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THE U.S. ARMY AIR CORPS JET PROPULSION RESEARCH PROJECT,
GALCTT PROJECT No. 1, 1939-1946: A MEMOIR'

F. J. Malina (usa)"

I. INTRODUCTION

This memoir is a sequel to the one I wrote on tne GAICIT (Guggenheim Aeronau-
tical Laboratary, Califarnia Institute of Technology) Rocket Research Project 1936-38, for
the First International Symposium on the History of Astronautics, organized by the
International Academy of Astronautics at Belgrade on 25-26 September, 1967.1 As I pointed
out then, I fully recognize the fallibility of memory and the unavoidable injection of
personal evaluations and judgements.

Whereas few written records for the period 1936-38 of rocket research at the
California Institute of Technology (Caltech) remain, during the period 1339-46, numerous
formal reports were prepared under contracts to agencies of the U.S. goverrment, and are
available to anyone interested. On the other hand, during the latter period our research
work became secret, so that there are not many personal records of an intimate kind to
turn to for aspects of developments that frequently are more interesting than cold, formal
reports. It is a misfortune that minutes of the weekly research conferences held between
1939 and April 1944 are no longer to be found in the archives of the Jet Propulsion Labor-
atory (JPL).H Secret classification of research also prohibited the free putlication of
results between 1940 and 1946. For this reason, some of these results are still not as
well known as the more highly publicized activities of other groups during thils period in
the USA and in other countries, especially in Nazi Germany. This situation was aggravated

+Presented at Third History Symposium of the International Academy of Astronau-
tics, Mar del Plata, Argentina, October 1969,

HCo-Founder and Director (1944-1946) of the Jet Propulsion Laboratory, Cal. ‘ornia
Institute of Technology. Trustee-Past President, International Academy of Astronautics.

HAlthough the designation JPL was used for the first time in 1944, the work of
JPL is considered to include rocket research at Caltech initiated by the Galcit Rocket
Research Group from 1936 orwards. Lo
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by the fact that several key persons who led the research at JPL dispersed after the end
of the Second World War. Summaries of various aspects of this work, some published, can
be found in References 2 to 10.

In September 1939, Nazi Germany invaded Poland and World War II began. This
had a direct impact upon the rocket research plans of the GAICIT Rocket Research Group.
Work toward our dreams of designing rockets far scientiflc research at high altitudes and
for space flight had to be deferred for several years. We had anticipated the outbreak
of war in Europe some time before it began, and our thoughts turned towards the use of
rocket propulsion as an awxdliary to the propeller-piston engine power plaiits then in
general use for aircraft. We had been authoritatively told by a senior officer of the
U.S. Army Ordnance Department that there was little possibility of applying rocket pro-
pulsion in military missiles.u

Inter-service rivalry over rockets would appear several years later. As late as
1944, the Army Air Corps, by then called the Army Air Forces, readily allowed the Jet
Propulsion Laboratory to undertake America's first research program on long range rocket
missiles for the Army Ordnance Department. At the time, Army Alr Forces foresaw little
possibility of such missiles replacing many functions of bomber aircraft in warfare. It
is surprising that Allied military intelligence had no inkling of the advanced state of
military rocket development in Germany until 1943.

When General Henry H. Armold, Chief of the Army Air Corps, visited Calteche’ 9
in May 1938, Theodare von Karman (1881-1963) (Figure 1) first learned that interest was
developing in the use of rocket propulsion far military aircraft. I prepared a report in
August for the Consolidated Aircraft Company (now called General Dynamics/Convair) at San
Diego, California, on the possibility of using rocket propulsion for assisting the take-
off of large aircraft, especially flying boats ' (Figure 2). In early December, after
giving a talk entitled "Facts and Fancies of Rockets" at z Caltech luncheon of the Soclety
of the Sigma Xi, I was informed by von Kaimén, Robert A. Millikan (1668-1953), and Max M.
Mason, that I was to go to Washington, D.C., to give expert information on rocket propul~
sion to the National Academy of Sclences Committee on Army Air Corps Research. Mason was
chairman and R. A. Millikan and von Karman were members of the Committee.

General Amold had asked the Academy for advice on a number of subjects, one of
which was the possible use of rockets for the assisted take-off of heavily loaded aircraft.
Same feared that sufficiently long rurways would be unavailable in combat areas. (Later,
others feared that the new jet engines would have low power on take-off and would require
very long rurmays.) Actually, the bulldozer solved the problem on land, making long run-
ways practical. Rocket-assisted take-off of ailrcraft on aircraft carrlers, however, soon
assumed importance to the U.S. Navy.

I prepared a study entitled "Report on Jet Propulsion for the National Academy
of Sciences Cammittee on Air Corps Research," which contained the followlng parts:
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Fig. 1
Theodore von Karman in 1939 (cirea)

(1) Fundamental concepts, (2) classification of types of jet propulsors, (3) possible
applications of jet propulsion in commection with heavier-than-air craft, (4) present
state of development of jet propulsion, and (5) a proposed research program for develop-
irg Jet pr'opv.lsion.12 The word "rocket” was st..l in such bad repute in "serious" scien-
tific circles in the USA at this time that von Karman and I felt it advisable to follow
the precedent of the Air Corps by dropping the use of the word. It did not return to our
vocabulary until several years later, when the word "Jjet" had become part of the name of
our laboratory (JPL), and of the Aerojet General Corroration.

I presentad my report to the National Acadeny's Committee on December 28, 1938,
and shortly thereafter the Academy accepted von Karman's proposal for a study by our
GALCIT research group of the protlem of the assisted take-off of alrcraft as well as the
preparation of a detailed plan for an extensive research program, The Academy provided a
sum of $1,000 for this study, which was to be completed in about six months. Incidentally,
when Caltech obtained this first government grant for rocket research, Jerame .. Hunsaker
of the Massachusetts Institute of Technology agreed to study for the Alr Corps the de-
icing problem of windshields, then a sericus alrcraft problem, and told von Karman: "You
can have the Buck Roger's jor;."q
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M. 2
Frank J. Malina in 1943 {cirea)

Jon W, Paveons (1914-1952) (Flmure 3) and Bdwerd 5. Forman were dellphted when
I revurred Prom Washingoon with the news that our efforts durdne the previows three years
were to be rewarded by flhanelal surport frow the povertment, and that von Karman would
devote more of his time to the work., We could even expest tobe pald for dolng rocket
vegearch, Parsons, Pormen and © owere the only members of the origlml GALCTT research
Eroup at this time =611) careviig on gt Calteo . We procesded to aolleet 1 e Informe-
tion on rockets Doy aenletlng the tabewoff of alveralt, wd Yo scoumilate experinental
data on rocket motor performrce with solld propellont rockets and with the paoeous pro-
pellant englnes 1n a test ctand we hed constructed the previou vear.

I Moy 19%0, s part of his survey of alreralt develooment Tor o the Army Alr
Corps, Charles A, Lindberg came to Caltech after visiting Robert W, Ooddard ot his Hew
Mexleo research statlon. Since von Karmin was sway on ore of We rather Trequent teips,
Clark B, Millikan (100%1966) briefed Lindbers & fterorpubiond recesrch At GALCIT, and 1
tald Rim about our studies of the posoible use of rocket propulateon foralreralt, He sald
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¥le 4
Jalin W. Parsons in 1940

nothing about his visit with Godfi;;m.u It 1s odd that none of the nilitary services, to
my knowledpe, ever requested JPL to send coples of reports to Goddard, although we had 2
considerable malling 1list of individuals and orpanizations. Simllarly, .one of Goddard’s
reports Lo povernmental agencles were ever received at JPL,

About this time 1 learmed that Eugen Sdnger «uo carrving on rocket research in
Germany in reply to a letter 1 had sert himin %’i.ffmaf But Information on rocket
research in Nazl Germeny el bepan in the early 1930's was unavallable to the Project

until Hoverber 1943, when we recelved Uritish Intelilpence reports on the V-2 missile work

at Peenemuride, Ko Information on rocket pesearch in the USSHE was avallable luring the
perlod of this vemolv. Later, in Senterber 1944, T went Lo England on oa mission for the
Ordnance Department where 1 obtalned detalled information on British rocket recearch. 1
obtalned further Information durlne a sscond misslion In the autum of 1946, Same reports
had been received by the prolect on Britich work begtrnine in 1540, ard several British

researchers vigited ue durdne the Dollowing vears,

+

4 Py ot U8 3
Seo Ireve Saryer-tiredl,

the Aerospsce Trancporter,” fnoahts

The Siiver Bird Story and the Develomment of
=k
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The studies and experiments we carrded out in the spring of 1939 made us suffi-
ciently confident of the pussibil’ty of developi.., both snlid and liquid propellent rocket
enines to the extent that we prepared a proposal to the National Academy for a $100,000
program of research and facilities constrmietion for the fiscal year 1939-40, beginning on
July 1, 1939. Von Kdrmén took the proposal to Washington only to find that our optimism
was not shared either by the National Academy or by the Air Carps. In his autoblography,
von Kérmén recounts that while discussing the proposal with Major Benjamin Chidlaw (later
Commanding General of the Air Material Command) he was asked “do you honestiy believe
that the Air Corps should spend as much as $10,000 for such a thing as rockets?™ This
awount turned out to be the maximum that could be obtained. It meant that our experimen-
tal work would have to be done either on the cuampus of Caltech, where our presence was
not very popular, or with temporary portaole setups j. the Arroyo Seco river bed above
Devil's Gate Dam on the western edge of Pasadena.

