh r e l i ab i l i t y  was also an important factor. For example, the pyrotechnics had 
t o  mrk, the second stage rockets had t o  igdte ,  the electronic systems had t o  survive the 
vibrations of the launch and the accelerations of the flight. We I?ad t o  be concerned with 
structural  integrity because the loads Inposed on these nodels w e r e  hiih i r ~ ~ e e d .  
t o  be concerned with wing f l u t t e r  and divergence, and we had t n  deal r.i '1 ptJblems of 
aerodyllamic heating. 
radar or  the f l ight  wuld be a failure,  and we were operatjng over the sea, which gave us 
an lntlmate knowledge of the recovery env i romnt  with which we w e r e  t o  work l a t e r  in 

recovery of m e d  space capsules. 
We were iising as everyday tools items that would be Vital t o  space projects. 

This act ivi ty  thus became a .great training grourd for  the young people coming up. We 
learned the necessity of keeping our designs extranely simple and attacking a problem i n  
steps. 
channels o f  Celemetry i n  a glven model, and that we bui ld  our programs t o  minimize the 
effect  of a loss by not involving too much effor t  in  any one flight. 
we used ',he backup systans that were t o  become Important i n  spacecraft design. However, 
the extreme weight sensit ivity of these e a r l y  rocket models rrade redundancy diff icul t  t o  
achieve except, of course, for very small, light items such as the electr ical  squibs used 
for  igniting mckets and activating other devices. 

First, in a r'iight test pro- 

This broad kind of responsibility 

We had 

Pressure was on the operational people t o  acq .'. B '.he models with 

t k  first two or  three years, 1 insisted that we use no more than 4-to-6 

Wherever possible 
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In the fall of 194'f, the X-1 research alrplane, piloted by h j o r  Charles Yeager, 
became the first agnned airplane t o  break the sound Psmler. 
the wallops Islard rocket models and earller transonic research, there were practically 
no surprises. 
his associates at Lsrlgley Held bui l t  the first tnily transonlc Wind tunnel. It was 
neither open nor closed, but had a slotted thmat which permitted the flow t o  go quite 
SmDOthly through the speed of sound In the test section vllthout the choking phenmem of 
the past. This type of wind tunnel was t o  be further refined and applied t o  wird turrlels 
all over the world. 

Thanks t o  the results from 

It was a p a t  mlle3t0ne of fwt. Later that same year, J o h  Stack and 

(hr work at Wallops Island began changing. There was less incentive for tran- 
sonic testing wlth the hproved wlnd tunnel capability, and our interests were Increasing 
In hlgbr  ;kch mmbw problems. In 1952 Bob Woods: the Chief of Airplane Desm for the 
Bell Aircraft Canpany, proposed a new resesrch -lane, the X-15, for fly- m to the 
very edge of space. I renmber well his proposal, and equally well the people even in 

f l y  i n  space someday, so 
t h e  I heard the theme I would hear so often In later years reflecting the conflict 
between manned a d  urmanned ?light. The X-15 became a zuccessfbl research 'rplane, but 
the blunt space capsules i . both the United States and Russia became the first true space 
vehicles. 

In the guided rr&mIle Meld, heat transfer was becaning very inportant. H e a t  
transfer research lent itself' well t o  m k e t  model tzchiques at Wallops Island. Very 
accurate and usefui meamrments were &e In -flight U s i A g  the skln of the missile as 
a calorimeter. RLis w r k  started with research on slender -,dies of revolution and In 
later years pwceeded t o  concentrate on reentry bodies kvlng  blunt faces. Figure 8 shows 
a research missile designed for bourdary-layer and heat transfer work at  hlgh Reynolds 
mnbers at . prsonlc speeds. Ihe mdel was designated the W 1 0  and used for correlating 
flight and wind tunnel results to sbw the effects of Reynolds number and tunnel turbu- 
lence at various W h  m W r s .  

bp own career was chmglng alonp with the changirg research picture. I became 
an Assistant Dlrector of the la rg ley  Centep, and my responsibilities broadened io Include 
the Stxuctures ard  AerpdJnamic I s  DlVisians In addition t o  the free-fllght testing at 
Wall-9s Island. rxlrlng the next few years we wrked very hard to  develop structures and 
technlques for high-speed fllght and high temperatures. The work at Wallops I s m  went 
t o  hi@er and higher speeds using miltistage solid rockets. In order to  reach the high 
h c h  numbers required, powerful new solid rockets were acquired an3 9tagIr-g technlques 
reached a high degree of sophistication. 

