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

F. J. Malina (USA)++

I. INTRODUCTION

This memoir is a sequel to the one I wrote on the GALCIT (Guggenheim Aeronau-
tical Laboratory, California Institute of Technology) Rocket Research Project 1936-38, for
the First Intermational 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 unavoldable 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 1939-46, numerous
formal reports were prepared under contracts to agencies of the U.S. govermment, 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 (Jl"L).+++ Secret classification of research also prohibited the free publication of
results between 1940 and 1946. For this reason, same of these results are still not as
well known as the more highly publicized activities of other groups during this period in
the USA and in other countries, especially in Nazi Germany. This situation was aggravated

+Pr'esc-:ont:ed at Third History Symposium of the International Academy of Astronau-
tics, Mar del Plata, Argentina, October 1969.

H co-Founder and Director (1944-1946) of the Jet Propulsion Laboratory, California
Institute of Technology. Trustee-Past President, International Academy of Astronautics.

+MAlthough 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 onwards.
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by the fact that several key perscns who led the research at JPL dispersed after the end
of the Secord 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 GALCIT Rocket Research Group.
Work toward our dreams of designing rockets for scientific research at high altitudes ard
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 auxiliary to the propeller-piston engine power plants 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 udertake America's first research program on long range rocket
missiles for the Army Ordnance Department. At the time, Army Air Forces foresaw little
possibility of such missiles replacing many functions of bomber aircraft in warfare. It
1s 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 Caltech®’
in May 1938, Theodore von Karman (1881-1963) (Figure 1) first learned that interest was
developing in the use of rocket propulsion for military aircraft. I prepared a report in
August for the Consolidated Aircraft Company (now called General Dynamics/Convair) at San
Diego, Califarnia, on the possibility of using rocket propulsion for assisting the take-
off of large aircraft, especially flying boa‘csll (Figure 2). In early December, after
giving a talk entitled "Facts and Fancles of Rockets" at a Caltech luncheon of the Soclety
of the Sigma Xi, I was informed by von Karman, Robert A. Millikan (1868-1953), 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 Sciences Committee on Army Air Corps Research. Mason was
chairman and R. A. Millikan and von Karman were members of the Committee.

General Armold 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.
Scme 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 rurways.) Actually, the bulldozer solved the problem on land, making long run-
ways practical. Rocket-assisted take-off of aircraft on aircraft carriers, however, soon
assumed importance to the U.S. Navy.

I prepared a study entitled "Report on Jet Propulsion for the National Academy
of Sciences Committee on Alr Corps Research," which contained the following parts:
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Fig. 1

» >

Theodore von in 1939 (circa)

(1) Fundamental concepts, (2) classification of types of jet propulsors, (3) possible
applications of jet propulsion in cormnection with heavier-than-air craft, (4) present
state of development of jet propulsion, and (5) a proposed research program for develop-
ing jet pr'opulsiom.12 The word "rocket" was still 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 "jet" had become part of the name of
our laboratory (JPL), and of the Aerojet General Corporation.

I presented my report to the National Academy'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 problem of the assisted take-off of aircraft as well as the
preparation of a detalled 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, Jerome C. Hunsaker
of the Massachusetts Institute of Technology agreed to study for the Air Corps the de-
icing problem of windshields, then a serious aircraft problem, and told von Karman: "You
can have the Buck Roger's ,job."9
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Fig. 2
Frank J. Malina in 1943 (circa)

John W. Parsons (1914-1952) (Figure 3) and Edward S. Forman were delighted when
I returned from Washington with the news that our efforts during the previous three years
were to be rewarded by financial support from the government, and that von Karman would
devote more of his time to the work. We could even expect to be paid for doing rocket
research. Parsons, Forman and I were the only members of the original GALCIT research
group at this time still carrying on at Caltech. We proceeded to collect more informa-
tion on rockets for assisting the take-off of aircraft, and to accumulate experimental
data on rocket motor performance with solid propellant rockets and with the gaseous pro-
pellant engines in a test stand we had constructed the previous year.

