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U.S. Navy photo
This is what a test firing should look like. Note the mach diamonds in the ex-
haust stream.



UsS. avy photo
And this is what it may look like if something goes wrong. The same test cell,
or its remains, is shown.
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In Re John D. Clark

by Isaac Asimov

1 first met John in 1942 when I came to Philadelphia to live. Oh, I
had known of him before. Back in 1937, he had published a pair of
science fiction shorts, “Minus Planet” and “Space Blister,” which had
hit me right between the eyes. The first one, in particular, was the
carliest science fiction story I know of which dealt with “anti-matter”
in realistic fashion.

Apparently, John was satisfied with that pair and didn’t write any
more s.f., kindly leaving room for lesser lights like myself.

In 1942, therefore, when I met him, I was ready to be awed. john,
liowever, was not ready to awe. He was exactly what he has always
been, completely friendly, completely self-unconscious, completely
himnself.

He was my friend when I needed friendship badly. America had
just entered the war and I had come to Philadelphia to work for the
Navy as a chemist. It was my first time away from home, ever, and I
was barely twenty-two. 1 was utterly alone and his door was always
open to me. 1 was frightened and he consoled me. I was sad and he
clicered me.

For all his kindness, however, he could not always resist the impulse
(o take advantage of a greenhorn.

livery wall of his apartment was lined with books, floor to ceiling,
and he loved displaying them to me. He explained that one wall was
devoted o fiction, one to histories, one to books on military affairs
nnd so on,
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“Here,” he said, “is the Bible.” Then, with a solemn look on his
face, he added, “I have it in the fiction section, you’ll notice, under

“Why J?” I asked.

And John, delighted at the straight line, said, “J for Jehovah!”

But the years passed and our paths separated. The war ended and
I returned to Columbia to go after my PhD (which John had already
earned by the time I first met him) while he went into the happy busi-
ness of designing rocket fuels.

Now it is clear that anyone working with rocket fuels is outstand-
ingly mad. I don’t mean garden-variety crazy or a merely raving luna-
tic. I mean a record-shattering exponent of far-out insanity.

There are, after all, some chemicals that explode shatteringly, some
that flame ravenously, some that corrode hellishly, some that poison
sneakily, and some that stink stenchily. As far as I know, though, only
liquid rocket fuels have all these delightful properties combined into
one delectable whole.

Well, John Clark worked with these miserable concoctions and sur-
vived all in one piece. What’s more he ran a laboratory for seventeen
years that played footsie with these liquids from Hell and never had
a time-lost accident.

My own theory is that he made a deal with the Almighty. In return
for Divine protection, John agreed to take the Bible out of the fiction
section.

So read this book. You’'ll find out plenty about John and all the
other sky-high crackpots who were in the field with him and you may
even get (as I did) a glimpse of the heroic excitement that seemed to
make it reasonable to cuddle with death every waking moment —to
say nothing of learning a heck of a lot ahout the way in which the
business of science is really conducted.

It is a story only John can tell so caustically well from the depths
within.



Preface

Millions of words have been written about rocketry and space travel,
and almost as many about the history and development of the rocket.
But if anyone is curious about the parallel history and development
of rocket propellants—the fuels and the oxidizers that make them
go—he will find that there is no book which will tell him what he
wants to know. There are a few texts which describe the propellants
currently in use, but nowhere can he learn why these and not some-
thing else fuel Saturn V or Titan II, or §S-9. In this book I have tried
to make that information available, and to tell the story of the de-
velopment of liquid rocket propellants: the who, and when, and where
and how and why of their development. The story of solid propellants
will have to be told by somebody else.

This is, in many ways, an auspicious moment for such a book. Lig-
uid propellant research, active during the late 40’s, the 50’s, and
the first half of the 60’s, has tapered off to a trickle, and the time
seems ripe for a summing up, while the people who did the work are
still around to answer questions. Everyone whom I have asked for in-
[ormation has been more than cooperative, practically climbing into
my lap and licking my face. I have been given reams of unofficial and
quite priceless information, which would otherwise have perished with
the memories of the givers. As one of them wrote to me, “What an
opportunity to bring out repressed hostilities!” I agree.

My sources were many and various. Contractor and government
agency progress (sometimes!) reports, published collections of papers
presented at various meetings, the memories of participants in the
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story, intelligence reports; all have contributed. Since this is not a for-
mal history, but an informal attempt by an active participant to tell
the story as it happened, I haven’t attempted formal documentation.
Particularly as in many cases such documentation would be embar-
rassing —not to say hazardous! It’s not only newsmen who have to pro-
tect their sources.

And, of course, I have drawn on my own records and recollections.
For something more than twenty years, from 1 November 1949, when
I joined the U.S. Naval Air Rocket Test Station, until 2 January 1970,
when I retired from its successor, the Liquid Rocket Propulsion Lab-
oratory of Picatinny Arsenal, I was a member of the unofficial, but
very real, liquid propellant community, and was acutely aware of what
was going on in the field, in this country and in England. (It wasn’t
until the late 50’s that it was possible to learn much about the work in
the Soviet Union, and propellant work outside these three countries
has been negligible.)

The book is written not only for the interested layman—and for
him I have tried to make things as simple as possible —but also for the
professional engineer in the rocket business. For I have discovered
that he is frequently abysmally ignorant of the history of his own pro-
fession, and, unless forcibly restrained, is almost certain to do some-
thing which, as we learned fifteen years ago, is not only stupid but is
likely to result in catastrophe. Santayana knew exactly what he was
talking about.

So I have described not only the brilliantly conceived programs of
research and development, but have given equal time to those which,
to put it mildly, were not so well advised. And I have told the stories
of the triumphs of propellant research; and I have described the nu-
merous blind alleys up which, from time to time, the propellant com-
munity unanimously charged, yapping as they went. .

This book is opinionated. I have not hesitated to give my own opin-
ion of a program, or of the intelligence —or lack of it—of the pro-
posals made by various individuals. I make no apology for this, and
can assure the reader that such criticism was not made with the ad-
vantage of 20-20 hindsight. At one point, in writing this book, when
I had subjected one particular person’s proposals to some rather caus-
tic criticism, I wondered whether or not I had felt that way at the time
they were made. Delving into my (very private) logbook, I found that
I had described them then, simply as “Brainstorms and bullbleep!”
So my opinion had not changed —at least, not noticeably.

I make no claim to completeness, but I have tried to give an accu-
rate account of the main lines of research. If anyone thinks that I
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have unreasonably neglected his work, or doesn’t remember things
as I do, let him write to me, and the matter will be set right in the
next (d.v.) edition. And if I seem to have placed undue emphasis on
what happened in my own laboratory, it is not because my laboratory
was unusual (although more nutty things seem to have happened there
than in most labs) but that it was not, so that an account of what hap-
pened there is a good sample of the sort of things which were hap-
pening, simultaneously, in a dozen other laboratories around the
country.

The treatment of individuals’ names is, I know, inconsistent. The
fact that the family name of somebody mentioned in the text is pre-
ceded by his given name rather than by his initials signifies only that
I know him very well. Titles and degrees are generally ignored. Ad-
vanced degrees were a dime a dozen in the business. And the fact that
an individual is identified in one chapter with one organization, and
with another in the next, should be no cause for confusion. People
in the business were always changing jobs. I think I set some sort of
a record by staying with the same organization for twenty years.

One thing that is worth mentioning here is that this book is about a
very few people. The propellant community —comprising those di-
recting or engaged in liquid propellant research and development —
was never large. It included, at the most, perhaps two hundred peo-
ple, three-quarters of whom were serving merely as hands, and doing
what the other quarter told them to do. That one quarter was a re-
markably interesting and amusing group of people, including a sur-
prisingly small number (compared to most other groups of the same
size) of dopes or phoneys. We all knew each other, of course, which
made for the informal dissemination of information at a velocity ap-
proaching that of light. I benefited particularly from this, since, as I
was working for Uncle, and not for a rival contractor, nobody hes-
itated to give me “proprietory” information. If I wanted the straight
dope from somebody, I knew I could get it at the bar at the next pro-
pellant meeting. (Many of the big propellant meetings were held in
liotels, whose management, intelligently, would always set up a bar
just outside the meeting hall. If the meeting wasn’t in a hotel, I'd just
look around for the nearest cocktail lounge; my man would probably
be there.) I would sit down beside him, and, when my drink had ar-
rived, ask, “Joe, what did happen on that last test firing you made?
Sure, I've read your report, but I’'ve written reports myself. What
really happened?” Instant and accurate communication, without pain.