those times who said, 'W f ly  man? WIQf mt fly an instmt?" v i  reply was: "Man w i l l  
not start doing it as soon as possible." TNs was the first 

In the years just, prior to  Sputnik, five-stage 
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In k t h  1958, at another tmfkwme held at t k  kaes Ibswmhcentg, raX Paget 
pesmted a paper+ called m- studies ~atellitea - w e s s  
tion: Non-I i l f~ ."  l h i s  #is a very sQplfIc9nt paper. It plt farward nost of tle key 
Itens a t  rre umld use in canduct&tg the mury PrOJect. It .- a t  a -le, ll~t 

l l f t l rag  satellite vehicle of pmper design could follow t ttdUst!.c path in 
atamcspbre witbA experlen:ing heat- rates or acceles-atiorrs tht vould be dangenm to 
man. 
capsule dam f h u  orblml speed ard altltule to a reentry into the atam-. It also 
described the use of pa achrtes for pit.lal descent ard sunn attituie jets _Car c o n t m m  
the capsule in arbit, durm mtmflre, and reentry. 'his paper conclufed: -AS far as 
ceentry and are amcemed, tk state of the art I s  sufficiently advamed so eat 
it is possible to pmceed anfydently w l t h  a mrnred satellite gmJect based upcn tire 

ballistic reentry type of vehicle." 

thefrantrunw.ofall~lmrmedsatemtes,inmyjudgemenR;. Rlttkrernremny 

t h  

It shoued flartkr t̂hat IT?txxmckets of llKdest performance yepp idequate to the 

Because of Its great singd.lclty, the rmu;,m, tallistic-type of vehicle u&s 

variations of thLs an3 otM concepts urder study by both- and itldustry n s .  
The cblce Fmlved  consfdemtlons of we=, launch vehicle, lpentry body des*, an3, 
to be tanest, gut fee-. Same -le felt that nrin-ln-space was anly a stunt. Ihe 
U s t i c  appmach, in particular, was uder Mre since It was such a radical deprtum 
Rnn tk airplane. It was called by I t s  -ts "the nan in the can," ard th~ p2ot #LS 

tented only a "medicdl specimen." Others t-t it just too umli&fXed array to f l y .  

Even Hugh Dryden, at that t- was Mrector of NACA, labeled the ballistic capsule 
pqmsal  of the AnapJ's "Pmject Adam" the s ~ m e  as "shoot- a zady out of a e-." vhen 
we propose3 a similar ballistic phase In the Mercury Project a year or so later, he 
appmved it since It was bq then a buildup phase to orbital flism In the mf- tes t -  of 
the spacecran. 

Varlars des- ccncepts mier  study by U.S. inaustry at tkt time are shan in 
FYgure 12. Wse c w t i m s  were caapared ard discussed at a confemme held at  
We= Field In January 19%. Weights of satellites varied h9m 1,OOO to 18,000 pcrunds, 

and a wide variety of launch vehicle cuhinatlons were proposed. Even the X-15 tms In the 
nmnlng. Its backers thnght they could "doctor It up" sometm to get It thmugh the 
reentry heat phase and theFeby make It an orbital vehlcle. Mhr Kantmwltz of AVCO had 
a very Interestkg concept whlch 'would deploy a very larp~? metal parache In orbit to 
cause enough drag or  
wfid actually becm white bt fran the aerodynaJlric heating. Nevmtheless, the xmjarlty 

s t i o n  to cause reentry. I)urlrrg reentry, the metal parackte 
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&mned Satelll&s Mer StUay by U.S. I d u s t x ~ ,  Jaruary 1958 

of the at.sospace ccmpanies felt that sane sort of ball lsttc sbape shwld be used. Cost 
estimates varied firm 40 million dollars to about 900 million.+ 

h e  concept of considerable interest, not shcMl in plgulp 12, was proposed by 
Ckrles .Yatkwz of Iangley. It was the f0remm.r of the space shtt le des- of today. 
N e  -sed a circ- craft tha t  mild  reenter at a very high arrgle of attack. In 
this mxfe of flight the heat- I-&& Mwld be grea t ly  2.educed and c m  largely to the 
10- surface of the wing. Fbllowhg the m & y  heating p-, it .IJculd pitch c m r  and 
f l y  to a larding l ike  a conventlcnal abplane. A l l  these and other cancepts were interest- 
% and no dmbt could have been mde t o  work in due tim. However, the most advanced 
bal l is t ic  missile at that the, the A t l a s ,  could be expected t o  lift only about 2,000* 

+It is of interest that the a c t d  cost of the ProJect WBS about 400 
million dollars. 
wide tracking rang- and the steamhg time of the U.S. &vy for recovery purposes. 