The contract, spnsor .d bv the National Academy of Sciences, came into force
an 1 July 1939, bringing int~ being the Army Air Corps Jet Propulsion Research Project.
(A year later the army Air Corps took over direct spinsorship of the Project.) Under :ts
terms, studies wer- to b~ made of a number of basic problems connected with the develop-
ment of rocket engines for application to the "super-performance” of aircraft. The term
"super-performance” was defined to include: (a) shortening of the time and distance
tequired to takeoff, (b) temporary increase of rate of clinb, and (c) temporary iirrecse
ol ievel flight speed. The coutract also wisely authorized work to be done on bnth liquid-
and so0liC -propellant rocket engines.

Von Karmdn, then 58 years of age, became actively committed to the development
of rocket propulsion by assuming direction of the Prgject. Parsons, Formar, and myselfl
as chief engineer, formed the nucleus of the staff. He brought to our work his vast
experience of utilizing mathematics and fundamer.tzl physical principles for the sosution
of difficult engineering problems, and a rare skill in negotiation and organization.
Parsons was then 25; Forman and I were 27. While von Karmén was away, I chose the
designation GALCIT Project No. L for the Air Corps mesearch. When he returne. he sur-
prised me by frowning at the designation. He sald I evidently did not know what House
No. 1 meant in China. At the Air Material Command, Wright Field, Deyton, Jido, the Pro-
Ject was Jwwn by the designation Aircraft Luborat~vy Project MX 121,

We carried out the experimental work partly on the campus of CTaltech ard partly
in the Arroyo Seco above Devil's (Gate Dam in Pasadena during the first year of the Pro-
ject. In 1940, six acres on the western bank of the Arroyo Seco were )~ased frcm the
Water Department of the City of Fasadena for the duration of World Wazx "I. Approximat. ly
0 acres had been leased from the City by 1946 and this area is still a part of the trict
on which the Jet Propulsion Labomatory is lucated. Most of the tanporary structures for
offices ary® testing have disap, ared, since then replaced by permaner’ installations.
Residents near the Project put up with the noise of r-cket testing wcll ‘he end of the
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war in 1546 but, thereafter, nolsy experiments were shifted to other instailations, for
example, Iin the Mojave desert. PFacilities of the Project in 1041, in 1945, and in 1969
are shown in Pigures 4 (a) and (b}, 5 and 6.

Fig. 4 (2}
Sketeh in 1940 of Iayout of First Project
Facilities to be Constructed at the
Arroye Seco, Pasadenz Site

The Project berefited greatly fram the use of special Caltech laboratory egquip-
ment, and for advice from members of the faculty and staff. For exasmple, Aladar Hollander,
Lirus 4. Pauling, and Pritz Zwicky were fiequently consulted. A Themistry Uroup wnder the
direction of Bruce H. Sage begen working on chemical problems of propellants for the pro-
ject in 1342, Also, several Caltech staff nembers served as senior research englineers for
the Project on a part-time basis. The fact that Zwicky became one of our consultants in
194C “ad ironic overtones. Wnile working on the theory of rocket propulsion for my doc-
toral thesis in l‘?‘%’?,i} 1 mentioned Yo bim sore difflculties 1 was having in my study.

He exploded with the opinion that I was wasting wy time on an impossidble supject. For, he
said, I must realis. that 3 rocket sould not operate in space as it required the atmos-
phere to push against to provide *hrust! Hy 1540 he realized that he wac mistaken.

1€ is not possible in this memcir to mention the many devooed men and waren who
carried ot pocket resvarch, assisted in the construction and festing of experimental
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Fig. 5
Layout of the Facilities of the Jet Propulsion
laboratory, GALCIT in Jurne 1545

exit angle of the exhaust nozzle and the specific heat ratio of the exhaust gas (Flgure 8).
A form of this di&g:*miﬁmweﬂfwmmm ﬁeﬁﬁmltmt mﬂiﬁm,%. of a
rocket motor. The effect of the argle of ﬂivesr%m of the exbaunt rozele on thrust wider
ideal conditions was caleulabed by Wsien.
, Experimertal studies of the characteristics of a rockeb motor were carried out,
beginning in 1938, by Parsons, Forman and myself with the gasecus propellants, oxygen and
ethylene.’ Data were first cbtatned with oxygen alane to check the test stand installa-
tion and to compare resulte with those reported by Bartocel in Mareh 193, These were
followed by data obtalned with the combustion of oxygen and ethylene.’ % Durtng one of
the first serdes of tests with tils combination, in March 1939, the oxygen line exploded,
seattering parts of the apparatus over a large area. Though shalten, Parsons and Porman,
who were conducting the test, were unhurt. A plecc of the Bowrdon tube of one of the
pressure saes burded 1teelf in g wooden ’mam about where my head would bave been 10
von Kdmen had not called me away earlier,

Hartin Superficld jolned the Project in July 1540 and continued these studles
with an improved test Installation (Figure 9], In particular, e determired the valle of
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Fle, 7
Persorpel of the Jet Propulsion laboratory,
GAICIT in 1945 (cirea)

Btability of Hestricted Burning Solld Propellsnt Rocket Unite

Dre of our Dirst objectives was Lo develop a s0lld propellant rocket it capa-
ble of delivering a constant thret onothe order of 1000 pourds Tor g perlod of 10 to 20
aeconds.  As far an wee Woown, no black powdey or smokeless power pocket bad ever been
corstructed to meet these specifications of thrust s duration. BEoerts we consalted
were very dublous about the possibility of dolrg so.  Preliminary experivents made by
Parsons and Forman with pressed solid propellant charges restricted to burn olparetie-
fashion appeared to support this a:tiw‘w 1t was pereraily belleved Liat the sobustion
chamber presoure of a4 restricted Duming solld roc et undt would contlinie Lo tlse from the
moment of lgpition until any combustion chamber of reasonsble welpnt would burst. In
other words, 1t was thought that such combustion was Indwrently wnptable. Von ﬁzﬁfmm%‘a, in
the spring of 1040, after Listening both to the ooinlons of the experts and to the explo-
stons of Parson's rockets, ore svening ab nls bore wrote down Poe dlfferential eguntions
desoribing the operation of an ldeal restricted burning motor, and asled me Yo solve them
{Ploure 10}, Much to our reliel we fowyd that, theoretlonlly, o restricted burmlng unlt

werld maintaln 3 corptant chonber presowre s long ad the ratlo of Ye area of the Jvoat
of the extuust nozzle to the brning aren of the preopel it chowee remalnedd sorctart,
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Fig. 8
Universal Ideal Thrust Diagram (cf. Ref. 14)

that m,uemvcessisstable.ls'n Experimental verification of the theory was soon
obtained. (Cf. Section III). (It has been shown that the theory is correct provided the
chamber frequency is low [that is L* is large]).

mnxg(ofﬁoclcetnotws

A rocket mc* ¥ operates under more severe conditions of high temperature and of
continuous rate of heat release than any other heat engine utilizing chemical combustion.
For these reasons, problems of heat transfer are among the most acute and important in
rocket motor design. Rocket engines for the assisted take-off of alrcraft require motors
to operate for a maximum period of up to around 30 seconds. Tests made by various experi-
menters in the 1930s showed that for such a duration is was not necessary to cool the
walls of the ccmbustion chamber and exhaust nozzle. Ir an uncooled motor, thermal equi-
1ibriun in the materials of construction is not reached during the safe period of opera-
tion; if it were to be reached, the motor w uld become a molten mass. Work carried out
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Fie. 9
Martin Sererfield and Bdward C. Crofut in
Pront of Gas Propellont Focket
Test Stard in 1941

by the Praject on the dealin and cosiruction of wneooled soild propellimt units ad of
Liguid propelliant motore 1o diooussed in Sections IV ad V bilow. The uncooled linuid
propellant motor of 1999 1h. thrust wsed In the &-204 Tlent tests in 40 vad n safe

operating period of 75 secordds, bub 1% welphed 0 Zb:a,lg’w

High performrce, long diration rociet motors requlire the wse of refractory
Uners or cooling of the walls dn the case of Ulqudd propelisnt motors by all or part of
the propellants. In the 19308, researchers demoretrated the Peasitliity of constricting
regenerabively cooled sotors dn wilch the soolant 1inuld absorte beat g 1% clrculates
aroad the metor dn ducte and b then dndected ko the combuntlon chorber. Bxternlive
studies of regererativelr cooled motors were beoun In 1942 by Sumeriield and Selfert.
When they bepan these ptudles, practically mo Inforation wie awllable on Yw various
aspects of repererative coolive that would permlt the deolir of a motor to meel the Ar
Corps perlomuanss speclfioallions for varlow appllcationg. There were, in e, doubte

4440
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Fig. 10
Four Differential Equations That Describe the
Operation of an Ideal Solid
Propellant Rocket Motor

cast on the principle of regenerative cooling for motors operating at higher values of
specific impulse because it appeared to be a "boot-strap" process. But theoretical and
experimental studies showed that the principle was sound9 and data were accumilated to
permit the design of such motors.