Conformists were hard to find in the group. Almost to a man, they
were howling individualists. Sometimes they got along together —
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sometimes they didn’t, and management had to take that into account.
When Charlie Tait left Wyandotte, and Lou Rapp left Reaction Mo-
tors, and they both came to Aerojet, the management of the latter,
with surprising intelligence, stationed one of them in Sacramento and
one in Azusa, separated by most of the length of the state of Califor-
nia. Lou had been in the habit, when Charlie was giving a paper ata
meeting, of slipping a nude or two into Charlie’s collection of slides,
and Charlie was no longer amused.

But friends or not, or feuding or not, everything we did was done
with one eye on the rest of the group. Not only were we all intellectual
rivals — “anything you can do I can do better” —but each of us knew
that the others were the only people around competent to judge his
work. Management seldom had the technical expertise, and since most
of our work was classified, we couldn’t publish it to the larger scien-
tific community. So praise from the in-group was valued accordingly.
(When Irv Glassman, presenting a paper, mentioned “Clark’s clas-
sical work on explosive sensitivity,” it put me on cloud nine for a week.
Classical, yet!) The result was a sort of group Narcissism which was
probably undesirable —but it made us work like Hell.

We did that anyway. We were in a new and exciting field, possibil-
ities were unlimited, and the world was our oyster just waiting to be
opened. We knew that we didn’t have the answers to the problems in
front of us, but we were sublimely confident of our ability to find them
in a hurry, and set about the search with a “gusto” —the only word for
it—that I have never seen before or since. I wouldn’t have missed the
experience for the world. So, to my dear friends and once deadly ri-
vals, I say, “Gentlemen, I'm glad to have known you!”

John D. Clark
Newfoundland, N J.
January 1971
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How It Started

The dear Queen had finally gone to her reward, and King Edward
VII was enjoying himself immensely as he reigned over the Empire
upon which the sun never set. Kaiser Wilhelm II in Germany was
building battleships and making indiscreet remarks, and in the United
States President Theodore Roosevelt was making indiscreet remarks
and building battleships. The year was 1903, and before its end the
Wright brothers’ first airplane was to stagger briefly into the air. And
in his city of St. Petersburg, in the realm of the Czar of All the Rus-
sias, a journal whose name can be translated as “Scientific Review”
published an article which attracted no attention whatsoever from
anybody.

Its impressive but not very informative title was “Exploration of
Space with Reactive Devices,” and its author was one Konstantin
Eduardovitch Tsiolkovsky, an obscure schoolteacher in the equally
obscure town of Borovsk in Kaluga Province.

The substance of the article can be summarized in five simple state-
ments.

1. Space travel is possible.

2. This can be accomplished by means of, and only by means of,
rocket propulsion, since a rocket is the only known propulsive
device which will work in empty space.

3. Gunpowder rockets cannot be used, since gunpowder (or smoke-
less powder either, for that matter) simply does not have enough
energy to do the job.

4. Certain liquids do possess the necessary energy.
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5. Liquid hydrogen would be a good fuel and liquid oxygen a good
oxidizer, and the pair would make a nearly ideal propellant com-
bination.

The first four of these statements might have been expected to
raise a few eyebrows if anybody had been listening, but nobody was,
and they were received with a deafening silence. The fifth statement
was of another sort entirely, and a few years earlier would have been
not merely surprising, but utterly meaningless. For liquid hydrogen
and liquid oxygen were new things in the world.

Starting with Michael Faraday in 1823, scientists all over Europe
had been trying to convert the various common gases to liquids — cool-
ing them, compressing them, and combining the two processes. Chlo-
rine was the first to succumb, followed by ammonia, carbon dioxide,
and many others, and by the seventies only a few recalcitrants still
stubbornly resisted liquefaction. These included oxygen, hydrogen
and nitrogen (fluorine had not yet been isolated and the rare gases
hadn’t even been discovered), and the holdouts were pessimistically
called the “permanent gases.”

Until 1883. In April of that year, Z. F. Wroblewski, of the Univer-
sity of Krakow, in Austrian Poland, announced to the French Acad-
emy that he and his colleague K. S. Olszewski had succeeded in their
efforts to liquefy oxygen. Liquid nitrogen came a few days later, and
liquid air within two years. By 1891 liquid oxygen was available in ex-
perimental quantities, and by 1895 Linde had developed a practical,
large-scale process for making liquid air, from which liquid oxygen
(and liquid nitrogen) could be obtained, simply by fractional distilla-
tion.

James Dewar (later Sir James, and the inventor of the Dewar flask
and hence of the thermos bottle), of the Royal Institute in London,
in 1897 liquefied fluorine, which had been isolated by Moisson only
eleven years before, and reported that the density of the liquid was
1.108. This wildly (and inexplicably) erroneous value (the actual den-
sity is 1.50) was duly embalmed in the literature, and remained there,
unquestioned, for almost sixty years, to the confusion of practically
everybody.

The last major holdout—hydrogen —finally succumbed to his ef-
forts, and was liquefied in May of 1898. And, as he triumphantly re-
ported, “on the thirteenth of June, 1901, five liters of it (liquid hydro-
gen) were successfully conveyed through the streets of London from
the laboratory of the Royal Institution to the chambers of the Royal
Society!”
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And only then could Tsiolkovsky write of space travel in a rocket
propelled by liquid hydrogen and liquid oxygen. Without Wroblewski
and Dewar, Tsiolkovsky would have had nothing to talk about.

In later articles, Tsiolkovsky discussed other possible rocket fuels
—methane, ethylene, benzene, methyl and ethyl alcohols, turpentine,
gasoline, kerosene — practically everything that would pour and burn,
but he apparently never considered any oxidizer other than liquid
oxygen. And although he wrote incessantly until the day of his death
(1935) his rockets remained on paper. He never did anything about
them. The man who did was Robert H. Goddard.

As early as 1909 Dr. Goddard was thinking of liquid rockets, and
came to the same conclusions as had his Russian predecessor (of whom
he had never heard); that liquid hydrogen and liquid oxygen would
be a near-ideal combination. In 1922, when he was Professor of Phys-
ics at Clark University, he started actual experimental work on liquid
rockets and their components. Liquid hydrogen at that time was prac-
tically impossible to come by, so he worked with gasoline and liquid
oxygen, a combination which he used in all of his subsequent experi-
mental work. By November 1923 he had fired a rocket motor on the
test stand, and on March 16, 1926, he achieved the first flight of a
liquid-propelled rocket. It flew 184 feet in 2.5 seconds. (Exactly forty
years later, to the day, Armstrong and Scott were struggling desper-
ately to bring the wildly rolling Gemini 8 under control.)

One odd aspect of Goddard’s early work with gasoline and oxygen
is the very low oxidizer-to-fuel ratio that he employed. For every
pound of gasoline he burned, he burned about 1.3 or 1.4 pounds of
oxygen, when three pounds of oxygen would have been closer to the
optirum. As a result, his motors performed very poorly, and seldom
achieved a specific impulse of more than 170 seconds. (The specific
impulse is a measure of performance of a rocket and its propellants.
It is obtained by dividing the thrust of the rocket in pounds, say, by
the consumption of propellants in pounds per second. For instance,
if the thrust is 200 pounds and the propellant consumption is one
pound per second, the specific impulse is 200 seconds.) It seems prob-
able that he worked off-ratio to reduce the combustion temperature
and prolong the life of his hardware —that is, simply to keep his motor
from burning up.

The impetus for the next generation of experimenters came in
1923, from a book by a completely unknown Transylvanian German,
one Herman Oberth. The title was Die Rakete zu den Planetenraumen,
or The Rocket into Planetary Space, and it became, surprisingly, some-
thing of a minor best seller. People started thinking about rockets —
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practically nobody had heard of Goddard, who worked in exaggerated
and unnecessary secrecy —and some of the people who thought about
rockets decided to do something about them. First, they organized
societies. The Verein fur Raumschiffart, or Society for Space Travel,
generally known as the VIR, was the first, in June 1927. The Ameri-
can Interplanetary Society was founded early in 1930, the British
Interplanetary Society in 1933, and two Russian groups, one in Len-
ingrad and one in Moscow, in 1929. Then, they lectured and wrote
books about rockets and interplanetary travel. Probably the most
important of these was Robert Esnault-Pelterie’s immensely detailed
L’Astronautique, in 1930. And Fritz Lang made a movie about space
travel — Frau in Mond, or The Woman on the Moon, and hired Oberth as
technical adviser. And it was agreed that Lang and the film company
(UFA) would put up the money necessary for Oberth to design and
build a liquid-fueled rocket which would be fired, as a publicity stunt,
on the day of the premiere of the movie.