Mercury ms ready to f l y .  

'Rds cost covered ane?ythhg, irlcludlng the canstruct!on of the mid- 

*The lift rxpablllty of the A t l a s  grew t o  mre then 2,500 P0urr;s by the  time 
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In the early smmr of 1H, a rumber of' us f b n  U e y  Field ard other Labarj- 

for the new space agency that seen& certain to 
tories of NACA went to  work in llbhmgtcn full-time to help myden and other members of 
his staff put together a plan erd a 
be mated by the Congress tkt year. Awut 20 of us n&e cur hezdquarters in ( x ~ e  large 

man cn the sixth floor of the old NACA b u l m .  There were about 10 telephmes in the 
rwn, and we worked together and with others in washingtm and around tk country to 
create a plan and a b-t. By this time, Abe Silverstein of the Iewis Research Ce~te- 
had ken transfe-.I.ed t o  WaSNrrgton, and Dqden p l a c d  him in charge of plaming the entire 
space flight PmF=. 

Abe Silverstein and Hugh Dryden a5sigpd t o  me t o  -anage the man-in-space pro- 

gmm during that hot sumer of 1958, severai mmths befare NASA was created. I put 
together a plan that I hoped would be acceptable, not only t o  the people in NACA, but to  
the Advanced Research Projects Agexy (ARPAj, ami, or' course, t o  the h s l d e n t ' s  Scientific 
Advisors. 
ard frcm the Lewis laboratory t o  f m  a sort of task farce. Members of this ercup included 
Max Faget, Paul h e r ,  Guck &thews, auld charley Zirlmerman of the Langley Lab, Andre 

Meyer, Scott Sinpwrscn, and Merrltt Preston of the Lewis Lab, and 
needed" basis. 
smwr t o  help with the final plan, as a? Charies Dailan of Langley. 

'In order t o  do this, I collected a select gmq of people R.om Iangley Field 

others on an "as 
George Low and Warren N o r t h  of k w h  were brought i n  toward the end of the 

rxlring t h e  humid smner days we caw up with a l l  of the basic principles of 
Project Mercury. The capsule would have a blunt f?ce and a coniczlly-shaped afterbcdy. 
d d  be pressurized with a breathing atmosphere for t-he astronaut. The first  reai design 
t o  be put on paper was the  wmk of Caldwell C. Johnson of the Langley and Wallops Island 

desi@ groups. 
Faget and others at Langley, Caldwell Johnscn continued t o  create successful spacecraft 
desi@,s over the years. 

Mercury. 

It 

Thjs original desipy! is shown i n  F i g u r ~  13. W u r k h g  closely with Max 

He helped create the designs t'or A p ~ l l o  s a  after doing those for 
' h e  c-scnp tower was conceived by Max Faget, Andre Wyer, and scme of their 
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A u o f ~ p e a p l c r r o a r k e d ~ s , ~ , a r r l w e e k f f l d s .  Weevenworkedon 
Nepr Years Day tbat year, but we did take OfY New Yeam Eve. lhose WeFe dsys of the mt 
lntenslve and dedicated workby a m  of -le that I have ever experlaced. Nure o f  
us .~-'ll forget it. We were 
I s m ;  testa parachutes in m43Cale drape fmll hellCapter8.. and WtIP i rq  rrater 
mt loa% on capsule -law at IargUy Held. 

In our early arganieatim, I vas the Mzlecece of the space Task (froup wlth 

tests of escape lpocket8 over an the bea-h at wallrsps 

chrles DaiLan the Assoclatc xnmctor. -Paul pursg aerved as pp. special Assistant, m 
Paget kaded the FU&t System Mvlsim, Charles Watherrs the mtlm M~&lm and 
Chrles Zlommmn, who c a ~ ?  Prcm the Iargleystebillty Mvlslm, becane he& of a eroyp 
Q1 kliabillty atxi Quality Ass~olcmce. our mu C u l t I s C t s  vere hsndled by serwocd Butler. 
Ue obta+rxi ptbrsiccians am3 mt 8urglecns with meal tsairrirrg m logn &m both 

the Air F s m  ard the Navy, BS  ell ~ a m e  ~ c M I . o @ ~ s  rho t o  help US in Wt- 
the selection pmmhres far the astraneuts. Ik. FbndoQh Lcwelace of the Lcwelace C M c  
in AlblJnp&?que, New Mexlco, a@eed to head an Adviscc.y ccamdttee m space medical pm- 

b h m .  He was a great help to us i n d e ~ w l t h  the medical ccrrrmnity in the early-days 

of space. 