Search for Materials

The high gas temperatures and velocities encountered in rocket motors and the
unusual characteristics of chemicals used as liquid propellants posed special problems
whose solution could not be found in other domains of heat-engine technology. Systematic
studles of materials were begun by the Project in 1942, including the properties of steel,
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aluminum and magnesium alloys, ceramics and materials produced by means of powder metal-
urgy. It is comforting to note that humans, in cooperation with nature, provided the
materials required by the designers of various types of rocket engines. The trials and
tribulations of those that searched for materials are evident in the early reports by

N. Kaplan and R. J. Andrus and by Mil1s,%2222 1n the morthly reports and in the confer-
ence minutes of the Profect.23s 24

III. ROCKET PROPELLANTS

Liquid Propellants

When the development of a liquid propellant rocket unit for use aboard aircraft
was discussed with the Air Corps, we decided that the project should attempt to use
aviation gasoline as a fuel and samething besides liquid oxygen (LOX) as an oxidizer.
Liquid oxygen, the ideal oxidizer from a rocket performance point of view, had been used
by Goddard, members of the American Rocket Soclety, and others. However, the problems of
producing, transporting and storing LOX in 1939 (or at any time, as far as the military
services were concerned) were considered so formidable that it should be avoided. In
today's idiam, the Air Corps wanted rocket engines that utilized "storable propellants.”

Parsons, in his repart of June 1937,25 suggested, among other storable oxidizers,
a mixture of nitric acid and nitrogen pentoxyde. In 1939, he recommended the choice of
red fuming nitric acid, a solution of nitric acid and nitrogen dioxyde, hereafter called
RFNA. This oxidizer has poisonous properties ard is very corrosive, requiring the use of
stainless steel or aluminum to contain it. Nevertheless, it was more acceptable to the
Air Corps than LOX. Just before Christmas, 1939, tests in an open crucible showed that
RFNA would bum with gasoline and benzene. As pointed out in Section V, Summerfield and
Powell subsequently found in testing actual rocket motors that RFNA and gasoline led to
unstable cambustion. The resulting pulses in same cases became so great that the combus-
tion chamber exploded. The phenomenon of "throbbing" has not been completely cured to
the present day.

A Chemistry Group, directed by Sage, was set up at Caltech at the beginning of
1941 to investigate the RFNA-gasocline reaction and the properties of other possible liquid
propellants. We began to dream of the advantages of a fuel that would be spontaneously
ignitible with RPNA. It would disperise with the need of an ignition system and might biaen
more satisfactorily with the oxidizer. In early February 1942, I visited the rocket
research group at the Naval Engineering Experiment Station at Annapolis, Maryland, direc-
ted by an old friend, Lt, Robert C. Traux. While discussing the provlem of RFNA-gasoline
cambustion with Ensign Ray C. Stiff, the chemical engineer of the group, I learned that he
had found in the chemistry literature a reference to the property of aniline to ignite
spontaneously with nitric acid. He wondered if it would be of any help > add aniline to
gasoline.
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During the overnight train trip from Amnapolis to Dayton, Ohio, it occurred to
me that we should try replacing gasoline entirely with aniline as a fuel. This would com-
pliate Alr Corps loglstic problems, but. it seemed it might be the necessary price to pay
far an engine that would not explode unpredictably. Upon arriving in Dayton, I sent a
telegram to Summerfield asking him to try the idea. When I returned to Pasadena a few
days later, he greeted me with exultation. We had a reliable, storable, liquid propellant
rocket engine!

Parsons and I filed a patent an 8 May 1943 for a reaction motor operable by
1iquid propellants and the method of operating it—a motor using spontaneously ignitable
propellmts.26 Long after the war, I learned that Lutz and his collaborators in Germany
had stumbled on what they called hypergolic propellants at about the same time, It is
interesting to note that our patent included, among other suggestions, the use of hydra-
zine as a fuel with nitrogen dioxide. This is the basic combination used in the engines
constructed by the Aerojet General Carporation for the Apollo Service Module, and by the
Bell Aircraft Carporation for the Apollo Lunar Excursion Module, which so far have per-
formed without fail in the flights of men to the Moon. The project initiated research on
hydrazine and its compounds in 1945.

We encountered considerable resistance from the military services to the accept-
ance of the toxic aniline as a replacement for gasoline. The Air Material Commard finally
gave way when it became evident that the A-20A flight tests, scheduled to start within two
months, could not be made without risk of catastrophe if gasoline was used as a fuel.

The Navy Bureau of Aeronautics continued to resist the use of aniline by the Amnapolis
group for almost another year, when a violent explosion that wrecked their nitric acid~
gasoline test stand made them accept 1it.

After campleting the successful flight tests of the A-20A alrcraft equipped with
two uncooled 1000 1b. thrust, 25 seconds, RFNA-analine engines were completed (cf. Section
VI), the project initiated detailed studles of the problems of propellant injection into
the rocket motor, a secrch far other spontaneously ignitable propellant combinationse-such
as furfuryl aleohol and nitric acid no* containing nitrogen dioxide or "white acid"—and
of methods of cooling long-duration motors and of supplying propellants by means of gas
pressure and of pumps (ef. Section V). Work was initiated on the development of engines
ut1lizing 1iquid oxygen in October 1942.232 2 2T e outlook of the project on liquid
propellants in 1943 1s described in Reference 28.

In 1944 studies of monopropellants, such as nitromethane and hydrogen peroxide,
began, In 1937 Parsons already had listed tetranitromethane as a posasible rocket pro-
pellant. The advantage of a monopropellant would be a ruch s. p - englie, since only one
propellant tank, one pump and one control valve would o required. Although nitromethane
is comparatively easy to hardle, it is sensitive tu temperacure. has a tendency to explode
under impact or shock, and is difficult to ignite and sustoin a reaction in a coambustion
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chanber.29 To the best of my knowledge, a satisfactory rocket engine utilizing nitro-
methane has not been developed.

Hydrogen peroxide, although it has found a place in presentday rocket technology,
was regarded with fear and suspicion by the Project. This attitude arose when 60 pounds
of 1-1202 in a stainless steel tank exploded in the sumer of 1944. The cause was not
definitely determined; however, the summer atmospheric temperature of about 100°F and the

possibility of foreign material in the tank were felt to have been contributing I‘actm's.23

Solid Propellants

Although there have been centuries of experience with black powder rockets, and
several investigators used smokeless powker and Ballistite in rockets between about 1918
and 1939, none of these rockets had the thrust and duration required for the aircraft
"superperformance” applications. Parsons and Forman in 1938 bulit and tested a smokeless
powder constant-volume combustion notor similar to the one that had been used by Goddard.
We concluded after these tests that the mechanical complications of constructing an engine
using successive Impulses to obtain thrust durations of over 10 seconds was impractical.
Upon: Parsons' recammendation, we concentrated our efforts on the development of a motar
provided with a restricted burnin: pwder charge that would burn at one end only at con-
stant pressure to provide a con<:- it t.urust.

Parsons started witl t.. -raditional sky rocket. This type of pyrotechnic
device was propelled by a black powder charge pressed into a cardboard combustion chamber
with a conical hole in its center. The gases escaped through a rourded clay orifice. Its
efficiency was very, very low, but it was reliable. The conical hole in the charge was
believed to be the secret that kept the charge from burning down the sides of the con-
tainer to produce chamber pressures that would burst the container. The longest duration
of thrust of this motor did not exceed about 1 second.

During 1939 and 1940, various mixtures based on black powder and mixtures of
black powder with smokeless powder were tested in 1 in. and 3 in. diameter chambers. The
charge for the 3 in. chamber was made up of 6 in. long pellets compressed at arouwnd
v,500 p.s.i. that were coated with various substances to form a solid or liquid seal
between the charge and the walls of the chamber (Fi~-wre 3). The charge of the 1 in. cham=
ber was pressed directly into the chamber in small increments at pressures between 7,700
and 12,000 p.s.1. Most of the tests of these charges ended in an explosion. Mechanical
causes for failures, such as burning of the charge on the surface next to the wall
because of leakage, transfer of heat down the wails sufficient to ignite the sides of th=
charge, and cracking of the charge under combustion pressure, were suspected. However,
there were those who were convinced that the combustion process of a restricted burning

1

169



charge in a rocket motor was basically unstable. It was only when the von Karman-Malina
analysis of the characteristics of the ldezl solid propellant rocket motor was madc in the
spring of 1940 (Section II), that proved the process was stable, that a concentrated
effort was made tc study the mechanical causes of failure.l5s 16

Hundreds of tests were then made with different powder mixtures, using black
powder as the basic ingredient, with various loading techniques and with various motor
designs. The dependence of chamber pressure on the ratio of chamber cross section area to
nczzle throat area was determined for each specific powder mixture.

By the spring of 1941 results were sufficiently encouraging to schedule flight
teats of an aircraft equipped with solid propellant rockets specially designed for it.

(A discussion of the flight tests of the Ercoupe airplane is given in Section VI.)30 The
propellant charge used in the Ercoupe motors was a type of amide black powder designated
as GALCIT 27. The 2 1b. charge was pressed into the combustion chamber, which had a
blotting paper lLiner, in 22 increments 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 motar was designed to deliver about 28 ib. thrust for about 12 seconds
(Figures 11(a) and 11(b)). Eignteen rocket motors were delivered every other day for the
flight tests at March Fleld, California, about an hour's drive from the Project. During
the first phase of the flight tests one motor falled explosively in a static test and one
while the Ercoup2 was in 1c.c1 flight. Thereafter, 152 motors were used in succession
without explosive fallure. ‘he motors were prepared by Parsons, Forman, and Fred
Miller. 30

It was most fortunate that the flight tests werr carrlied out close to the loca-
tiin of the Project, which permitted the rocket motors to be fired within a few days from
the time they were charped with propellant. Following the flight tests, it was found that
after the motors were c..posed to similated storage ard temperature conditions over several
days they exploded in most cases. It was evident that either the blotting paper liner or
the mechanical characteristics of the propellant were unsatisfactory. But the Navy
Department regarded the successful Ercoupe tests with much interest from the point of view
of application of rockets for the assisted take-off of alrcraft from aircraft carriers.
Upon the urging of Lt. C. F. Fischer of the Bureau of Aeronauti:s, who had witnessed the
test: a contract was placed by the Navy with the Project in early 1942 for the deveiop-
ment of a 200 1b. thrust, 8 second unit. The unit was designated by the acronym JATO for
Jet Asslisted Take-Off, and this designation is still used.