The adventures of Oberth with the movie industry —and vice versa
—are a notable contribution to the theater of the absurd (they have
been described elsewhere, in hilarious detail), but they led to one
interesting, if abortive, contribution to propellant technology. Foiled
in his efforts to get a gasoline—oxygen rocket flying in time for the
premiere of the movie (the time available was ridiculously short)
Oberth designed a rocket which, he hoped, could be developed in a
hurry. It consisted of a long vertical aluminum tube with several rods
of carbon in the center, surrounded by liquid oxygen. The idea was
that the carbon rods were to burn down from the top at the same rate
as the oxygen was to be consumed, while the combustion gases were
ejected through a set of nozzles at the top (forward) end of the rocket.
He was never able to get it going, which was probably just as well, as
it would infallibly have exploded. But —it was the first recorded design
of a hybrid rocket—one with a solid fuel and a liquid oxidizer. (A
“reverse” hybrid uses a solid oxidizer and a liquid fuel.)

At any rate, the premiere came off on October 15, 1929 (without
rocket ascent), and the VIR (after paying a few bills) fell heir to
Oberth’s equipment, and could start work on their own in early 1930.

But here the story starts to get complicated. Unknown to the VIR —
or to anybody else—at least three other groups were hard at work.
F. A. Tsander, in Moscow, headed one of these. He was an aeronau-
tical engineer who had written extensively —and imaginatively —on
rockets and space travel, and in one of his publications had suggested
that an astronaut might stretch his fuel supply by imitating Phileas
Fogg. When a fuel tank was emptied, the astronaut could simply grind
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itup and add the powdered aluminum thus obtaining to the remaining
tuel, whose heating value would be correspondingly enhanced! This
updated emulation of the hero of Around the World in Eighty Days, who,
when he ran out of coal, burned up part of his ship in order to keep
the rest of it moving, not unnaturally remained on paper, and
Tsander’s experimental work was in a less imaginative vein. He
started work in 1929, first with gasoline and gaseous air, and then, in
1931, with gasoline and liquid oxygen.

Another group was in Italy, headed by Luigi Crocco, and financed,
reluctantly, by the Italian General Staff.*

Crocco started to work on liquid rockets in 1929, and by the early
part of 1930 was ready for test firings. His work is notable not only
for the surprising sophistication of his motor design, but above all for
his propellants. He used gasoline for his fuel, which is not surprising,
but for his oxidizer he broke away from oxygen, and used nitrogen
tetroxide, N,O,. This was a big step —nitrogen tetroxide, unlike oxy-
gen, can be stored indefinitely at room temperature —but nobody out-
side of his own small group heard of the work for twenty-four years!

V. P. Glushko, another aeronautical engineer, headed the rocket
group in Leningrad. He had suggested suspensions of powdered
beryllium in oil or gasoline as fuels, but in his first firings in 1930, he
used straight toluene. And he took the same step —independently —as
had Crocco. He used nitrogen tetroxide for his oxidizer.

The VIR was completely unaware of all of this when they started
work. Oberth had originally wanted to use methane as fuel, but as it
was hard to come by in Berlin, their first work was with gasoline and

* The fact that the whole project was headed by a General G. A. Crocco is no coinci-
dence. He was Luigi’s father, and an Italian father is comparable to a Jewish mother.

1 In a letter to El Comercio, of Lima, Peru, 7 October, 1927, one Pedro A. Paulet, a
Peruvian chemical engineer, claimed to have experimented —in 1895-97 (1)—with a
rocket motor burning gasoline and nitrogen tetroxide. If this claim has any foundation
in fact, Paulet anticipated not only Goddard but even Tsiolkovsky.

However, consider these facts. Paulet claimed that his motor produced a thrust of
200 pounds, and that it fired intermittently, 300 times a minute, instead of continuously
as conventional rocket motors da.

He also claimed that he did his experimental work ¢n Paris.

Now, I know how much noise a 200-pound motor makes. And 1 know that if one
were fired three hundred times a minute —the rate at which a watch ticks —it would
sound like a whole battery of fully automatic 75 millimeter antiaircraft guns. Such a
racket would have convinced the Parisians that the Commune had returned to take its
vengeance on the Republic, and would certainly be remembered by somebody beside
Paulet! But only Paulet remembered.

In my book, Paulet’s claims are completely false, and his alleged firings never took
place. '
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oxygen. Johannes Winkler, however, picked up the idea, and work-
ing independently of the VIR, was able to fire a liquid oxygen-liquid
methane motor before the end of 1930. This work led nowhere in
particular, since, as methane has a performance only slightly superior
to that of gasoline, and is much harder to handle, nobody could see
any point to following it up.

Much more important were the experiments of Friedrich Wilhelm
Sander, a pyrotechnician by trade (he made commercial gunpowder
rockets) who fired a motor early in March 1931. He was somewhat
coy about his fuel, calling it merely a “carbon carrier,” but Willy Ley
has suggested that it may well have been a light fuel oil, or benzene,
into which had been stirred considerable quantities of powdered car-
bon or lampblack. As a pyrotechnician, Sander would naturally think
of carbon as the fuel, and one Hermann Noordung (the pseudonym
of Captain Potocnik of the old Imperial Austrian army), the year be-
fore, had suggested a suspension of carbon in benzene as a fuel. (The
idea was to increase the density of the fuel, so that smaller tanks might
be used.) The important thing about Sander’s work is that he intro-
duced another oxidizer, red fuming nitric acid. (This is nitric acid
containing considerable quantities—5 to 20 or so percent—of dis-
solved nitrogen tetroxide.) His experiments were the start of one of
the main lines of propellant development.

Esnault-Pelterie, an aviation pioneer and aeronautical engineer,
during 1931, worked first with gasoline and oxygen, and then with
benzene and nitrogen tetroxide, being the third experimenter to
come up, independently, with this oxidizer. But that was to be a re-
peating pattern in propellant research —half a dozen experimenters
generally surface simultaneously with identical bones in their teeth!
His use of benzene (as Glushko’s of toluene) as a fuel is rather odd.
Neither of them is any improvement on gasoline as far as performance
goes, and they are both much more expensive. And then Esnault-
Pelterie tried to use tetranitromethane, C(NQO,), for his oxidizer, and
promptly blew off four fingers. (This event was to prove typical of
TNM work.)

Glushko in Leningrad took up where Sander had left off, and from
1932 to 1937 worked with nitric acid and kerosene, with great success.
The combination is still used in the USSR. And in 1937, in spite of
Esnault-Pelterie’s experience, which was widely known, he success-
fully fired kerosene and tetranitromethane. This work, however, was
not followed up.

Late in 1981 Klaus Riedel of the VR designed a motor for a new
combination, and it was fired early in 1932. It used liquid oxygen, as
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usual, but the fuel, conceived by Riedel and Willy Ley, was a 60-40
mixture of ethyl alchol and water. The performance was somewhat
below that of gasoline, but the flame temperature was much lower,
cooling was simpler, and the hardware lasted longer. This was the
VIR’s major contribution to propellant technology, leading in a
straight line to the A-4 (or V-2) and it was its last. Wernher von Braun
started work on his PhD thesis on rocket combustion phenomena at
Kummersdorf-West in November 1932 under Army sponsorship,
the Gestapo moved in on the rest of the VfR, and the society was
dead by the end of 1933,

Dr. Eugen Singer, at the University of Vienna, made a long series
of firings during 1931 and 1932. His propellants were conventional
enough—liquid (or sometimes gaseous) oxygen and a light fuel oil —
but he introduced an ingenious chemical wrinkle to get his motor
firing. He filled the part of his fuel line next to the motor with
diethyl zinc, to act as what we now call a “hypergolic starting slug.”
When this was injected into the motor and hit the oxygen it ignited
spontaneously, so that when the fuel oil arrived the fire was already
burning nicely. He also compiled a long list, the first of many, of
possible fuels, ranging from hydrogen to pure carbon, and calculated
the performance of each with oxygen and with N;O;. (The latter,
being not only unstable, but a solid to boot, has naturally never been
used.) Unfortunately, in his calculations he somewhat naively assumed
100 percent thermal efficiency, which would involve either (a) an
infinite chamber pressure, or (b) a zero exhaust pressure firing into a
perfect vacuum, and in either case would require an infinitely long
nozzle, which might involve some difficulties in fabrication. (Thermal
efficiencies in a rocket usually run around 50 or 60 percent.) He also
suggested that ozone might be used as an oxidizer, and as had
Tsander, that powdered aluminum might be added to the fuel.