times. Iwillnottrytoxwerthemallhereagain. Ehtthemamafewmmrlesand 
anecdateLs that are Interest- and have never been told before. &e such memay has to  do 
with the term "aslzmaut." I rwm&er - w e l l  uslngthis term to describe the men to be 
selected as f l i g h t  cI.ew with Dryden. me questicn came up as t o  wt&her we should 

call them "astraxiuts" or "cosmnauts." Dryden was of the opinicn that "co8111wIELut" would 
pmbably be IRH'~ accurate because mtm, of course, applies to  the s m 3 ,  and we really 
were beglmhgto probe aily the nearby c-. Hrmwer, the way It turned out, everye  
we talked to seemed to -fer "astnneut," and this was the ll~rme that stuck. Rrat is 
fartttnate, I believe, because now whm we say wastronaut," we k r m  we man herlcans, and 
when we say "c-," we larrw we mean Russians. 

Initially OUT specialists in cren SelectIan praposed choosing space pilots fnm 
people who had t3ange1m.t~ pmfesslm, such as race car drivers, moclTltain cllnbem, scuba 
divers, as well BS test pilots. Few people reallzed then the degree of skill, lawmledge, 
and traMng 811 astrcnaut would need. W n  plpsldent Eisenhower decided that astronauts 
wculd be chosen f'rom a mllltary test pilot pool, we breathed a sigh of relief. This was 
one of the best declslans in the progmm. It &e It q d t e  oinple and logical to delegate 
flight control and CarmeTd functians to  the p i l o t  of the satellite. 

capsules with the Little Joe rocket (FQwre 14).  We started firYt wlth a research program 
just to  get more flight experience with the new space capsule configuratlws. We had to 
be sure there were no serlous perfomce and operational problem that we had sinply not 

Rre events and accaqllshwnts of the Herany prs fec t  have beer-, docum-ited 

We returned to W a l l -  13- in the m q  to larplch bw-tyPe 
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FYg. 14 
Rwduction " k m r y  capsule and Little Joe Booster 

Rocket I n  Backpxm3, Wallops 'Island 1961 

thought of it1 such a new and radical type of f'llght vehicle. We also went back to wallops 

+n April 1961, before the first  V a t &  and Mercmy narared fiights, to t e s t  the IWhnell 
capsule at hl& w c  pressures wltb %he Ltttle Joe rocket. The pnpose of t 3se tests 
was to ensure that  the escape tower and the spacecraft would f'uncttm properly In the 

abort mode at high c€ynmic pressms. These tes%s pmvd highly stlc,m~flil by unmwrhg 
sune deficiencies fn the llndt snitch sj'sstem that sensed ?epaxt:.-n M c h ,  if they had not 
been m t e d ,  a t  have caused umecessary aborts in the Plght **jts that follawpd at 
cape cm-. 

h.an Iewis arxl fmm other agencfes of the O c v e m t ,  ami fmm industry as w e l l .  Those 

becarrsc! there wss such a need for 

Our space Task Grcq was g t w h g .  We were MIQ not on* Ram Iangley, but 

days must have been partlCUlar3Y diff9cult for Langley and it5 Mrectar, Floyd ?hanpsm, 
peqple tk t+  we mild not help but contlnue to 



recruit from the Langley Research Center. Floyd lhcqson was very wise in the way he 
handled this. He told me one day, "Bob, I don't mind letting you have as good people 
fran Lang.ey as you need, but fhm now an I am going to Insist that far each man you want 
t o  take, you rmst also take one that f want you t o  take." So th i s  is the way it happened. 
From that day foIward, whenever we took a new ~~llin that we had recruited, we ti ls0 took a 
lnan the Langley w a s  eager to transfer. 

Wlrg those early days we had technical reviews of the progress about every two 
mths. We either journeyed t o  Washington with our charts and models t o  discuss with 
Adnhlstratcr Glennan and his staff our progress and problem, o r  he w o u l d  cane t o  Lengley 
F'leld with Hugh Dryden, Abe Silv,. stein, and others fn,. q%dqurters. These rpviews were 
very good indeed because they set up milestones against which we could masum our progress. 
We were able t o  flag our problem for the Administratar, and we had plenty of then. 