In May 1939, as part of his survey of aircraft development for the Army Air
Corps, Charles A. Lindberg came to Caltech after visiting Robert H. Goddard at his New
Mexico research station. Since von Karman was away on one of his rather frequent trips,
Clark B. Millikan (1903-1966) briefed Lindberg on aeronautical research at GALCIT, and I
told him about our studies of the possible use of rocket propulsion for aircraft. He said
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Fig

« 3
John W. Parsons in 1940

nothing about his visit with Goddard.u It is odd that none of the military services, to

my knowledge, ever requested JPL to send copies of reports to Goddard, although we had a
considerable mailing list of individuals and organizations. Similarly, none of Goddard's
reports to governmental agencies were ever received at JPL.

About this time I learmed that Eugen Sanger was carrying on rocket research in
Germany in reply to a letter I had sent him in V:lerma.+ But information on rocket
research in Nazi Germany that began in the early 1930's was unavailable to the Project
until November 1943, when we received British intelligence reports on the V-2 missile work
at Peenemunde. No information on rocket research in the USSR was available during the
period of this memoir. Later, in September 1944, I went to England on a mission for the
Ordnance Department where I obtained detailed information on British rocket research. I
obtained further information during a second mission in the autumn of 1946. Some reports
had been received by the project on British work beginning in 1940, and several British
researchers visited us during the following years.

+See Irene Singer-Bredt, "Memoir: The Silver Bird Story and the Development of
the Aerospace Transporter," in this volume - Ed.
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The studies and experiments we carried out in the spring of 1939 made us suffi-
clently confident of the possibility of developing both solid and liquid propellent rocket
engines to the extent that we prepared a proposal to the National Academy for a $100,000
program of research and facilities construction for the fiscal year 1939-U40, beginning on
July 1, 1939. Von Karmdn took the proposal to Washington only to find that our optimism
was not shared either by the National Academy or by the Air Corps. In his autobiography,
von Karman recounts that while discussing the proposal with Major Benjamin Chidlaw (later
Commanding General of the Air Material Command) he was asked "do you honestly believe
that the Air Corps should spend as much as $10,000 for such a thing as rockets?" This
amount 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 campus of Caltech, where our presence was
not very popular, or with temporary portable setups in the Arroyo Seco river bed above
Devil's Gate Dam on the western edge of Pasadena.

The contract, sponsored by the National Academy of Sciences, came into force
on 1 July 1939, bringing into being the Army Air Corps Jet Propulsion Research Project.
(A year later the Army Air Corps took over direct sponsorship of the Project.) Under its
terms, studies were to be 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
required to takeoff, (b) temporary increase of rate of climb, and (¢) temporary increase
of level flight speed. The contract also wisely authorized work to be done on both liquid-
and solid-propellant rocket engines.

Von Ka'rrrén, then 58 years of age, became actively committed to the development
of rocket propulsion by assuming direction of the Project. Parsons, Forman, and myself
as chief engineer, formed the nucleus of the staff. He brought to our work his vast
experience of utilizing mathematics and fundamental physical principles for the solution
of difficult engineering problems, and a rare skill in negotiation and organization.
Parsons was then 25; Forman and I were 27. While von Karmdn was away, I chose the
designation GALCIT Project No. 1 for the Alir Corps research. When he returned he sur-
prised me by frowning at the designation. He said I evidently did not know what House
No. 1 meant in China. At the Air Material Command, Wright Field, Dayton, Ohio, the Pro-
Jject was known by the designation Aircraft Laboratory Project MX 121.

We carried out the experimental work partly on the campus of Caltech and partly
in the Arroyo Seco above Devil's Gate Dam in Pasadena during the first year of the Pro-
ject. 1In 1940, six acres on the western bank of the Arroyo Seco were leased from the
Water Department of the City of Pasadena for the duration of World War II. Approximately
40 acres had been leased from the City by 1946 and this area is still a part of the tract
on which the Jet Propulsion Laboratory is located. Most of the temporary structures for
offices and testing have disappeared, since then replaced by permanent installations.
Residents near the Project put up with the noise of rocket testing until the end of the
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war in 1946 but, thereafter, noisy experiments were shifted to other installations, for
example, in the Mojave desert. Facilities of the Project in 1941, in 1945, and in 1969
are shown in Figures 4 (a) and (b), 5 and 6.

s

b »»,\\ N

Fig. 4 (a)
Sketch in 1940 of Iayout of First Project
Facilities to be Constructed at the
Arroyo Seco, Pasadena Site