Then Luigi Crocco, in Italy, had another idea, and was able to talk
the Ministry of Aviation into. putting up a bit of money to try it out.
The idea was that of a monopropellant. A monopropellant is a liquid
which contains in itself both the fuel and the oxidizer, either as a
single molecule such as methyl nitrate, CH;NO; in which the oxygens
can burn the carbon and the hydrogens, or as a mixture of a fuel and
an oxidizer, such as a solution of benzene in NyO,. On paper, the idea
looks attractive. You have only one fluid to inject into the chamber,
which simplifies your plumbing, your mixture ratio is built in and
stays where you want it, you don’t have to worry about building an
injector which will mix the fuel and the oxidizer properly, and things
are simpler all around. But! Any intimate mixture of a fuel and an
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oxidizer is a potential explosive, and a molecule with one reducing
(fuel) end and one oxidizing end, separated by a pair of firmly crossed
fingers, is an invitation to disaster.

All of which Crocco knew. But with a species of courage which can
be distinguished only with difficulty from certifiable lunacy, he started
in 1932 on a long series of test firings with nitroglycerine (no less!)
only sightly tranquilized by the addition of 30 percent of methyl
alchohol. By some miracle he managed to avoid killing himself, and
he extended the work to the somewhat less sensitive nitromethane,
CH;3NO,. His results were promising, but the money ran out in 1935,
and nothing much came of the investigation.

Another early monopropellant investigator was Harry W. Bull,
who worked on his own at the University of Syracuse. By the middle
of 1932 he had used gaseous oxygen to burn gasoline, ether, kerosene,
fuel oil, and alcohol. Later he tried, without success, to burn alcohol
with 30 percent hydrogen peroxide (the highest strength available
in the U.S. at the time), and to burn turpentine with (probably 70 per-
cent) nitric acid. Then, in 1934 he tried a monopropellant of his own
invention, which he called “Atalene,” but did not otherwise identify.
It exploded and put him in the hospital. Dead end.

And Helmuth Walter, at the Chemical State Institute in Berlin, in
1934 and 1935 developed a monopropellant motor which fired 80
percent hydrogen peroxide, which had only lately become available.
When suitably catalyzed, or when heated, hydrogen peroxide de-
composes into oxygen and superheated steam, and thus can be used
as a monopropellant. This work was not made public—the Luftwaffe
could see uses for it —but it was continued and led to many things in
the next few years.

T\he last strictly prewar work that should be considered is that of
Frank Malina’s group at GALCIT. (Guggenheim Aeronautical Lab-
oratories, California Institute of Technology.) In February of 1936
he planned his PhD thesis project, which was to be the development of
a liquid-fueled sounding rocket. The group that was to do the job
was gradually assembled, and was complete by the summer of 1937:
six people, included Malina himself, John W. Parsons, the chemist of
the group, Weld Arnold, who put up a little money, and Hsu Shen
Tsien, who, thirty years later, was to win fame as the creator of
Communist China’s ballistic missiles. The benign eye of Theodore von
Karman watched over the whole.

The frst thing to do was to learn how to run a liquid rocket motor,
and experimental firings, with that object in view, started in October
1986. Methanol and gaseous oxygen were the propellants. But other
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propellants were considered, and by June 1937, Parsons had com-
piled lists, and calculated the performances (assuming, as had
Singer, 100 percent efficiency) of dozens of propellant combinations.
In addition to Sdnger’s fuels, he listed various alcohols and saturated
and unsaturated hydrocarbons, and such exotic items as lithium
methoxide, dekaborane, lithium hydride, and aluminum triemethyl.
He listed oxygen, red fuming nitric acid, and nitrogen tetroxide as
oxidizers.

The next combination that the group tried then, was nitrogen te-
troxide and methanol. Tests began in August 1937. But Malina, in-
stead of working outdoors, as any sane man would have done, was so
ill advised as to conduct his tests in the Mechanical Engineering build-
ing, which, on the occasion of a misfire, was filled with a mixture of
methanol and N,O, fumes. The latter, reacting with the oxygen and
the moisture in the air, cleverly converted itself to nitric acid, which
settled corrosively on all the expensive machinery in the building.
Malina’s popularity with the establishment suffered a vertiginous
drop, he and his apparatus and his accomplices were summarily
thrown out of the building, and he was thereafter known as the head
of the “suicide squad.” Pioneers are seldom appreciated.

But the group continued work, until July 1, 1939, when, at the
instigation of General Hap Arnold, the Army Air Corps sponsored a
project to develop a JATO —a rocket unit to help heavily laden planes
take off from short runways.

From now on, rocket research was to be paid for by the military,
and was to be classified. GALCIT had lost her virginity with Malina’s
first explosion. Now she had lost her amateur standing.
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Von Braun started work on his PhD thesis (rocket combustion
processes) in November 1932. All of his experimental work was done
at Kummersdorf-West, an artillery range near Berlin—and the
Reichswehr paid the freight, and built up a rocket establishment
around him. When he got his degree, in 1937, he was made the tech-
nical director of the organization, which was soon moved to Peene-
munde. There the A-4, better known by its propaganda name
“V-2” was designed and developed.

Very little propellant development was involved in the A-4. From
the beginning, liquid oxygen was the intended oxidizer, and 70-30
alcohol-water mixture (as had been used by the VfR) the fuel. And
Helmuth Walter’s 80 percent hydrogen peroxide was used to drive
the fuel pumps. The peroxide entered a decomposition chamber,
where it was mixed with a small quantity of a solution of calcium per-
manganate in water. This catalyzed its decomposition into oxygen and
superheated steam, which drove the turbines which drove the pumps
which forced the oxygen and the alcohol into the main combustion
chamber.

The A-4 was a long range strategic weapon, not designed to be
fired at a moment’s notice. It was perfectly practical to set it up, and
then load it with alcohol and oxygen just before firing. But the
Reichswehr needed antiaircraft rockets that were always ready to
fire. When you get word from your forward observers that the
bombers are on the way, you don’t have time to load up a missile
with liquid oxygen. What you need is a storable propellant—one
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that can be loaded into the tanks beforehand —and kept there until
you push the button. You can’t do that with oxygen, which cannot
be kept liquid above —119°C, its critical temperature, by any pressure
whatsoever.

The Reichswehr was rather slow to realize the need for AA rockets
—maybe they believed Hermann Goering when he boasted, “If the
British ever bomb Berlin, you can call me Meyer!” —but when they
did they found that work on storable propellants was well under way.
It was, at first, concentrated at Helmuth Walter’s Witte Werke at Kiel.
As has been mentioned, high strength hydrogen peroxide (80-83 per-
cent) first became available in about 1934, and Walter had fired it as
a monopropellant, and the Luftwaffe was immensely interested. Like
General Arnold, in the U.S. they could appreciate the fact that a
JATO rocket would enable a bomber to take off with a heavier load
than it could normally carry, and by February 1937, a Walter hydro-
gen peroxide JATO had helped a Heinkel Kadett airplane to get off
the ground. Later in the year, a rocket powered airplane was flown —
again using a hydrogen peroxide motor. The Messerschmitt 163-A
interceptor used the same propellant.

But peroxide is not only a monopropellant, it’s also a pretty good
oxidizer. And Walter worked out a fuel for it that he called “C-Stoff.”
(The peroxide itself was called “T-Stoff.”) Hydrazine hydrate,
N,H, H,O ignited spontaneously when it came in contact with per-
oxide (Walter was probably the first propellant man to discover such
a phenomenon) and C-Stoff consisted of 30 percent hydrazine hy-
drate, 57 of methanol, and 13 of water, plus thirty milligrams per liter
of copper as potassium cuprocyanide, to act as an ignition and com-
bustion catalyst. The reason for the methanol and the water was the
fact that hydrazine hydrate was hard to come by —so hard, in fact, that
by the end of the war its percentage in C-Stoff was down to fifteen.
The Messerschmitt 163-B interceptor used C-Stoff and T-Stoff.

The next organization to get into the rocket business was the Aero-
nautical Research Institute at Braunschweig. There, in 1937-38, Dr.
Otto Lutz and Dr. Wolfgang C. Noeggerath started to work on the
C-Stoft-T-Stoff combination. Next, BMW (Bavarian Motor Works —
yes, the people who make the motorcycles) were invited by the Luft-
waffe to get into the act. Helmut Philip von Zborowski, the nephew
of the famous pre-World War 1 racing driver, was in charge of the
operation, and Heinz Mueller was his second. In the summer of 1939
BMW got a contract to develop a JATO unit, using the C-T-Stoff com-
bination, and they worked with it for some months. But von Zbor-
owski was convinced that 98 percent nitric acid was the better oxi-
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dizer, as well as being immensely easier to get (I.G. Farben guaranteed
unlimited quantities), and set out to convert the brass to his point of
view. From the beginning of 1940, he and Mueller worked on the ni-
tric acid-methanol combination, and in 1941 proved his point, con-
vincingly, with a perfect thirty-second run at the three thousand
pounds force thrust level. He even convinced Eugen Singer, who was
sure that oxygen was the only oxidizer worth thinking about.