Cne of my problenr; i n  those days was getting authority from Washington to buildup 
an adequate staff. This was a project of an entirely different dimension than anythhg the 
NACA had ever done before, and even with ~QI best effor ts ,  I still had aily a hundred or so 
people for a project which was gradng i n  caplexi ty  and spending many millions of dollars 
a year. 
vehicle area, but also i n  the operations area as well. 
tracldng net, and work ou: recovery operations With the U.S. Navy and Air Farce. 
a l l ,  we had many, many tasks, and fo r  a time 1: got very l i t t l e  synpatw from 
in Washington when I appmched then with the need f o r  more men. 
they were ultimately convinced, and we received the C i v i l  Service billets we needed fran 
the nedy created Gcddard Space Flight Center. 

full-sea'.? reentry test. launched by an A t l a s ,  i n  September 1959. In July we suffered a 
mJor setback when our first. Atlas-Mercury production vehicle failed structurally utder 
launch loads. 
February 1961. In Decembc- 19f0, we had our flrst succ~ssfUl 
capsule launched by the Redstone at C a p e  Canaveral. Things were beginning to fall into 
place, and we worked hard t o  acconplish the first xmnned flight in 1961. 

We had t o  cover I I E ~ ~ J ~  fronts, not oa?ly i n  the manufacturing area ard the launch 
We had t o  develop a worldwide 

All in 
superiors 

Fbrtmately, hawever, 

We selected astronauts in April 1959; we flew the Big Joe capsule, our first 

These problems w e r e  not cleared up un t i l  the flight of Mercury-Atlas I1 In  
test of a production 

THE EM> OF "HE BEOXNNING 

Our first f l ight  i n  1961 launched the cNnpanzee named "Ham." Ham wits a friendly 

l i t t l e  fellow who received great play i n  the newspapers. His flight w a s  highly successful 
fran an aeromedical point of vic . He was able t o  fLuxticn perfectly durL-w; the period of 
weightlessness. He did all his chores and withstood not only t9e normdl launch accelera- 
tions, but also a 20-g thrust  of the escape tower which o c c ~  because a Mdstone timer 
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was lnproperly set and had not deactivated the abort circuit at the time of &-stage 

bumout. This was t o  give the capsule an added push on Its way t o  a new distance recard 
for a Redstare and a landbg point far away from the recovery ships. 

After the flight of Ham ard other tests on Rtbtane, A t l a s ,  ard Little Joe 
rockets, we were ready far manned flight. Ch May 5, 1961, Alan Shepard b z a m  our first 
man In to  space. Iater that mth, the decision was made to establish a goal of larding 
Americans cn the Moan and retunzing them safily t o  Earth before the erd of the decade. 
President Kennedy made that decision on the advice of won B. Johnson, the Vice President, 
James Webb, the mw NASA AchnMstrator, yd with tht? ~~lanimsus suppwt of the Conjyess of 
the United States. TNs truly mrked t!! erd of the beglrmlng. John Glenn would fly 
successfully Into orbit In February 1962, t o  be follawed by Scott Carpenter, Wally schirra, 
ard Goxkr~ Cocper-Coqxr mking the l-st flight of the Mercury Pmgrm i n  May 1963. 

The years from "Wallops Islard c 3  Mercury" saw the science of flight p r o g ~ s s  
from the s d c  bar r ie r  to  manned satellites capable of orbiting the Earth. In looking 
back over those years, I think we 'were extremely fortunate to  have developed the people 
and the capab2lity for m3nneC spacecraft design and operatians. 
be there when needed, and ?ver~ mre fortunate t o  have been even the opportunity to 
participate i n  such an inportant ard exciting part of world history. 

We were fortunate also t o  

1. shortdl, Joseph A.'Wstory of Wallops Station"(unpublished). 

2. Gilruth, Row R. Fkquirments for Satisfactory Flying QuaLities of Airplanes. NACA 
Technical R e p o r t  No. 755, 1943. 

3. Oilruth, Robert R. "Res~rme and Analysis O f  NACA Wing-Flaw Tests." R ' o c x H U ~ ~  of 
Aeronautlnal Cderence,  bndon, 1947. Published by the Royal Aeronautical Society, 1948. 

4. Swemon, lroyd S., Jr., Grinwood, James M., Alexarder, Charles C. This New Ocean: A 
Histcay of Project Mercury, NASA SP-4201, 1966. 