This Navy contract came in the midst of the explosive fallures of the JATO unit
developed for the Ercoupe tests, All efforts to improve the amide-black powder propellant
and loading techniques of the motor developed for the Ercoupe tests failed to meet spe-
cified storage conditions ranging from Alaska to nfrica. Investigations of motors using
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Fig. 11 (b)
View of Six JATO Units. Attachment Assemblies

and Ignition System for Ercoupe Flight Tests

Ballistite, a compound essentially of nitrocellulose and nitroglycerine, # so proved nega-
tive, mainly because of its abient temperature sensitivity, the 1s, the variation of its
rate of burning with ambient temperature. For exa.wle, a JATO unit designed to dellver
1,000 1b thrust at 90°F would deliver at most only 600 lb. thrust at 40°F. Thoug the
Guration of thrust at the lower temperature woul . be lengthened, an alrcraft assisted
urder such a condition might {ail to take off fram a short rumway.

Thus, the spring of 1942 was one of desperation for those cnerned with devel-
opment of a reliable solid propellant JATO unit. We know that theoretlcally it was pos-
sible to construct such an engine, but no one came ft . ' with a pramising idea until
June, whe.: ”irsons, no doubt after communing with hi. ~ fc spirite. .ggected "~yinw a
radical new prv =llant. It would consist of potas;ium perchlorate, as oxidizer, comm:.
asphalt used on roads as a binder and fuel, and he cast, after being mixed, into a combus-
tion chamber. A test of the propellant, designated GALCIT 53, was ¢ ickly made ad the
results were so promising that work on oti- - propellant type. was dropped for a long time.
Parsons was assisted in the development c* tt. ..:phalt tase propellant by Mills and Fred
Hiller,?’l After due study of the origin o. ~i« ijeas for the new prcpellant, Parsons was
recognized as its inventar and a petent was gr.nted in his neme.
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At first, the Ordnance Department objected strongly to our use of potassium per-
chlorate as an oxfdizer because 1t hd proved unzafe in the nast. Parscne realized that
their objection was no sorger valid, since ways had been found to produce the material
with S mintman purity of 99%. Impurities In tre form of dangerous chlorates had been
practically eiimincied. The ruling of the Ordnance Department vas thereafter changed,
allowing the use of this kind of colld oxicizer. The Navy contract for 100 JAIC ts
delivering 200 1b. thrust for 8 seconds was guccessfully completed, with GAILIT 53 as the
pz'cpe}.}ant.sz {Fizure 12} Production of service-iype units for the Navy began shortly
thereafter at the Aercjet Engi-eering Corporation {(now Aergjet General Corporation,

Ci. Section VIII).

Fig. 312
View of 200 1b. Thrust, 8 Second Solid-Propeliant
JATO' s Produced in 1942 ¥op the U.S. Navy

The rroject carried out extensive studies on asphali-base propeilant. {corposite
propellants, as they are now called) In tir following years. A detailed report released
in May 1044 on the propellant GALCIT 61-C by Miils can be fou.d in Reference 32. GALCIT

§1-C consisted of 76% potasslum perchlorate and 24% fuel. The fuel comporent was 70%

»



Texaco No. 18 asphalt and 30% Union Oil Company Pure Perm SAE No. 10 lubricating oil. The
fuel was liquified at about 275°F, the pulverized potassium perchlorate added to it, and
the mixture thoroughly stirred. The mixture was then poured into the combustion chamber,
which had been previously lined with a material simiiar to the fuel component, and
allowed to cool and become hard. This propellant when burmed at a chamber pressure of
2,000 p.s.i. had a chamber temperature of 3,000-3,500°F, a speciric impulse of 186, and
an exhaust velocity of about 5,900 ft. per sec. Starage tempersture limits were from
~9°P to 120°F. It was developed in 1943 and used in service JATO units by the Navy until
the erd of World War II.

Solid propellants utilizing potassium perchlorate s oxidizer produce dense
clouds of white smoke (potassium chloride), which the Navy did not like at all. Same
months after GALCIT 53 was developed, Parsons infarmed the Project weekly research con-
ference that he had eliminated the smoice problem by replacing potassium perchlorate with
ammonium perchlarate. Navy rocket experts were immediately invited to visit the Prgject
for a demonstration. When they arrived we posted ourselves some distance from the test
pit, the red flag was run up, and Parsons gave the arder for his latest creation to be
fired. We beheld a big cloud of white smoiee and Parsons with a look of surprise on his
face. He sheepishly explained tiat the smoke must have been caused by the mmidity, for
the air had been very dry on the days they had made tests befare. Amaonium perchlorate
does 1 luce the amount of smoke produced if the air is dry, but it produces undesirable
chlaride in the jet.

The pruject also studied the possible use of other fuels instead of asphalt,
such as Napalm gelled hydrocarbon, gelled wax rdxtures, ani butyl rubber. A continuation
of studies of the last material later led Charles Bartley, under the JPL-ORDCIT Project
in 1945, to the discovery of the advantages of the castable elastomeric (polysulfide rub-
ber) material called Thiokol. This discovery became the basis of solid propellant menu-
factury by the Thiokol Chemical Corparation. Air Force Material Command terndnated work
by the Project on solid propellant motors on June 30, 1944; the Ordnance Department con-
tinued the work for long range missile applications.

In cancluding this part on the wxk of the Project in developing solid propel-
1ants for long duration rocket motors, it should be pointed out that two of the most
impartant discoveries in the long history of solid rockets were made here. First it was
theoretically proved by the Karmin-Malina analysis that a stable constant pressure, lang
duratior solid propellant rocket motor was possible. Second, Parsons found a new kind of
material, the asphalt-potassium perchlorate composite solid propellant, which initiated
modern castable solid propellant rocket technology. The 200 lb. thrust JATO unit has
grov  into solid propellant rocket engines today delivering on the order of 1,000,000 1b.
thrust.
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IV. SOLID PROPELLANT MOTOR DESIGN

A s0lid propellant rocket motar consists of a combustion chamber containing the
propellant charge, an ignitor, and an exhaust nozzle through which the combustion products
escape to give thrust. In the first motor design made by the Project, the nozzle was
attached to the cambustion chamber by means of bolts that pulled apart at a chamber pres-—
~we considerably below the pressure that would shatter the walls of the chamber.X’ In
1942 Mills and I devised a pressure-release device or "safety plug" that considerably sim-
plified motor design. A patent was granted to us for this device on 14 May 1946.32»3

Great care was taken to protect persomnel involved in preparing solid propel-
lants and in testing solid and liquid propellant englnes. During the period of this
memoir no serious injury was suffered by any member of the Prqject, in spite of the ten-
dency of those daily working with explosives to develop a contempt for them through
familiarity. Parsons was the fatal victim of this hazard in 1952 when he dropped some
fulminate of mercurs while moving his private laboratary from Pasadena to Mexico.l

The work of the Project concentrated on the design criteria for restricted burm-
ing motors that would be suitable for JATO units and, l~ter for long range missiles. Dur-
ing the course of this research, engineers were piovided with methods of motor comporent
design when the following characteristics of the propellant to be used were known:

a. Sensitivity of the propellant to ambient temperature during cambustion.

b. Combustion pressure limit below which the propellant bums in an irregular
marrer.

c. Combustion pressure limit above which the propellant burns in an unpredictable
mamer.

d. Starage characteristics of the propellant charge from the point of view of
minimum and maximm ambient tenmperatures allowed and possible decomposition of
the propellant with prolonged storage.

e. Ignitia. temperature of the propellant.

f. Rate of burning of the propellant as function of the combustion pressure.

g. Performance characteristics of the propellant to produce rocket thrust.

The great progress mude in the scientific design of solid . ropellant rocket
motors i1, comparison with the empirical, traditional, method used in previous centuries
can be appreciated by reference to the text "Jet P:'opu]:sicm"2 prepared for the course at
Caltech at the request of the Air Technical Service Command in 1943 and continued in
following years (cf. Section IX). The development of the solid propellant JATO unit
showed that for many applications it was superior to liquid propellant engines; because of
its simplicity and reliability. The debate on the superiority of solid vs. liquid pro-
pellant rocket englnes for boosters of space ‘rehicles still rages today.
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I would like to point ocut that it was the policy of the Project to concentrate
effarts on fundamental research problems of rocket engine development, leaving pilot and
service stage design problems to industry. Von Karmen and I were convinced that this was
the sppropriate stance to tale for an educational and research institution such as Caltech.
The fact that this policy was violated during later pexiocas in the histoary of JPL was due
to special circumstances that prevalled in the U.S.A. at that time,

V. LIQUID PROPELLANT ENGINE DESIGN

When the Project initiated work on rocket engines for the “superperformance”
of aircraft in 1939, it was not evident whether either a solid or a liquid propellant type
could be constructed to meet service requirements. Therefare, we investigated both types.
We realized that a solid propellant JATO unit would be simpler, lighter, and more prac-
tical logistically, even though it could not be stopped and restarted. On the other hand,
for auxiliary propulsion in flight, the liquid propellant engine, with its higher specl ™c
impulse, possible longer burning duration, and controllable thrust, would have great
advantages. The use of such an engine for the sole propulsion of an aircraft aor of a
missile was not at first contemplated in the program of the project. The study I prepared
in October 1939 an the application of rocket propulsion to a radio-controlled flying tor-
pedo was used by Captain (later Rear Admiral) D. S. Fahrney (then head of the gulded mis-
sile project of the Bureau of Aeronautics of the Navy), as the basis for the design aid
mtéa;“ofmiu'sﬁmtm&dnmidmm rocket missile in the U.S.A., the
QGCRAON.