And in the meantime, early in 1940, he and Mueller had made an
immensely important discovery —that certain fuels (aniline and tur-
pentine were the first they found) ignited spontaneously upon con-
tact with nitric acid. Noeggerath learned of this, and joined the BMW
people in their search for fuels with this interesting property. His
code name for nitric acid was “Ignol” and for his fuels “Ergol,” and,
a fast man with a Greek root, he came up with “Hypergol” for the
spontaneous igniters. “Hypergol” and its derivatives, such as the ad-
jective “hypergolic” have become a permanent part not only of the
German, but of the English language, and even, in spite of the efforts
of Charles de Gaulle to keep the language “pure,” of the French as
well.

The discovery of hypergolicity was of major importance. Running
a rocket motor is relatively easy. Shutting it down without blowing
something up is harder. But starting it up without disaster is a real
problem. Sometimes electrical igniters are used —sometimes pyro-
technic devices. But neither can always be trusted, and either is a nui-
sance, an added complication, when you already have more complica-
tions than you want. Obviously, if your combination is hypergolic, you
can throw out all the ignition schemes and devices, and let the chem-
istry do the work. The whole business is much simpler and more re-
liable.

But as usual, there’s a catch. If your propellants flow into the cham-
ber and ignite immediately, you’re in business. But if they flow in,
collect in a puddle, and then ignite, you have an explosion which gen-
erally demolishes the engine and its immediate surroundings. The
accepted euphemism for this sequence of events is a “hard start.”
Thus, a hypergolic combustion must be very fast, or it is worse than
useless. The Germans set an upper limit of 50 milliseconds on the
ignition delay that they could tolerate.

Incidentally, and to keep the record straight, Zborowski named hss
propellants after plants. Nitric acid he called “Salbei” for sage, and
his fuels “Tonka,” after the bean from which coumarin, which smells
like vanilla, is extracted. Considering the odors of the things he
worked with, I can’t think of more inappropriate namesl



Peenemunde and JPL 15

The first ignition delay tests were, to put it mildly, somewhat prim-
itive. After a long night session, searching through old chemistry
texts for substances that were violently reactive with nitric acid, Zbor-
owski and Mueller would soak a wiping rag with a promising candi-
date and spray it with nitric acid and see how quickly — or if — it burst
into flames. And they ran into a peculiar phenomenon. An old, used
wiping rag from the machine shop would sometimes ignite much
faster than a new clean one soaked with the same fuel. Their chem-
istry laboratory furnished them with the answer. Traces of iron and
copper from the shop, as the metals or as salts, catalyzed the ignition
reaction. So they modified their 98 percent nitric acid, “Salbei” by
adding to it 6 percent of hydrated ferric chloride, and called the new
oxidizer “Salbeik.”

The wiping-rag technique was soon supplanted by a somewhat more
sophisticated gadget with which you could drop a single drop of a
candidate fuel into a thimbleful of acid, and determine its hypergolic
properties with less risk of setting fire to the whole shop, and for the
next four years BMW on the one hand and Noeggerath on the other
were trying the hypergolicity of everything they could lay their hands
on. At BMW, where propellant development was directed by Hermann
Hemesath, more than 2000 prospective fuels were tried. And very
soon the 1.G. Farben organization at Ludwigshaven started doing the
same thing. With a deplorable lack of imagination, Farben eschewed
code names at first, and labeled their mixtures with code numbers
like T93/4411.

The fuels that the three organizations developed were many and
various, but at the same time very much alike, since there was a lim-
ited number of compounds which were hypergolic with nitric acid —
and available in any quantity. Tertiary amines, such as triethyl amine
were hypergolic, and aromatic amines, such as aniline, toluidine, xyl-
idine, N methyl aniline were even more so. Most of the mixtures tried
—neat fuels consisting of a single pure compound were unheard of —
were based on the aniline family, frequently with the addition of tri-
ethylamine, plus, at times, things like xylene, benzene, gasoline, tet-
rahydrofuran, pyrocatechol, and occasionally other aliphatic amines.
The BMW Tonka 250 comprised 57 percent of raw xylidine and 43
of triethylamine (it was used in the “Taifun” missile) and Tonka 500
contained toluidine, triethylamine, aniline, gasoline, benzene, and
raw xylidine. Noeggerath added furfuryl alcohol to Tonka 250 to get
“Ergol-60” which he considered the “best” hypergol, and reported,
somewhat wistfully, that furfuryl alcohol was readily available in the
United States—as it was not in Germany.
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As soon as one of the investigators found a mixture that he liked he
applied for a patent on it. (Such an application would probably not
even be considered under the much stricter U.S. patent laws.) Not
surprisingly, everybody and Hemesath and Noeggerath in particular,
was soon accusing everybody else of stealing his patent. In 1946, when
Heinz Mueller came to this country, he met Noeggerath again, and
found him still indignant, bursting out with “And BMW, especially
Hemesath, did swipe a lot of patents from us!”

Around 1942 or 1943 1.G. Farben shifted the emphasis of their fuel
work away from the mixtures they had been working with at first, and
which were so similar to the Tonkas and the Ergols, to a series of fuels
based on the “Visols,” which were vinyl ethers. The vinyl ethers were
very rapidly hypergolic with MS-10, a mixed acid consisting of 10 per-
cent sulfuric acid and 90 percent nitric, and the ignition delay was less
sensitive to temperature than it was with straight nitric. (This had been
a serious problem. A propellant pair might ignite in 50 milliseconds
at room temperature, and wait around a whole second at 40 below.)
Also, it was believed, practically as an article of faith, that MS-10 did
not corrode stainless steel. This was a delusion that lasted five years
before it was punctured.

A typical mixture, patented by Dr. Heller in 1943, consisted of 57.5
percent Visol-1 (vinylbutyl ether) or Visol-6 (vinylethyl ether) 25.8
percent Visol-4 (divinylbutanediolether) 15 percent aniline, and 1.7
percent of iron pentacarbonyl or iron naphthenate. (Heller had to
put his iron catalyst in his fuel rather than in his oxidizer, since the
latter contained sulfuric acid, and iron sulfates are insoluble in nitric
acid.) There were many variations on these fuels, vinylisobutyl ether
being substituted at times for the n-butyl compound. All in all, more
than 200 mixtures were tried, of which less than ten were found sat-
isfactory. “Optolin” was a mixture of aniline, a Visol, aromatics, some-
times amines, gasoline, and pyrocatechol. The Wasserfall SAM used
a Visol fuel.

Several agencies tried to discover additives which, in small quan-
tities, would make gasoline or benzene or methanol hypergolic with
acid. Things like iron carbonyl and sodium selenide were more or less
successful, but the success was academic at best, since the useful ad-
ditives were all either too rare, too expensive, or too active to live
with.

But nitric acid was definitely the winner. Many German missiles
were designed, at first, to use peroxide, but as the war went on, the
Walter Type XVII submarines threatened to use up the whole pro-
duction, and as the nitric acid work was so successful, the shift to the
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latter oxidizer for missile work was inevitable. During this period
many other combinations than those actually tried were considered,
and theoretical performances were calculated. These calculations were
not the early naive estimates of Singer et al., but considered the com-
bustion pressure, the exhaust pressure, thermal efficiency, tempera-
ture of combustion, dissociation —the whole business. Such exact cal-
culations are outrageously tedious—a single one done with a desk
calculator, can easily take a whole day. But Dr. Grete Range and others
struggled through them, considering as fuels, alcohol, alcohol-water,
gasoline, diesel fuel, ammonia, propargyl alcohol, and God only knows
what else, and as oxidizers, oxygen, nitric acid, N,O,, tetranitro-
methane, ozone, and OF,, although the laboratory men were never
able to lay their hands on enough of the last to characterize it. And as
early as 1943 they were thinking of using chlorine trifluoride, which
before that had been nothing but a laboratory curiosity. But it had
recently been put into production —its intended use was an incendiary
agent—and they calculated its performance too, with ammonia and
with such oddities as a suspension of carbon in water.

One calculation made at this time by Dr. Noeggerath, showed that
if the propellants in the A-4 were replaced by nitric acid and diesel
fuel, the range of the missile would be increased by an appreciable
percentage —not because their propellants had a better performance
than the oxygen-alcohol combination actually used, which they did
not, but because their higher density allowed more propellant to be
stuffed into the tanks. This calculation had no particular effect at that
time, although the A-10, a planned successor to the A-4, was to have
used the new combination, but some years later, in Russia, the con-
sequences were to be hilarious.