The Project benefited greatly from the use of special Caltech laboratory equip-
ment, and for advice from members of the faculty and staff. For example, Aladar Hollarder,
Linus A. Pauling, and Fritz Zwicky were frequently consulted. A Chemistry Group under the
direction of Bruce H. Sage began working on chemical problems of propellants for the pro-
ject in 1942. Also, several Caltech staff members served as senior research engineers for
the Project on a part-time basis. The fact that Zwicky became one of our consultants in
1940 had ironic overtones. While working on the theory of rocket propulsion for my doc-
toral thesis in 1937,13 I mentioned to him some difficulties I was having in my study.

He exploded with the opinion that I was wasting my time on an impossible subject. For, he
said, I must realize that a rocket could not operate in space as it required the atmos-
phere to push against to provide thrust! By 1940 he realized that he was mistaken.

It is not possible in this memoir to mention the many devoted men and women who
carried out rocket research, assisted in the construction and testing of experimental
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Fig. 4 (b)
View of Project Facilities in 1941

devices, made designs and computations, and helped with the administration of the Project.
E. S. Forman and E. M. Pierce, Sr., were key persons in the first phase of the installa-
tion of bulldings and facilities. Pierce, who was loved by all, was my administrative
mainstay during the period covered by this memoir. It was no easy matter, in the midst of
World War II, to assemble a qualified staff that grew in number each year. Obtaining
scarce materials and equipment was a constant, frustrating trial. A group photograph of
the Project personnel in 1945 is shown in Figure 7.

II. FUNDAMENTAL STUDIES OF ROCKET MOTORS

Characteristics and Performance Parameters of a Rocket Motor

H. S. Tsien and I began theoretical studies of the characteristics of an ideal
rocket motor consisting of a chamber of fixed volume and an exhaust nozzle in 1936. The
results of these studies up to the end of 1939 are given in References 13 and 14. I
developed a universal ideal-thrust diagram showing the dependence of thrust on the expan-
sion ratio of the exhaust nozzle, the ratio of chamber pressure to external pressure, the
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Fig. 5
Layout of the Facilities of the Jet Propulsion
Laboratory, GALCIT in June 1945

exit angle of the exhaust nozzle and the specific heat ratio of the exhaust gas (Figure 8).
A form of this diagram is now used for determining the ideal thrust coefficient, CF’ of a
rocket motor. The effect of the angle of divergence of the exhaust nozzle on thrust under
ideal conditions was calculated by Tsien.

Experimental studies of the characteristics of a rocket motor were carried out,
beginning in 1938, by Parsons, Forman and myself with the gaseous propellants, oxygen and
ethylene.l Data were first obtained with oxygen alone to check the test stand installa-
tion and to compare results with those reported by Bartocei in March 1938. These were
followed by data obtained with the combustion of oxygen and etnylene.13’ 15 During one of
the first series of tests with this combination, in March 1939, the oxygen line exploded,
scattering parts of the apparatus over a large area. Though shaken, Parsons and Forman,
who were conducting the test, were unhurt. A piece of the Bourdon tube of one of the
pressure gauges buried itself in a wooden beam about where my head would have been if
von Karmdr had not called me away earlier.

Martin Sumerfield joined the Project in July 1940 and continued these studies
with an improved test installation (Figure 9). In particular, he determined the value of

161



Fig. 6
Aerial View of the Jet Propulsion Laboratory
in 1965

the thrust coefficient under real conditions, as it was affected by the angle of diver-
gence of the exhaust nozzle,2 and he found that thrust augmentors gave little promise from
a practical point of vaew.5 He also investigated the significance of the ratio of the
cambustion chamber volume to the nozzle throat area, L¥, proposed by Sénger for determin-
ing the required propellant stay-time in a combustion chamber. It is connected with
chemical kinetics and affects combustion ef‘f‘iciency.‘5