RFNA - Gasoline Engine Research

A liquid propellant engine consists essentially of a rocket mctar, propellant
feed and control system, and propellant tanks (Figwre 13). Summerfield initiated experi-
ments directed toward the design and construction of a JATO unit using RFNA and gasoline
on 1 July 1940 on the basis of experience that we had gained with tests of the gaseous
oaxygen-methyl alcohol motor in 1936, experiments with the gaseous oxygen-ethylene motor
begm in 1937, various theoretical studies w2 had made, and the meager information avail-
able in the published literature.

The Project's first permenent installation or test pit for experiments on
1iquid propellant rocket engine components was campleted in FPebruary 1941. Propellant was
fed to a motor by regulated nitrogen gas pressure from standard cammercial tanks. Tests
were begun on an uncooled motor designed to deliver 200 1b. thrust at a combustion cham-
ber pressure of about 300 p.s.i. The ex .uast nogzzle, which posed no special design
problems, was made in a copper bloch and attached to the chamber by means of bolts that

176



L)
*
4
"
&
1
*
h

i
i

il
il

ii

i
i
il
gt

|
l
i
'
|

SNARRRAQUDSEYARL LY
]
i
|
!
4
i
i

Fig. 13
Schematic Diagram of the Liquid Propellant
(RFNA-Aniline), Gas Pressure Supply
System JATO Engine Used in A-20A
Flight Tests

would 1 ~eak at a pressure below the bursting pressure of the chamber. The volume and
shape of the chamber and the mode of injecting RFNA and gascline into it to obtain regu-
lar, efficient combustion had to be determined as well as the method of obtaining ignition.
The first type tested had an impinging-stream injector with four orifices in a
flat plate two for RFNA ard two for gasoline, and a spark plug for ignition. Since the
motor in a JATO unit would be placed in a horizontal position, it was so tested. Trree
motors were tried and all failed explosively. The third one, in May 1941, set fire to the
rallroad ties that made up the sides of the test pit and caused considerable damage to the
test equipment. The test pits of the Project were deliberately built facing brush-covered
hillsides in order to stop jets and flying metal. The brush, which during the long, d&ry
Southern Caiffornia season is highly flammable, was cleared near the pits. But we were
constantly worried that one day the brush higher up would ignite in a big wind and that
the fire would race up the mountains toward the Mt. Wilson Observatory above us. A fire
did once break out, but it was stopped with the help of all hands at the Project. A
sprinkler system was then installed on the hillsides and no further brush fires troubled

us.
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The chief cause of the liquid propellant motar failures was improper ignition.
If ignition was not instantanecus, propellant accumlated in the chamber and, if it then
ignited, an explosive reaction took place. It was concluded that the injectar did not
produce fine enough streams to obtain adequate mixing. A new injector was maie with six
impingement points; each was made up of a central gasoline stream and two RFNA streams
from angled orifices. The spark plug was shielded to prevent short circuiting by spray.
The motor with these modiffcations worked repeatedly without fatlure and led to tests of a
similar, larger, motor designed to deliver 500 1lb. thrust. Tests of this motor were also
successful, except far one explosion which should have been a warning to us.

At this point we concluded that we knew notably the following, as reported by
Summerfield and B. M. Faman (the cousin of E. S. Fozm):36

a. How to introduce the propellants into the motor, including a satisfactory gas
pressure propellant supply system and control valves.

b. The effect of RMNA-gasoline mixture ratio on combustion chamber temperature and
the specific impulse of a motar.

c. How to reduce exhaust nozzle erosion by chrome plating the copper surface.
Tests on the 500 1b. thrust motar, which ~oincided with the successful Ercoupe

flight tests at March Pield (cf. Section VI), err.owraged us, in September 1941, tc make
the following important decisions:

a. Design immediately a 1000 lb-thrust uncooled motor to operat.: for a minimum
duraion of 25 seconds.

b. Fom two grogs; the first to continue basic studies of engine ae3ign, and the
second to begin the design of an experimerial JATO unit suitable for installa-
tion on an aircraft.

¢. Request the Army Air Forces (AAF) (foraerly the Army Air Coarps) to provide an
aircraft for flight tests of the JATO unit (ef. Section VI).

Tests at the begiming of October of the firsc 1000 1b. thwist motor, provided
with an injector with 15 impingement points and two shielded spark plugs, proved to be
very disappointing. Sametimes ignition was so long delayed that a very "hard start"
resulted; sometimes it falled altogether. What really disturbed us, however, was our
first encounter with the unpleasant phenomenon of combustion pulsing or "throbbing™ that
has plagued rocket engineers for the past 30 years. Sporadically and upredictably a
motar begins to throb, slightly at first but with increasing intensity until, if not
promptly shut off. it blows up.

For four months various attempts were made to overcome the phenomenon but with-
out success., In the meantime, arrangements had been campleted with the AAF for flight
tests in the Spring of 1942. The JATO wnit that was to be installed on the 14,000 1.
Douglas bi-motor bomber, the A-20A, was in final design stage. In early Fzbruary 712



sent the telegram to Summerfield from Dayton, Ghio to replace gasoline with aniline as a
fuel. My suggestion worked. Throbbing was eliminated or rendered necligible (cf. Section
III). The "throbbing” months drew von Karman, Summerfield, and the Sage Chemistry Group
into a concerted thearetical and experimental attack on the problem. Von Karwen beame

80 fascinated with the problems of liquid propellant combustion that he pursued them unti®,
his death in 1963; Summerfield is still working on them. Von Kawen broadened the field

to include aerothermodynamics, and Summerfield subsequently branched off to irclude the

combustion process of solid propellants.

mmmmmmmwmn@tmmmmm%msts

The property of aniline to ifgnite upon eontact with nitric acid greatly simpli-
fied motor design. Auxiliary ignition methods could be dispensed with, and the danger of
propellant accumilating in large quantities in a horizontally mounted motor was avoided——
provided the propellant companents arrived simultaneously at an appropriate mixture ratio.
The shart ignition lag when aniline comes into contact with RFNA, compared to gasoline,
greatly helped to reduce throbbing and eliminated the destructive buildup of pulses. The
impartance of spontaneously igniting chénicals, or "hypergolic® propellants (a German
term), for rocket engires opened up an aspect of chemical research that had been given
very little attention in the past and this research contributed to a better urderst anding
of the kinetics of chemlcal reactions.

The 1liquid r—opellant JATO unit group, consisting of Sumerfield, Powell and
E. G. Crofu. Incorporated the RFNA-aniline combination into a revised design. It was
found tha* performance specifications established for the 100 1b. thrust motor using the
starabl: propellants could be met by an injectar with only fowr pairs of inpinging
streams. For the A-20A flight tests, no attempt was made to rroduce a lightweight unit
but rather effort was concentrated on reliability and safety. The tail surfaces of the
aircraft were estimated to be high enough to clear exhaust jets when the motors were
mowited in the nacelle tall cones, where there was also sufficient space for the two pro-
pellant tanks and flow control valves. Standard commercial nitrogen tanks and pressure
regulators were installed in the fuselage together with controls far starting and stopping
the units, operable by a mechanic in the rear gumner's cockpit upon instructions from the
pilot.18s 37 4 view of the installation in one of the nacelles is shown in Figure 4.
The motor was mounted on slides and provided with hydraulic jacks, so that if an explosion
separated the exhaust nozzle block, the iremainder of the motor would not impose too great
a shock on the aireraft nacelle structure.

The two JATO units performed satisfactorily during 44 successive firings on the
A-20A. The propellant control valves, which were hydraulically operated, and the check
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Fig. 14
Yiew of the RFNA-Anliline JATO Engire Installed In
One of the Nacelles of A-204 Alrplae

valves gave the most trouble. The check valves wers removed at an early stase of pround
testing. We had sore mallcious sabisPaction when one of the conventional plston englnes
on the A-20A developed mechanical trouble and delaved the teot progranm for two dave, e
highly successful tests of our exverimental JAID woits duwring the Tlight tects led the
ALY to place a contract for the production of service-tupe unite at the Aerolet Englresr-
ing Corporation--the newly Tormed company's first oo tract {of, Seetion VIII. The
Project, meantime, resumed basic research on rocket erglre comporents.

Engire Research With Various Liquid Propellants After the A-20A Flimt Tests

I prepared a review of developments In liguld propellant et (rocket) propulsion
ab the Iroject andd at derolet Tor g speclal meeting ol Ve Offlce of Selentific Research
and Development (OSRD) in Washington, D.C. o Tebmary 17, 10445 1t will be noted from

The term was bedng rebabilitated Iy techvionl and vl Lty ol
first thme since the nineteenth century, woen rified pums
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missiles. On the other hand, there was still gene'a:. res’stance to mentioring the use of
rockets for space research ani explaration, and none 1s made in the report, even though
we were already reviving the studies we had irterruypted in 193).