The oxidizer that was always a “might have been” was tetranitro-
methane. It’s a good oxidizer, with several advantages. It’s storable,
has a better performance than nitric acid, and has a rather high den-
sity, so you can get a lot of it in a small tank. But it melts at +14.1°C
so that at any time other than a balmy summer day it’s frozen solid.
And it can explode —as Esnault-Pelterie had discovered, and it took
out at least one German laboratory. The eutectic mixture with N,Oy,
64 percent TNM, 36 N,O,, doesn’t freeze above —30°C, and is con-
siderably less touchy than is straight TNM, but it was still considered
dangerous, and Noeggerath refused to have anything to do with it or,
even to permit it in his laboratory. But the engineers kept looking at
it wistfully, and when they received a (completely false) intelligence
report that it was being used on a large scale in the United States, the
Germans heroically started synthesis, and had accumulated some eight
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or ten tons of the stuff by the end of the war. Nobody ever found any
use for it.

Another idea which didn’t get anywhere, was that of a heteroge-
neous fuel —a suspension, or slurry, of a powdered metal, such as
aluminum, in a liquid fuel such as gasoline. This had been suggested
by several writers, among them Tsander in Russia and Sdnger in
Austria, and Heinz Mueller of BMW ‘tried it out, using powdered
aluminum or magnesium in diesel oil. The performance was very
poor — the chamber pressure was 50 to 100 psi instead of the 300 they
were shooting for —due to the incomplete combustion of the metal.
But the other results were spectacular. The motor was fired in a hori-
zontal position against an inclined wall to deflect the exhaust stream
upwards. But the unburned metal particles settled down and deco-
rated all the pine trees in the vicinity with a nice, shiny, silvery coating
—very suitable for Christmas trees. The slurry idea was to emerge
again twenty years later, to drive another generation of experimenters
crazy.

Experimentation on monopropellants (which were called “Moner-
gols”) continued until the end of the war. In 1937-1938 a good deal
of work was attempted with solutions of N,O or NH;NO, in ammonia.
(The latter mixture, under the name of Driver’s solution, had been
known for many years.) The only result of these experiments was a
depressing series of explosions and demolished motors. And at
Peenemunde, a Dr. Wahrmke tried dissolving alcohol in 80 percent
H,0, and then firing that in a motor. It detonated, and killed him.
The Wm. Schmidding firm, nevertheless, kept on experimenting
with a monopropellant they called “Myrol,” an 80-20 mixture of
methyl nitrate and methanol —very similar to the nitroglycerine-
methanol mixture that Crocco had tried years before. They managed
to fire the material, and got a fairly respectable performance, but
they were plagued by explosion after explosion, and were never able
to make the system reliable.

And there was finally the propellant combination that the BMW
people and those at ARIB called the “Lithergols” —which was really
a throwback to the original hybrid motor tried by Oberth during the
UFA period. Peroxide or nitrous oxide, N,O, was injected into a
motor in which several sticks of porous carbon were secured. Nitrous
oxide can decompose exothermically into oxygen and nitrogen, as
peroxide does to oxygen and steam, and can thus act as a monopro-
pellant, but the experimenters wanted to get extra energy from the
combustion of the carbon by the oxygen formed. When they sur-
rendered to the Americans at the end of the war, they assured their
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captors that just a little more engineering work was needed to make
the system work properly. Actually some twenty years elapsed before
anybody could make a hybrid work.

Meanwhile, back at the ranch —

The most striking thing about propellant research in the United
States during the war years is how closely it paralleled that in Ger-
many. True, there was no American A-4, and high strength hydrogen
peroxide was unobtainable in this country, but the other develop-
ments were closely similar.

As mentioned in the first chapter, GALCIT’s first job for the armed
forces was to produce a JATO to help the Army Air Corps get its
bombers off the ground. And the Air Corps demanded a storable
oxidizer —they were not, repeat not, going to fool around with liquid
oxygen.

So the first order of business was choosing an oxidizer. Oxygen and
ozone, neither of them storable, were obviously out. Chlorine had
insufficient energy, and Malina, Parsons, and Forman who, with the
assistance of Dr. H. R. Moody, did a survey of the subject, considered
that N,O, was impractical. Itis difficult to say why, but the extremely
poisonous nature of the beast may have had something to do with its
rejection. They considered 76 percent perchloric acid, and tetranitro-
methane, and finally settled on red fuming nitric acid, RFNA, con-
(aining 6 or 7 percent N,O,. They tried crucible burning of various
fuels with this acid —gasoline, petroleum ether, kerosene, methyl
and ethyl alcohol, turpentine, linseed oil, benzene, and so on, and
found that the acid would support combustion. Further, they found
that hydrazine hydrate and benzene were hypergolic with it, although
they had never heard of the word, so acid it was. There is a highly
nonprophetic statement in the final Report for 1939-1940, Air Corps
Jet Propulsion Research, GALCIT —JPL Report No. 3, 1940. (By now
Malina’s group had become the Jet Propulsion Laboratory, with von
K4drman at the head.)

“The only possible source of trouble connected with the acid is its
corrosive nature, which can be overcome by the use of corrosion-
resistant materials.” Ha! If they had known the trouble that nitric
acid was to cause before it was finally domesticated, the authors would
probably have stepped out of the lab and shot themselves.

Be that as it may, the report was an excellent survey of the field as
it was at that time, and contained sophisticated and accurate perform-
suwce calculations. The procedure had been developed in Malina’s
1940 PhD thesis, and was essentially and inevitably the same as that
developed in Germany. One of the first compilations of the thermo-



20 Ignition

dynamic properties of exhaust gases was published by J. O. Hirsch-
felder in November 1942, as necessary raw data for such computa-
tions.

Malina and company started experimental work with RFNA and
gasoline as early as 1941 —and immediately ran into trouble. This is
an extraordinarily recalcitrant combination, beautifully designed to
drive any experimenter out of his mind. In the first place, it’s almost
impossible to get it started. JPL was using a spark plug for ignition,
and more often than not, getting an explosion rather than the smooth
start that they were looking for. And when they did get it going, the
motor would cough, chug, scream and hiccup—and then usually
blow anyway. Metallic sodium suspended in the fuel helped the igni-
tion somewhat, and benzene was a little better than gasoline—but
not much, or enough. It took an accidental discovery from the other
side of the country to solve their immediate problems.

Here we must backtrack., From 1936 to 1939, Robert C. Truax,
then a midshipman at the U.S. Naval Academy, had been experiment-
ing with liquid fueled rockets, on his own time and with scrounged
material. He graduated, spent the required two years on sea duty, and
in 1941, then a lieutenant commander, was ordered to the Engineer-
ing Experiment Station at Annapolis, with orders to develop a JATO.
For the Navy was having trouble getting their underpowered and
overloaded PBM and PBY patrol bombers off the water. And he, too,
ran into ignition and combustion difficulties. But one of his small
staff, Ensign Stiff, while working on gas generators (small combustion
devices designed to supply hot gas under pressure) discovered that
aniline and RFNA ignited automatically upon contact. (Such dis-
coveries are usually surprising, not to say disconcerting, and one
wonders whether or not Ensign Stiff retained his eyebrows.)

At any rate, Frank Malina, visiting EES in February of 1942, learned
of this discovery, and instantly phoned JPL in Pasadena; and JPL im-
mediately switched from gasoline to aniline. And their immediate dif-
ficulties miraculously disappeared. Ignition was spontaneous and im-
mediate, and combustion was smooth. They had a 1000-pound thrust
motor running by the first of April (these people were professionals
by that time) and on the fifteenth it boosted an A20-A medium bomber
into the air —the first flight of a liquid JATO in the United States.

Truax, of course, adopted the propellant combination, and early
in 1943, hanging two 1500 pound units on a PBY, managed to get the
much overloaded Dumbo off the water.

Other people were working on JATO’s for the Navy, among them
Professor Goddard himself, whose unit was successfully flown in a
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PBY in September 1942 —the first Navy JATO. He used his classic
combination of liquid oxygen and gasoline, but Reaction Motors, also
active in the field, came up with an ingenious variation.