5. G r l ~ n w o d ,  Jams M. Project Mercury - A Chronology. NASA SP-4001, 1963. 
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APPENDIX A 

I3Mc-uIIwI( h r  koocrate mrcctor 

3ubjact: Spce h . k  (koup 
t 

H 

1. Tk Ad.lalotrator of NAa bnr blrccted me to OrgU2ita a opact 
t a l k  troup to  - l a a t  a maned rmtellitc pro!cct. 
k lorate4 a t  the hagley  Remarch Center but, i n  accoldawx v l t b  tbe 
lnatmctlono of the Mminlotlrtor, vi11 r+p~r% dirsctly t o  NASA i k s d ~ e r r .  
In order that thin pmJcct praccrd vltb tho uho8t p e d ,  I t  i r  pmpoaed to 
form th io  opce  t a s k  group uwud a m c l u r  of key -cy prrorml, mny 

Thla Wok group dll 

d vba h*. r l r r d y  r W k d  O11 thio prOJ.ct. 

2. 
h a g l e y  peroctane1 be r ~ ~ o f e r r e d  to t& 

Anderoon, )*.l*in s. (3tmctumo) 
Blmd, U l 1 1 ? ~  H., Jr. (W) 
Bean, Aleah s. (W) 
Doyaw, WIlilcp J. (YRD) 
Qiltoo, Robe& 5. 
m, -1cr J. !E! 
lh@, A. (PAW) 
Fields, Mlroo M. (PARD) 

m c k ,  Jercwr B. (PRD) 
btlcy, ~ h i r l e y  (Steno. ) 
Llebcrlig, Jack C. (M) 
Klck3, Clalborne R., Jr. (PAN)) 
Kchlet, Alw B. (WZJ)) 
Kolenklewlcr, F d 4  (PARD) 
t3aft, m:otop&er C.,  Jr. (FRD) 
huten ,  W11?lm T., .Jr. (DIP) 
Lee, John B. (PARD) 
IAvcry ,  Noma L. (Fi ler)  
~ocrc, ~ a n c y  (btcno.) 
@chigal l ,  George F., Jr. (S tabUl ty )  
.mein, Rtoy F. (PARD! 
mthevm, -le. U. (RID) 
Mt, ~ o h n  r. (m) 
w i l y  Wllllrs c. (Plulnlw) 

It 10 requeatcd, tberefors, tbat  i n i t i a l l y  the follovln6 >i 
T u k  Orarp: 

GllNth, R O k r t  R. (CAD) 

RvH4,  Rul E. (-1 
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This tmvolume publication pmsents the prcceedings of the turd through sixth 
Mstozy srsposia of tbe IntematiMal A . c a d q  of A ~ $ x m a ~ € c s .  Thirty-nine papers are divided 
into four categories: (1) Early Sdid-RPpe lhnt  Rocketry; (2)?.0cketzy and Astronautics: Concep 

r880 - l*S; apd R o c k e t r y  end Astronautics after i 9 5 .  Categories 1 and 2 1.511 be found in 
Yolrrmc I, 

Prory, crad A n a l y e s  e&er I&; ( 3 )  K&mlopuent Of Liquid- and Solid-Propellant Rockets 

the ram.Inder in Volume 11. 

Axmg other dlcipllries, R o c i c c t r y  r+nd Astronautics enconpasses We j7h;lsical and engineering 

and celestial wzchmnics. Wpers pnsented in these two volunes rzing,e f n u a  those of empirical 
expe-ters wbsusul the time-hanorrd "cut and try" .=%hods t o  scienti;its wteldiry theoretical 
p ~ h ~ i p a l ~ .  Ibc work traces the coup- 
advanchs and state support tbat produced the a=scane progress in rociret.y and astronautics -- 
for the most part within Uving -ay. 

S C i - A a s  f lu id  m C b a n i C S ,  thtnnodynamics, vibration theory,  S Z ~ c t ~ l  mchanic~, 

of thc physical and eaglneeriy sciences, Industrial 

Tbe proceedings of the four symposia pmsent in these ti;o -iolunes hformation an the hQrk 
of lea&ng investigators and tbsir associates carried out in the first two thirds  of the 
tvartleth ccntury. 

17. Uav wad, tsylaad bv Aur)p.Ir)) 
liquid propellants, s o l i d  propellants, 

rLnglces flight, fuels 
UtetalluFgy, firrvarks, -11 rockets, 