While conducting experiments with liquid propellants in 1941, Walter B. Powell,
following a discussion with Mark M. Mills, introduced a useful parameter called the
characteristic velocity, c¥, which is defined so as to give the effective exhaust velocity,
c, as a product of the experimental coefficients, CF‘ AND c*. The characteristic velocity
is determined only by the properties of the propellant and the nozzle throat area. Thus,
it is independent of exit conditions and may be considered as the parameter indicating the
efficacy of the combustion pr*o<:ess.2’5 At about this time another useful parameter,
called the specific impulse, Isp’ came into use. It is ordinarily expressed in pounds
thrust per pound of propellant consumed per second.
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Fig. 7
Personnel of the Jet Propulsion lLaboratory,
GALCIT in 1945 (circa)

Stability of Restricted Burning Solid Propellant Rocket Units

One of our first objectives was to develop a solid propellant rocket unit capa-
ble of delivering a constant thrust on the order of 1000 pounds for a period of 10 to 30
seconds. As far as was known, no black powder or smokeless power rocket had ever been
constructed to meet these specifications of thrust and duration. Experts we consulted
were very dubious about the possibility of doing so. Preliminary experiments made by
Parsons and Forman with pressed solid propellant charges restricted to burn cigarette-
fashion appeared to support this view.l5 It was generally believed that the combustion
chamber pressure of a restricted burning solid rocket unit would continue to rise from the
moment of ignition until any combustion chamber of reasonable weight would burst. In
other words, it was thought that such combustion was inherently unstable. Von Kafma'n, in
the spring of 1940, after listening both to the opinions of the experts and to the explo-
sions of Parson's rockets, one evening at his home wrote down four differential equations
describing the operation of an ideal restricted burning motor, and asked me to solve them
(Figure 10). Much to our relief we found that, theoretically, a restricted burning unit
would maintain a constant chamber pressure as long as the ratio of the area of the throat
of the exhaust nozzle to the burning area of the propellant charge remained constant,
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Fig. 8
Universal Ideal Thrust Diagram (cf. Ref. 1l)

that 1s, the process 1is stable.16’17 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]).

Cooling of Rocket Motors

A rocket motor 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 aircraft 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 combustion chamber and exhaust nozzle. In an uncooled motor, thermal equi-
1ibrium in the materials of construction is not reached during the safe period of opera-
tion; if it were to be reached, the motor would become a molten mass. Work carried out
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Fig. 9
Martin Summerfield and Edward G. Crofut in
Front of Gas Propellant Rocket
Test Stand in 1941

by the Project on the design and construction of uncooled solid propellant units and of
liquid propellant motors is discussed in Sections IV and V below. The uncooled liquid
propellant motor of 1999 1lb. thrust used in the A-20A flight tests in 1942 had a safe
operating period of 75 seconds, but it weighed 90 1bs.18’19

High performance, long duration rocket motors require the use of refractory
liners or cooling of the walls in the case of liquid propellant motors by all or part of
the propellants. In the 1930s, researchers demonstrated the feasibility of constructing
regeneratively cooled motors in which the coolant liquid absorbs heat as it circulates
arournd the motor in ducts and is then injected into the combustion chamber. Extensive
studies of regeneratively cooled motors were begun in 1942 by Summerfield and Seifert.2’20
When they began these studies, practically no information was available on the various
aspects of regenerative cooling that would permit the design of a motor to meet the Air
Corps performance specifications for various applications. There were, in fact, doubts
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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 accumulated 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
studies 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-
lurgy. 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 l"lills,al’22 in the monthly reports and in the confer-
ence minutes of the Project.23’ 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.
ILiquid oxygen, the ideal oxidizer from a rocket performance point of view, had been used
by Goddard, members of the Amerlcan Rocket Society, 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 idiom, the Air Corps wanted rocket engines that utilized "storable propellants."

Parsons, in his report of June 1937,25 suggested, among other storable oxidizers,
a mixture of nitric acid ard nitrogen pentoxyde. In 1939, he recommended the choice of
red funing nitric acid, a solution of nitric acid and nitrogen dioxyde, hereafter called
RFNA. This oxidizer has polsonous properties and is very corrosive, requiring the use of
stainless steel or aluminum to contain it. Nevertheless, it was more acceptable to the
Alr Corps than LOX. Just before Christmas, 1939, tests in an open crucible showed that
RFNA would burn 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 combustion. The resulting pulses in some 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-gasoline 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 RFNA. It would dispense with the need of an ignition system and might burn
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 problem 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 to add aniline to
gasoline.
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