Reaction Motors, Inc., generally called RMI, was founded in 1941
by a handful of veterans of the Americal Rocket Society including
James Wyld, Lovell Lawrence, and John Shesta, and undertook to
build a JATO unit. They first used liquid oxygen—all the ARS work
had been with that oxidizer —and gasoline. But they found that the
combination was too hot, and burned out their motors. So, as the gas-
oline entered the chamber, they mixed it with water through a meter-
ing valve. Combustion was smoother, and the motor stayed in one
piece. This was a somewhat less elegant solution to the problem of
combustion temperatures than was that used by the VIR (and Peene-
munde) when they mixed water with their alcohol fuel. The RMI unit
was successfully flown in the PBM in 1943. During the trials, run on
the Severn River, the exhaust jet set the tail of the seaplane on fire,
but the test pilot rose (or sank) to the occasion and set the plane down,
tail first on the water in the manner of an old time movie comedian
with his coattails on fire, seating himself hurriedly in a washtub full
of water, with appropriate hissing noises and clouds of steam.

The aniline-RFNA combination had the one—but magnificent —
virtue that it worked. Otherwise it was an abomination. In the first
|lace, aniline is much harder to come by than gasoline — particularly
it the midst of a dress-shirt war, when everybody and his brother
wants to use it for explosives and what not. Second, it is extremely
poisonous, and is rapidly absorbed through the skin. And third, it
{reezes at —6.2°C, and hence is strictly a warm-weather fuel. The
Army and the Navy both, in a rare example of unanimity, screamed
ul the thought of using it. But they had no choice.

"I'wo closely interwound lines of research characterize the rest of
the war period. One was designed to reduce the freezing point of
" uniline, the other was to make gasoline, somehow, hypergolic with
nitric acid. American Cyanamid was given a contract to investigate
ndditives which might have the latter effect and JPL worked both sides
ol the street, as well as experimenting with changes in the composi-
timn of the acid. Besides their usual RFNA, containing about 6 per-
reut NpO,, they experimented with one containing about 13 per-
1ent, as well as with a mixed acid rather similar to that the Germans
were using, but a little more potent. One mixture they used contained
NN percent nitric acid, 9.6 percent sulfuric, and 2.4 percent SO;. (This
wis very similar to the mixed acids used in explosives manufacture.)
Aund they, too, believed that it didn’t corrode stainless steel.
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The obvious way to lower the freezing point of aniline is to mix it
with something else — preferably something that is as hypergolic as the
aniline itself. And the obvious way to make gasoline hypergolic is to
mix i with something that is. Both lines of endeavor were pursued
with enthusiasm.

At LPL they mixed aniline with orthotoluide, its near relative, and
got a eutectic freezing at —32°C. But o-toluidine was as scarce as ani-
line, and although the mixture was successfully fired, it never became
operational. A more practical additive was furfuryl alcohol, for which
Zborowski was pining. Furfuryl alcohol comes from oat hulls and
Quaker QOats had tank cars of the stuff, which they were delighted to
sell 1o anybody who would take it off their hands. And 20 percent of
furfuryl alcohol in aniline reduced the freezing point to 0°F, or
—17.8°C, and the eutectic mixture, 51 percent aniline, 49 furfuryl al-
cohol, had a freezing point of —42°C. And furfuryl alcohol itself was
about as hypergolic as aniline.

And to gasoline, JPL added aniline, diphenylamine, mixed xylidines
and other relatives of aniline; assorted aliphatic amines, and every-
thing else they could think of, and then measured the ignition delay.
But they never found an additive which, in small percentages, would
make gasoline rapidly hypergolic, with either RFNA or mixed acid.
One of their best additives was mixed xylidines, but it took about 50
percent of the xylidines in the mixture to make it reliably and rapidly
hypergolic—which took it out of the additives class, and made it a
major component. To make it more discouraging, there were no pro-
duction facilities for the xylidines in the United States, and although
Aerojet looked at a similar mixture a few years later (in 1949) it never
came to anything.

American Cyanamid was having a similar experience. They started
with #2 fuel oil, diese] oil, and gasoline, and added to the particular
fuel aniline, dimethylaniline, mono- and diethylaniline, crude mono-
ethylaniline —and turpentine. Most of their work was done with mixed
acid, a little with RFNA, and some with straight 98 percent nitric acid
(White Fuming Nitric Acid, or WFNA). And in no case did they find
an effective additive. But they found that turpentine was magnificently
hypergolic with mixed acid or RFNA, and might well be a good fuel
all by itself. (And think of all those lovely votes from the piney woods
of the South!)

Aerojet Engineering was founded in March of 1942, to act, essen-
tially, as the manufacturing arm of JPL. The founders were von Kar-
mén, Malina, Parsons, Summerfield, and Forman, all of JPL, plus
Andrew Haley, who was von Kirman’s attorney. And they started
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their own propellant research program, although for some years it
was difficult to disentangle it from JPL’s.

Aerojet was the first organization to work extensively with crude
N-ethyl aniline, sometimes called monoethylaniline, as a fuel. This is
almost as rapidly hypergolic as aniline. The crude or commercial
product contains about 10 percent diethylaniline and 26 straight ani-
line, the remainder being the monoethyl compound, and its freezing
point is about —63°C. All in all, it was an elegant answer to the
freezing point problem, but it was just about as poisonous as its an-
cestor, and just as hard to come by.

But it could be lived with. The propellants for the Aerojet JATO,
in production by the end of the war, were mixed acid and mono-
ethylaniline, as were those of RMI’s motor for the Navy’s surface-to-
air missile, Lark, whose development started in 1944. The surface-to-
surface Corporal, started the same year, was designed around the
RFNA-aniline—furfuryl alcohol combination.

Three organizations worked on monopropellants during the war
although the effort was limited. All of them concentrated on nitro-
methane. JPL worked on it first, in 1944, or earlier, and found that
its combustion was improved by the addition of small quantities of
chromium trioxide (later chromium acetylacetonate) to the fuel. Aero-
jet also worked with it, and found that it was necessary to desensitize
it by the addition of 8 percent of butyl alcohol. And Bob Truax, at
KES, tried his hand —and was almost killed when somebody connected
the wrong pipe to the right valve and the tank blew. And finally Dave
Altman, at JPL, tried a mixture of benzene and tetranitromethane,
which naturally detonated at once.

And then the war was over, and the German work came to light—
sind things started to get really complicated. ’
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As the American interrogators moved into Germany close behind —
and sometimes ahead of —the armies, they found the German rocket
scientists more than willing to surrender (and get new jobs) and more
than anxious to tell everything they knew. Not only did the Americans
get almost all the top scientists —they got everything else that wasn’t
nailed down, including the complete Peenemunde archives (which von
Braun’s crew had thoughtfully deposited in an abandoned mine) and
all the A-4 rockets, complete or otherwise. And, red-blooded young
Americans all, with larceny in their hearts, they liberated every mil-
ligram of hydrazine hydrate and high-strength hydrogen peroxide
that they could find in Germany. Plus, naturally, the special alumi-
num tank cars built to carry the latter. Everything was promptly
shipped to the United States.

These steps were obvious. The next step was not.

The alcohol-oxygen combination seemed all right for long-range
missiles, but the United States had no immediate plans for building
such things. The Tonkas and Visols were no improvements on mono-
ethylaniline, or on the aniline-furfuryl alcohol mixtures that had been
developed in the U.S. And there was nothing new about nitric acid.
The Americans thought they knew all about it—as had the Germans.
Unwarranted euphoria and misplaced confidence are international
phenomena.

They had no doubt that missiles, guided and ballistic, were to be the
artillery of the future. The question —or one of many—was the iden-
tity of the optimum propellant combination for a given, or projected,
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missile. And so everybody even remotely connected with the business
made his own survey of every conceivable fuel and oxidizer, and tried
to decide which ones to choose. Lemmon, of JPL, presented the re-
sults of such a comprehensive survey to the Navy in the spring of
1945, and a half a dozen more, by North American Aviation, Reaction
Motors, the Rand Corporation, M. W. Kellogg Co., and others, ap-
peared in the next few years. Each survey listed the characteristics of
every propellant, or prospective propellant, that the compiler could
think of, and presented the results of dozens of tedious performance
calculations. To the surprise of nobody with any chemical sophistica-
tion at all, everybody came to just about the same conclusions.

There were two sets of these. The first related to long-range ballis-
tic missiles, or to rockets designed to orbit an artificial satellite. (As
early as 1946 both the Air Force and the Navy were making serious
studies of the problem of orbiting an artificial Earth satellite.) In these
applications, cryogenics (substances that cannot be liquefied except
at very low temperatures) could be used. And here everybody agreed
that:

1. The optimum oxidizer is liquid oxygen. (“Fluorine might be
good, but its density is too low, and it’s a holy terror to handle.”)