Motars. A comprehensive memorancum on the state and direction of development
of ligquid propellant rocket motoars by tr> Project and by other groups was prepared by
Seifert and me for the May 29, 1945 meeting of the Coordinating Committee of the Guided
Missile Program at the request oftheOnhmmeDepartmntofmeArwSeMcems.”
(There was still no referenc> made to space research and exploration.)

An idea of the range of research on liquid propellant roclet motors and other
engine camponents that was undertaken by the project at the end of the period covered in
this memoir can be obtained from the following headings of Monthly Summery No. 1-5l,

1 to 30 November 19116.23 (Research on solid propellant rocket engines was taken over by
the ORDCIT Project begimning on 1 July 1944):
A. Fundamental Research

1. New Propellants
Hydrogen peroxide
(1) Performance with fuels
Liquid oxygen
(1) Performance with fuels
Acid-hydrocarbon combinations
(1) WPNA-Furfuryl alcohol

2. Investigation and development of new materials
a. Survey of the physical properties of ceramic materials’
b. Development of ceramic materdals for use as turbine blades
c. Preparation and properties of refractory chamber liners
d. Development of parous materials for sweat cooling

3. Temperature measurement and heat-transfer analysis

B. Engineering Deveiopment

1. Injector and chamber designs

a. Effect of injectors on performar.ce, ignition and heat transfer (with
nitromethane)

2. Motor-cooling techniques

a. Film cooling (with acid and hydrocarbons)

3. Hydraullc measurements

a. Characteristics of rocket components
(1) Atomization
(11) Fluld metering

The same monthly summary contalned a financial report showing that out of

$944,000.00 available that year for research fram the AAF, an estimated $954,211,52 had
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been spent! I do not remember who flew to the Air Material Commend, Wright Field, Dayton,
Onio, to get more momey, but it was obtained. I was then preparing for my two-year leave
of absence from Caltech to go to Paris to work for intermational scientific cooperation
at UNESCO, and I was turning over responsibility for the direction of JPL to my successor,
Louis G. Dunn. As I write this memoir twenty-five years later, I am still in France,
where I have been occupied since 1953 with non-goverrmental intemational cooperation in
astronautics and visual fine art.

Propellant Feed Systems. The following types of feed systems were studied by
the Project: the gas pressure feed system using stored air or nitrogen in tanks at around
2000 p.s.i., and using gas generators; centrifugal pumps with various drives; and the
Centrofet principle proposed by Aerojet.2? 33 The system using stored gas becomes exces-
sively heavy if thrust durations excevéing about 60 seconds are required, and if combus-
tion pressures higher than 300 p.s.i. are desired to obtain better specific impulse. 'The
idea of providing gas at pressure by means of a chemlical reaction to replace storage tanis
sounded very good and, begiming in 1942, considerable effort was made to develop it;
however, a practical system was not achieved by the end of 1946.%» 23 & 24

Ir 1942, the Project began the development of high speed centrifugal pumps. A
satisfactory 10,000 r.p.m. aniline pump delivering 20 gallons per minute at 900 p.s.i.
was developed in 1943. The construction of a nitric acid pump proved to be much more
difficult because of the special materials this oxidizer requires. Drives such as elec-
tric motors and gas turbines were also investigated.2’ 38

The Project undertook to test for Aerojet, during the Summer of 1943, two
umusual proposals for supplying propellant to a long-duration rocket motor (30 minutes at
idling thrust, 5 minutes at full thrust). The first would obtain pump drive from rotat-
ing rocket motors mounted so that a component of thrust would be made available for
delivering torque - the system was called a Rotojet. The second used the principle .f the
Rotojet with a built-in centrifugal pump. A single combustion chamber was aquipped with
maltiple angled exhaust nozzles., Cooling passages around the chamber walls served as
pumping ducts when the whole assembly rotated—the sy:tem was called a Centrojet.
Sumerfield, at that time on leave from the Project, supervised the program at Aerojet.

He believed that these systems were mainly the result of the interaction of the minds of
William Van Dorn ard Waldemar Mayer. It was decided to try them after a committee that
included von Karman and Tn.ien asserted that they were the lightest and most efficlent
approaches, after reviiwing a series of analytical studies of competitive schemes. (These
included: gpsoline-engine uriven pumps, a gas turbine drive, a propellant steam jet pump,
a direct cambustion gas pressurization scheme, et¢. The surviving scheme today is the
propellant gas turbine drive., It was used successfully first by the German V-2 group in
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1938 but this was not known to us.) Models of the Rotojet and Centrojet were constructed,
but tests showed that, although the two systems warked in principle, the mechanical dif-
ficulties encountered were so great that there was little hope for them in
pra.ctice.z"'o’ul

VI. FLIGHT TESTS OF ROCKET ENGINES

I pointed out earlier that the program of the Prnject was to develop solid and/
or 1iquid propellant rocket engines far appiication to the "superperformance" of land-
planes, inciu '~ rocket assisted take-off, and zbnormally large accelerations and
increased flight velocities or rates of climb for only short periods of time. The pro-
gram was launched on the basis of preliminary studies of the validity of using rocket
engines far these purposes.> 12 C. B. Miltkan and H. J. Stewart in January 1941 made
a detailed analysis of the effect of auxiliary rocket propulsion on landplane perform-
ance.'? A supplementary analysis was made by C. F. Pischer, 2 Navy officer, far his
GALCIT master's thesis. 3 The predictions made by these analyses awalted experimental
verification.

Ercoupe Flight Tests With Solid Propellant JATO Units

A message was sent to the Air Corps in the spring of 1941 that we were ready
for flight tests of an aircraft equipped with solid propellant JATO's each delivering
around 28 1b. thrust for about 12 seconds (cf. Section IIT). The Air Mateir .al Command
selected the Ercoupe low-wing monoplane, bearing the designation YO-55, for the tests and
selected Homer A. Boushey, Jr. (then a Captain) as the test pilot. Boushey in 1941 was
doing graduate work at GALCIT and also acted as liaison officer between the AAF and the
Project. An analysis of the performance and flight characteristics of the Ercoupe and
of the marnner of installing multiple JATO units designed by the Project was made by
C. F. Damberg and P. H. Dane of the Army Air Corps, as their GALCIT master's thesis.uu

The Ercoupe was flown from Dayton, Ohio to March Fleld, California, at the end
of July 1941, where modifications were made for installing the JATOs. The flight test
group consisted of the following: (Project persomnel) J. W. Parsons, E. S. Forman,

F. S. Miller and myself, as director of the tests; (AAF personnel) Capt. H. .. Boushey,
Jr., Cpl. R. Hamilton and Pvt. Kobe (Figure 15). Von Kdrman and C. B. Millikan joined the
group at various stages of the program and some of the tests were witnessed by W. F.
Durent, Chairman of N.A.C.A. Jet Propulsion Committee, and Fischer of the Bureau of
Aercnautics of the Navy Department.30

A front view of the Ercoupe 1s own in Figure 16 with three JATOs installed
under the wing on each side of the fus. _ige (-f. Figure 11). Each JATO was mounted on
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Bg, 18
Braovpe Flight Test Group:  (Prolect Peraorewl,
18t to Ripht) B8, Miller, J.W, Paroons,

B8, Pormen and P, Yaline,
{(AAP Perconnel, Left to Right)
Capt, H.A, Boushey, Jr.,
Cpl. R. Hamilton and
Pub. Hobe

slides arel retalred by cotter plng that shedred I the 70 Talled and blew off e
exhaust nozele, in order not to transmit shock bo the alrplane wing. Trat 15, the veace
tion of the nozzle movine backward woudd project the JAU combuztion chepber Torward.
The test progron beman vy cautiously, since we had o antlelpale poscible explosive
Tallures of the JM0s, ard 1L was nob certaln that the Broour  would belave sabislactordly
when rocket theust wa goplled. Boushey, for ore of the prel olimavy teclr  flew the
alrplane equipoed with ore JA10 on each side bo an altitude of abogl WY angd
lgnited the vookets, We ol »f see the Brooupe bub our antlsfacy weire 4 wiite
Jet trall sppenr dn the sky wa ended In oa CPew secordds when a bl b o rescked ws o~ Ore
of the unite had falled again.  There were some aroctous morents untdl we could cee
Boushey Clylne book ard loodivg safely,  Happiy, e dnstallation aliowine Doy falluve of
the JATO without damoue Lo the alrpdone bl worked o planed,

On fumist 4, amirg the Lot ground tests oonductes with olx JANe Detalivd, ome
falled, Unfortusabely, the orbmunt nogzle yebousded Trom the pmuvey and sbrack the




g, 16
Front View of Ercoupe With Three JATO's Attached
Urder Each Wiy

fuselage, ripping a 10 in. hole in the skin and shearing a bulkhe . The combustion
chamber flew sbout 100 %, ghesd of the alrplane before hittirge the prourd, Sore domage
was also dore to the attachment installistion, The reprt on the [llent t;esm?’g contains
the following laconice coment: ™he plict deservs 1 oredit for his willinpress 1o cone
tirue {lipht tests 43 soon as the alrplane wee v red.” Much to everyone's relief
there were po Drther explosive Palluwres of the JiT0e for the remalidler of the test pro-

gram divipg which 152 units were fired.