2. As far as performance is concerned, liquid hydrogen is tops as a
fuel. (But it was extremely hard to handle, and to come by, and
its density is so low that the necessary tankage would be im-
mense.) Below hydrogen it didn’t much matter. Alcohol, gas-
oline, kerosene —they’d all work pretty well, and could be lived
with. (“But maybe somebody could do something with things
like diborane and pentaborane?” Their performances, as cal-
culated, looked awfully impressive. “Sure, they were rare and
expensive and poisonous to boot, but—?”)

The second set of conclusions—or the lack of them—concerned
things like JATO’s and short range tactical missiles, which had to use
Storable propellants. Here the conclusions were less definite.

1. The available oxidizers were nitric acid, hydrogen peroxide (as
soon as it could be got into production in the United States) and
nitrogen tetroxide. (But N,O, and 90 percent peroxide both -
froze at —11°C, and if you want to fight a war in, say, Siberia in
February, or in the stratosphere—?) It looked as though nitric
acid, in one of its variants, was the most likely candidate. (“Of
course, if the freezing points of the other two could be reduced
somehow —? And what about weirdies like CIF;—?”)
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2. The conclusions were much less clean-cut when storable fuels
were considered. With few exceptions, none of the possible fuels
had a performance much better than any of the others. Deci-
sions would have to be made based on their secondary charac-
teristics: availability, hypergolicity, smoothness of combustion,
toxicity, and so on. The one important exception was hydrazine.
(Not the hydrazine hydrate the Germans had been using, but
anhydrous N,H,. Dave Horvitz, at RMI, fired the hydrate with
oxygen in 1950, but I am not aware of any other experiments,
in this country at least, in which it was involved. Almost all the
hydrazine hydrate looted from Germany was converted to the
anhydrous base before being distributed for testing. One method
of conversion was to reflux the hydrate over barium oxide, and
then to distil over the anhydrous hydrazine under reduced pres-
sure.) Hydrazine was hypergolic with the prospective oxidizers,
it had a high density for a fuel (1.004) and its performance was
definitely better than those of the other prospective fuels. But
—its freezing point was 1.5°C higher than that of water! And it
cost almost twenty dollars a pound. So two things obviously had
to be done—get the price of hydrazine down, and somehow,
lower the freezing point. (And again, there was that haunting
thought of pentaborane —?)

There was one subject on which everybody agreed. Nobody was
going to put up with the aniline-RFNA combination for one moment
longer than he had to. The acid was so corrosive to anything you
wanted to make propellant tanks out of that it had to be loaded into
the missile just before firing, which meant handling it in the field.
And when poured it gives off dense clouds of highly poisonous NO,,
and the liquid itself produces dangerous and extremely painful burns
when it touches the human hide. And . .. but nitric acid and the
struggle to domesticate it deserve, and will get, a chapter all to them-
selves.

The aniline is almost as bad, but a bit more subtle in its actions. If
a man is spashed generously with it, and it isn’t removed immediately,
he usually turns purple and then blue and is likely to die of cyanosis
in a matter of minutes. So the combination was understandably un-
popular, and the call went out for a new one that was, at least, not
quite so poisonous and miserable to handle.

Kaplan and Borden at JPL suggested one at the beginning of 1946.
This was WFNA and straight furfuryl alcohol. Furfuryl alcohol was
about as harmless as any propellant was likely to be, and WFNA,
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while it was just as corrosive as RFNA, and was just as hard on the
anatomy, at least didn’t give off those clouds of NO,. They fired the
combination in a WAC Corporal motor, comparing it to the 20 per-
cent furfuryl alcohol, 80 percent aniline mixture and RFNA, and
found no measurable difference in performance between the two
systems. (The WAC Corporal was conceived as a sounding rocket,
the “Little Sister” to the 20,000 pound thrust “Corporal” then under
development. It was the ancestor of the Aerobee.) And, as a bonus,
they found that ignition was fast and smooth, and much more tolerant
to water in the acid than was the Corporal combination.

At about the same time, RMI was making a similar set of tests.
These were all run in a 220-pound thrust Lark motor, whose mixed-
acid, monoethylaniline combination was the reference propellant
system. They used three fuels—80 octane gasoline, furfuryl alcohol,
and turpentine; and three types of nitric acid oxidizer — mixed acid,
WFNA, and RFNA containing 15% N;O,.* They used a hypergolic
starting slug on the gasoline firings, and rather surprisingly, got
good results with all three acids. Furfuryl alcohol was no good with
mixed acid. The combination was smoky and messy, and the reaction
of the sulfuric acid of the MA with the alcohol produced a weird
collection of tars, cokes, and resins, which quite clogged up the motor.
But furfuryl alcohol was excellent with RFNA and WFNA, starting
considerably smoother than did their reference propellants. And
turpentine gave hard starts with RFNA and WFNA, but with MA
started off like a fire hose. So that was one of the two combinations
that they preferred. The other was furfuryl alcohol and WFNA (the
RFNA performed a little better, but those NO, fumes!), although
neat furfuryl alcohol freezes at —31°C —rather too high for comfort.

Many other fuels were tried during the late 40’s and early 50’s.
At JPL mixtures of aniline with ethanol or with isopropanol were
investigated and burned with RFNA., Ammonia was fired there (with
RFNA) as early as 1949, and the next year Cole and Foster fired it
with N,O,. The M. W. Kellogg Co. burned it with WFNA, and by 1951,
R. J. Thompson of that company was beating the drum for this com-
bination as the workhorse propellant for all occasions. Reaction
Motors experimented with mixtures of ammonia and methylamine
(1o reduce the vapor pressure of the ammonia) and showed that the
addition of 1.5 percent of dekaborane made ammonia hypergolic
with WFNA, while the Bendix Corp., in 1953, showed that the same

* Intcrestingly enough, the first stage of Diamant, which put the first French satellite
into orbit, burns turpentine and RFNA.
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end could be achieved by flowing the ammonia over lithium wire
just upstream of the injector.

JPL fired various oddities with RFNA, such as furfural and two
methylated and partially reduced pyridines, tetrapyre and penta-
prim. The object of these tests is not readily apparent, nor is the rea-
son why RMI bothered to fire cyclooctatetraene with WENA. The
fuel is not only expensive and hard to get, but it has a very high
freezing point and has nothing in particular to recommend it. And
the reason that the Naval Air Rocket Test Station went to the trouble
of burning ethylene oxide with WFNA is equally baffling. The Edison-
ian approach has much to recommend it, but can be run into the
ground. One of the oddest combinations to be investigated was tried
by RMI, who burned d-limonene with WFNA. d-limonene is a ter-
pene which can be extracted from the skins of citrus fruits, and all
during the runs the test area was blanketed with a delightful odor of
lemon oil. The contrast with the odors of most other rocket propel-
lants makes the event worth recording.

It had long since become obvious to everybody concerned that
firing a combination in a rocket motor is not the ideal way to find out
whether or not it is hypergolic—and, if it is, how fast it ignites. By
the nature of research more tests are going to fail than are going to
succeed, and more combinations are going to ignite slowly than are
going to light off in a hurry. And when the result of each delayed
ignition is a demolished motor, a screening program can become a
bit tedious and more than a bit expensive. So the initial screening
moved from the test stand into the laboratory, as various agencies
built themselves ignition delay apparatus of one sort or another.
Most of these devices were intended not only to determine whether
or not a combination was hypergolic, but also to measure the ignition
delay if it was. In construction they varied wildly, the designs being
limited only by the imagination of the investigator. The simplest
tester consisted of an eyedropper, a small beaker, and a finely cali-
brated eyeball—and the most complicated was practically a small
rocket motor setup. And there was everything in between. One of the
fancier rigs was conceived by my immediate boss, Paul Terlizzi, at
NARTS. He wanted to take high-speed Schlieren (shadow) movies of
the ignition process. (What information he thought they would pro-
vide escaped me at the time, and still does.) * There was a small ig-

* An incurable inventor of acronyms, he called it “STIDA,” for Schlieren Type Igni-
tion Delay Apparatus.
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nition chamber, with high-speed valves and injectors for the propel-
lants under investigation. Viewing ports, a high-speed Fastex camera,
and about forty pounds of lenses, prisms, and what not, most of them
salvaged from German submarine periscopes, completed the setup.
Dr. Milton Scheer (Uncle Milty) labored over the thing for weeks,
getting all the optics lined up and focused.

Came the day of the first trial. The propellants were hydrazine and
WFNA. We were all gathered around waiting for the balloon to go
up, when Uncle Milty warned, “Hold it—the acid valve is leaking!”

“Go ahead — fire anyway!” Paul ordered.

I looked around and signaled to my own gang, and we started back-
ing gently away, like so many cats with wet feet. Howard Streim
opened his mouth to protest, but as he said later, “I saw that dog-
eating grin on Doc