On Aupust 16, 1941, Boushey made the first take-off of the Ercoupe with six
JATOs Lirtre. A view of g take-off 18 shown in Ploure 17, The salient results of the
test program are sumerized in Table I, They were fouvnd to be in  asonable agreement
with the theoretical predictions made by Millikan and Stewsrt, Tu will be noted that the
use of JATOs reduced the take-off of the Ercoupe by about vne-halfl of the distance nor-
mally required. The flipght charscteristics of the sirplane were not slgrdficantly
affected,
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The Mirst Arerdcon marmed Clight of an alreralt propelied by rocket thrust alone
was made by Boushey on Aunist 23, 1941 (Flpure 18). The propeller of the Erooupe was
removed and 12 JAID units installed, however, only 11 functionsd, The Ercoupe was pulled
be a truck to & speed of about 25 mup.h. before the JATOs were lgnited. The alrplare left
the grourd and reached an altitude of about 20 ft.°0 This flight was not originally
scheduled tut we could robt resist the opportunity to make the improvised demonstration of
a future oossibility | recket propulsion.

Pieg. 18
View of Ercoupe About To Take«Off With
Rocket Propulsion Alone

A-204 Flight Tests With lLiquid Propellant JATO Units

We anticipated the f1light tests of the RFNA-aniline rocket JATAs on the A=204
alrplane with a degres of confidence, for we hed galned much experdence during the flight
tests of the solid propellant JATOs on the Ercoupe. HNevertheless, with the 1lves of the
pilot and the JATO operator in our hands, we proceeded with caubion. The 4204, alter
certain structural reinflorcements had beon made by the AP Alroralt Laboratory at Weight
Field, was Tlown by Major B H. [ane to Lockneed Alrport, Burbank, California, in March
1942, Here the JATOs were lroptalled, whereupon the alvplae was [lown to the U560 Alp
Foree Bombing and Gunnery Range, Muroc, Call i‘amia,g? The only difficulty that we encour
tored cocwrred during the Tirst atatle tesin; the unit in the starboard-slde racelic falled
to deliver rated thrust, Alter several dave of bafflement we found that the fault lay in
the check valves of the propellant LUlnes, whilch were thereupon eliminated dn both undbs as
zmammmlxm

;
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Tne principal members of the flight test groups were the following: (Project
persormel} M. Sumerfield, W. B. Powell, E. G. Crofut, B. M. Forman, R. Terbeck ard the
author, director of the tests; (AAF persomnel) Major P, H. Dane, M, G. Cassell and L. A,
Brady and (Civl] ferorautics Administration) E. N. Pales, J. Matulaitis and N, N. Rubin.
Ksy persorrel in charge of the Tlight tests are shown in Pleures 19 and 20, and the plliot
and JATO operator in Figure 21. Von Kérmén and C. B. Millikan joined the Project growp
during parts of the program and Fischer observed some of the flight tests for the Navy
Bureau of Aerorautics.

Fig. 9
Personrel in Charge of A-204 Flight Tests
{Left to Right) M. Sumerfield,
F.l, Malina, W.B. Powell,
Malor Paul H. Dare and
Th, von Kérmen

The take-off tests were moade from the bed of Muroe Dry Lake, on which a stripe
3 ft. wide and 12,000 ft, long had been lald out o gudde the pilot, Fischer flew in from
his Navy base at San Diego, California, in the midst of the take-off tests ore morning when
von Kérmén Joined us. He aswed von Kérman If he would like to see the equipment In the
cockplt of a modern Nevy fichter. Those of us who krew von Kérmdn's reputation lor leav-
ing esperimental appmatue 15 2 mess after visiting a laboratory wondered aloud ir
Flaoher's invitation wae a wise ore, Von ¥brwmdn o tbed inbo the cociplt, and Flacher
explained the purpose of the various irnstruments while I stood on the lower wing and

188




Blg. 20
A-204 Flight Test Personnel

watched. Von Karmdn pointed at a handle by his foot ard, as he asked what it was for,
pulled the lever. 1 heard a crash behind me on the wing ard scampered away from the air-
plane. When I looked back I saw a balioon under each tip of the upper wing slowly descend
and Inflate--von Kdrman had released the water floatation gear. Fischer exclaimed: "My
Lord, how will T explain this at my base-~floatation gear activated in 2 desert!” Ve
often wondered what stary he told to his superiors to explain hls desert floatation
episode.

The first JATO assisted take-off of the A-20A was rade on the afternoon of
April 15, 1942. A view of a take-off i3 shown in Flgure 22. Durlng the flight tests the
JR1O0s were fired 44 successive times without Tallure {(ef. Section V). The principal
results of the tests are swrarized in Table I1. They were found to ve In pood agreement
with thearetical predictions.>**2 & 83 mu caeorr distance, under various loading
corditions, was reduced by about 30%. The {light characteristics of the alrplane were
not significantly affected.

5L
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Fig. 21
Major P.H. Dane, Pilot, and B.M. Forman, JATO
Operator, During A-208 Flight Tests

Two tests were also made to measure the increase of indicated air speed in level

flight with the JATOs ignited.

or 19%, and at 10,000 ft. from 239 to 280 m.p.h. or 17.2%. The g

plane was about 18,000 1b.

At 5,000 ft., the speed increased from 252 to 300 m.p.h.
55 welght of the alr-

50 ft. obatacle, sec.

90

TAHLE 11

Ttem Ae208 JATO thrust | New value Percent
{A-20A at 20,000 1b. without of saving

Gross welght) JATOs 1b. item
Take-of f distance, ft. £,320 2,000 1,570 32.3
Take-off Uime, sec. 25,1 2,000 6.8 %51

Alrborne distance to . -
clear 50 rt, cbatacls, £t 1,630 2,000 e 33.3
Airborne time to clear 8.3 2,000 6.0 21.8




Pig. 22
View of 2-20A Take~OUT Assisted By 2 JATD Units

VII. ROCKED PROPULSION UNDER WATER

Dualltative experiments of rocket motors firved uder water, made in the autum
of 1642, were reported upon by R, B, Canrdpht. It was found that & RiflA-aniline motor
started satisfactorily when submerged under 9 in. of water, even when water filled the

motor and part of the propellant lines. Solid propellant units were tested when submereed
at depths from 2 to 6 1. of water in the lake formed at Morrdis Dam, Califomis. The
results showed that these englres could be operated under water as JAT0s for Plying boats,
and for the propulsion of torpedoes. A patent for the application of rocket propulsion

to water-borne vehicles was granted to Summerfield and the author.’0 The Armamert Labora-
tory of the AAP Alr Techndcal SBervice Command at Wright Pleld, won hearing of Lhese tests,
requested the project to submit a proposal for development of a "hydrobomb.™ 1t was to

be an alr-lsunched torpedo, but, in order to circumvent the monopoly held by the Navy for
the development of torpedoes, the AAF decided to call it by a different nme. Propulsion
of the misalle was to siart after it entered the water.,

Yon Kdrmgn and I, in a memorandum dated February 20, 1943, proposed the deslon,
conatruction and operation of a towing chammel for o underwater rooket propulsion
mwcmw The proposal also included research on the desien of a hydrobonb,  When we
explained the proposal to General Chidlow in Washington, D.C. his coment was: "The next
time you come to see me you will want money to put rockets on my swivel chalr." The




proposal was accepted by the Armament laboratory, argd the work carried thelr desigmation:
Project MX 363. Our designation for the work was GALCIT Project No. 2. An werwater
Fropulsion Section was established and placed in the charge of Durn, who in 1944 became
Agsistant Director of JPL. Urder Dun's supervision, the towing channel or hydrodynamic
tank was bullt, It bad a Jength of 500 ft., a width of 12 £t., and a depth of 16 ft.
(Figure 23)'3 The towing carriage was, at my suggestion, to be driven by a controllable
Hitit-aniline engire delivering a maximm thrust of aramd 3,000 1b. to give a carrisge
speed of arourd 40 m,;}.m%

Flg. 23
Prawing of Hydrodyramle Tank Installation

The erglre for this Jirat rocleb-propelled car in the U.S.A. was desiged by
Powell and Crofut.’? The engine had three 1,000 1b. motors and a gas pressure propeliant
supply system, One memorable day in 1843 T wes lnvited to wateh g statlc test of the
crgdne mounted in the completed towing carriage (Plpure 283, George Ewmerson, our brave
photographer, ard 1 posted ourselves to the rear and to one side of the carriage. We
heard the order to fire the englne and to our horror, almost lmmediately saw ore of the




Pig. 24
Static Test of Rocket-Propelled Towing Car

combustion chambers of a motor iy past us and flame envelop the carriage. The carriage,
in a matter of secords, was a burmed out wreck because a violently "hard start” of the
engine not only separated the parts of one of the motars but also broke the lines of the
spontaneously ignitable propellant components. The carriage and the engine, with modifi-
cations, were rebuilt and used successfully during the preliminary phase of hydrobomb
development. The rocket engine was later replaced by an electric motor drive that pro-
vided easler control of carriage speed. It is to be regretted that the first rocket pro-
pelled car was not saved, as it was the predecessor of rocket-propelled sleds now used for
high speed experiments.

Two different prototype models of a hydrobomb were built by 1946 for the AAF;
one by the Westinghouse Manufacturing Company and one by the United Shoe Machinery Com-
pany. The prototype by the latter company was about 10 ft. long, with 2 maximum diameter
of 28 in. Designed to be launched at speeds up to 350 m.p.h. and to travel under water at
70 m.p.h., the missile was driven by a solid-propellant rocket unit delivering 2,200 1b.
thrust for 30 sec. The range of the missile was 1,000 yd; gross welght was 3,200 1b.,
with g warhead weight of 1,250 1b.

The primary tasks were to obtain, on half-scale models, their hydrodynamic
characteristics, the effect of rocket propulsion upon stability and performance, and the
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effect of the rocket jet upon cavitation. A special solid propellant and motor were
designed by the Project for the full-scale hydrobomb that would withstand water impact
when the missile was launched up to speeds of 400 m.p.h. Launching tests were made at
the Torpedo Launching Range developed by Caltech for the Navy at Morris Dam,
Califarnta.”0® 2!

VIII. FORMATION OF THE AEROJET ENGINEERING CORPORATION

It became evident in 1941, following the successful flight tests of the Ercoupe
ard with good progress being made in the development of a liquid-propellant JATO, that
steps would soon have to be .aken for the production of JATOs for the Air Force and the
Navy. Caltech, being an institution for education and basic research, did not appear to
us to be appropriate for udertaking engineering development arnd production on a large
scale. Furthermore, I shared the opinion of Parsons and Forman that after the effarts we
had made during the previous five years we should participate in the expleoitation of our
ideas. I proposed to von K&rmén in September 1941 that we try to initiate the production
phase of rocket engines, and found him sympathetic. He pointed out that since he ard I
were menbers of the faculty of Caltach, there probably would be objections made to our
becaming businessmen and there certainly were same. Robert A. Millikan, with his usual
broad outlook, expressed concern as to whether we could manage a commercial organization
successfully.

To minimize these objJections, the first plan was to try to get an existing air-
craft campany to set up a rocket engine division, with a speclal arrangement for our par-
ticipation in its work and in the sharing of profits. Von Karman describes in same detail
1n his autoblography’ these unsuccessful efforts. Leaders of the aircraft industry in
Southern California foresaw no future for rocket propulsion! Then, upon the counsel of
Andrew G. Haley, von Kérmdn's attorney, we decided to found a company of our own, after a
favorable discussion of the 1dea with General Franik C. Carroll at Wright Fleld.’? The
Aerojet Englineering Corporation, now called the Aerojet-General Corporation, was organized
at the end of 1941 and formally incorporated on March 19, 1942, with the following offi-
cers: Von Kirmdn, President and Director; Malina, Treasurer and Director; Haley, Secretary
ard Director; Parsons, Forman and Summerfield, Vice-Presidents. Our first capital contri-
bution to the campany amounted to $200 each. Those of us who held patents assigned them
to the company.

It was no easy matter to decide who of those camected with the Project should
be invited to Join us in the venture. After the company was underway, C. B. Millikan
especially felt left out. A year later we decided to offer him some shares for purchase,
which he bought, and then he actively alded with the development of the company. Parsons,
Surmerfield and Forman, by the end of 1942, spent much of their time at Aerojet, assisting
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with the transition from the experimental stage to pilot scale and to full-scale produc-
tion of solid and liquid-propellant JATO units. In September, Haley took cver as presi-
dent of the company and von Karmén and I again concentrated our effarts on the continually
expanding program at the JPL Air Corps Project.

This changeover was prompted, in part, by the attitude of the AAF to our
becoming businessmen. Von Kirmén has the following story in his autobiograpty.’ wWe
received word fyrom Wright Field that the Air Force had decided not to renew the first con-
tract of Aerojet far liquid-propellant JATOs. Samewhat amnoyed, he and I flew to Washir -
ton, D.C., to find out what was wrong. Our old friend, General Ben Chidlaw, told him in
no urcertain terms the following: "We like you very much, Doctor, but only in cap and
gown to advise us what to do in sclence. The derby hat of the businessman does not befit
you."

The problem of "hats"™ haunted us during the next years. At this time, von
Karman and I were actually alternating three hats - we were on the staff at Caltech, at the
govermentally-owned JPL operated by Caltech, as well as officers of Aerojet. Amd von
Kdrman had several other hats; for example, he was retained as a consultant by the
Northrop Aircraft Campany. The more stremuious objections to possibilities of our having
conflicting interests, however, were soft-pedalled because there were so few qualified
persons in the country to deal with the required expansion of rocket propulsion develop-
ment and production. Close technical liaison was maintained between the Project and
Aerojet until 1944 when the General Tire and Rubber Campany bought a majority interest
in Aerojet fram the founder shareholders. This sale was forced upon us because, as the
govermment told us, we had by then the lowest ratio of invested capital to contracts of
any company in the country. Thereafter, the campany concentrated more and more on pro-
duction rather than development and its relations with JPL became more and more tenuous.

IX. JET PROPULSION ENGINEERING EDUCATION

In 1943 von Karmén organized at Caltech for the AAF Material Cammend, the first
graduate course in jJet propulsion engineering in the U.S.A., utilizing the staffs at
GALCIT and JPL. The course, at first, was limited to officers of the Army and Navy, but
later opened to selected civilian students. Lectures in the course were collected in 1946
by the Air Technical Service Command under the title "Jet 1='ropulsion".2 The 799-page
volume was edited by Tsien ard contained contributions from: P. Chambre, J. V, Charyk,
L. G. Dunn, A. Hollander, N. Kaplan, Th. von Kérmdn, F. J. Malina, C. B, Millikan,
M. M. Mllls, A, J. Phelan, W. D. Rarnie, H. S. Seifert, H. J. Stewart, R. F. Tangren and
H. S. Tsien.

This volume exhibits, especially, the great progress made between 1939 and 1946

in the U.S.A. 4. the development of jet propulsion crgines of varlous types on a firm

197



scientific basis. The popular conception ha. been built up that developments during this
period in Nazi Germany far outdistanced American results of research on the fundamentals
of rocket propulsion. That conception is false, for when we studied German developments
after the war we found that, as far as liquid propellant rocket engines were concerned,
they had more experience only with the practical aspects of large-thrust LOX engines.
Developments in the U.S.A. of composite long-duration solid-propellant engines were much
more advanced. The terdency in the U.S.A. to worship prophets from afar was well demon-
strated in the case of rocket propulsion developments during this period, with some
unhappy historical effects.

The approaching end of World War II posed serious policy decisions for Caltech
as regards JPL. Some of the problems were brought to the fore by von Karmin in a mem~
orandum he prepared in 1944 for the consideration of the Caltech Trustees on the possi-
bilities of the establishment of a Jet Propulsion Laboratory owned by Caltech.’> Von
Kdrmin succceded in convineing Caltech to accept the ORDCIT contract with the Ordnance
Department, with concurrence of the AAF, to initiate the first research program on
long-range rocket missiles in the U.S.A." He was, however, also concerned with the post-
war future of Jet propulsion research on a permanent basis. He wrote: "It has now become
known that one of the great chares in aviation equipment introduced by wartime research
will consist in the use of jet propulsion as motive power. The present jet propulsion
equipment is yet of a rather crude nature. However, certain very definite results have
been obtained and promise wide possibilityes of application both in military and civilian
aviation."

Von Kérmin, Summerfield, Tsien, and the author performed a comparative study of
Jet propulsion systems as applied to missiles and transonic aircraft during the winter of
1944, We compared solid and liquid propellant rocket engines, and thermal jet engines
such as the aeropulse, ramjet, and turbojet for various applicatims.55 Under the con-
tracts with the AAF and the Ordnance Department, the Laboratory snon involved itself with
research on the full spectrum of jet propulsion engines. What is more, JPL became the
largest single operation to be administrated by Caltech. The work I initiated with the
GALCIT Rocket Resear:h Project in 1936 had blossomed within eight years into a major
activity of the Institute. The many problems arising from a private educational and
research institution administrating large scale research for the gover:ment and for mili-
tary applications after the war, ranging from using the staff of Caltech on such research,
to allowing its staff members to become involved in industry, and to introducing within
the curriculum the subject of jet propulsion engines, were all upon us.

Von Karmdn took a leave of absence from Caltech at the emd of 1944 to establish
the AAF Sclentific Advisory Group in Washington, D.C.J During 1945, I devoted more and
more time to the problems of the Caltech~JPL relationship. I submitted, in November 1945,
a memorandum on the future of jet propulsion research at Ca.‘l.t;ech.'j6 My primary objecvive
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was to assure the survival of JPL within the structure of the Institute. To this end, I
proposed that the Institute establish a Department of Jet Propulsion Engineering, with
its own funds, and that JPL be operated as a govermment facility under the new department.
The starting point of the department would have been the graduate Jet Propulsion Course
begun in 1943. Although the proposals I submitted were not adopted in the way I envisaged,
Jet propulsion engineering education and research were ac ed to Caltech's program, and
JPL continued with a somewhat more tenuous link to the Institute.

At a meeting of the Society for the Prcmotion of Engineering Education at
Berkeley, Califorrda on February 22, 1946,! I discussed the affect upon engineering
education of Jet propulsion and the begimmings of astronautics, and concludrd with the
following statement: "It appears that jet propulsion developments have served, in some
measure, to increase the present pressure for a careful evaluation of the curricula and
general spirit of engineering education. The need far ren trained as research englineers
to aid in bridging the gap between scientific research and useful application of new
knowledge of mat're has been critically appreciated by those given the responsibility for
carrying out difficult phases of an urgently ne-~ded developmen. during the war."

X. CONCLUDING REMARKS

I look farward to the opportunity of presenting at a future symposium of the
International Academy of Astronautics my third and last Jet Propulsion Laboratory memoir.
It will deal with the ORDCIT Project, fram its inception in 1944 to the end of 1946. It
was the first long-range rocket missile research urndertaken in the U.S.A. and it also
permitted resumption of rocket research for space exploration initiated at Caltech in 1936.

The help I received fram Martin Sumerfield and Walter B. Powell on technical
parts of this memoir, and from George Emmerson in collecting photographs, is highly
appreclated.
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