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FOREWORD

The Franklin lustitute has for many years been deeply concerned with
missiles, Earth satellites and space travel. lts Laboratories for Research
and Development have been steadily engaged in vital tasks which helped
produce working mechanisms for rockets. In 1956 it sponsored a sym-
posium on “Earth Satellites as Research Vehicles,” which, in published form,
is one of the two or three authoritative, pre-Sputnik books on the subject.
On a popular level, the staff ‘of the Planetarium has operated on the premuse
that man would eventually travel in space. We have offered planetarium
demonstrations which, by taking advantage of the planetarium illusion tech-
niques. served to alter ottr sense of space and time and permitted us to move
ahead into the future. Such demonstrations have included “trips™ to the
moon, to Mars and to Saturn.  Thus, the Institute has kept abreast of latest
developments in the rocket and missile field.

With the advent of the eminently successful V-2 rocket, the mechanism
was available which could ultimately be used by man for the exploration of
space.  Little by little, the necessary steps to achieve this goal were taken.
Finally, on the fourth day of October, 1957, the launching of the first Earth
satellite fired the imagination of an wnprepared world,  Those of us who
had been involved in some facet of this adventure were called upon to explain
the avalanche of fast-moving events occurring at that time.  Science fiction
had suddenly become scientific fact—=and everyone wanted to know some-
thing about rockets, satellites and space travel,

Against this background, the Institute, seeking to serve engincers and
scientists of the Philadelphia area, sponsored a series of ten semi-technical
lectures on astronautics, in the spring of this year. Ranking workers in the
space travel field were invited to the lustitute to lecture on their specialties,
The Dolfinger-MceMahon Foundation made it financially possible for these
outstanding speakers to travel to Philadelphia from all parts of the United
States.  The Institute wishes publicly to acknowledge its gratitude, both to
the men who took their valuable time to fecture, and to the Fonndation, with-
out whose Lelp the series could not have been carried out,

The lecture course proved so successful that it was decided to publisk
the series as a JOURNAL Monograph, in order that a wider audience
might be reached.  The present volume represents essentially the verbatim

v

L nn

- Vo




e o ——————— . - -

remarks of the lecturers—condensed slightly and edited to make the matenial ;
suitable for written rather than oral presentation. It is our hope that T'en
Steps into Space will serve to clarify the basic principles and problems of
space travel for those who seek to understand the events of the past year m
the astronautics field.
The Franklin Institute may have similar Astrcnautics Series in the
future, but in-no case will it be able to present a sequence of more timely
lectures. To all who helped make this possible—our sincerest thanks.

I. M, Levitr

October 15, 1958
Philadelphia, Pa.
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THE LONG HISTORY OF SPACE TRAVEL

BY
WILLY LEY?*

INTRODUCTION

It may sound a bit strange for somebody to talk about the history of
something which has just begun or is going to begin in the near future, de-
pending on your interpretation of the term “space travel.” Just the same
you cannot do anything unless you think of it first and when you think of it
history so-to-speak begins,

I am reminded of the newspaper interview which [ gave roughly a weck
ago, in which I casually said that of course the men are tired now of just
orbiting around the earth and they would like to give their rocket a kick in
the perigee or at least send their planetary probe into interplanetary space.

Whereupon, the newspaperman leoked at me and said, “Who made up
all these new words?"”

I said, “These new words were made up by the astronomers quite a
number of years ago and especially those words which are bandied around
in the daily press these days were, for the most part, coined by Jobannes
Kepler, who died in 1630,  So these are not precisely new words.”

But this, of course, is the fulcrum of my lecture, The words are not
new. The ideas are not new. But you will have to make a distinction (at
least I make one) between what I call the history and the pre-history.  The
history ot space travel in my book and to my mind began at the time when
a scientist, preferably a modern scientist, sat down and said, “Now, if we
wanted to fly into space, what would we have to do?”  “To phrase it in very
modern language: What velocities would we need for which job? What
means of propulsion would we need for such a job? What additional side
issues crop up, for example, things such as “can you reccive a radio signal,”
or less important things such as “will the pilot become unconscious or not?”
“rhis is what I call the history.

rm}-msrom‘

The. pre-history begins with the idea itsclf, and the idea (and, again, this
is a straight steal {rom the astronomers) of space travel naturally presup-
posed the idea of other bodies in space.  As long as you don't know that
Ilawaii exists you cannot wish to go there. As long as you consider the
lights in the sky to be just lights in the sky and nothing else, you cannot
wish to go there.  Whether your.means for doing it would be effective or
not is still an entircly diffcrent problem, but not even the wish could come

3 Space Historian, Jackson Heights, N. Y.
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up or the concept couldn’t start umless you knew that there is a place at
which you could conceirably arrive.

‘This means, of course, that space travel actually began-more or less at
the moment when the people who were interested in what 15 now called
astronomy started the concept of other worlds in space.

Let me say something which does not really belong to the theme, but
which is important in the sense that it is often overlooked. The oldest as-
tronomy was astronomy of position only. The oldest astronomers were
not interested in what we now take for granted; in the-nature of the heavenly
bodies which they observed. They were interested in their location, in their
appearance, disappearance and reappearance—in short, in their positions

It was only, let us say, at-about the time of Christ (this fits pretty nicely
although there is no direct connection) when the intelligent people, at least
of the Mediterranean world, became convinced for the first time that the
moon was actually a body. That was put on paper for the first time by
Plutarck who died in 120, and only a few decades later the first science fic-
tion story was written; of course, it was a story about a flight to the moon
Flight in this case is to be taken literalfy.

1 might add that the aerodynamics were awful, Not only was the at-
mospitere of the earth supposed to reach to the moon, but the hero of the
Greek poet took one wing of an eagle and one of a yulture and by means of
this kind of equipment he made a flight to the moon. And then the gods
took his wings away.

In any event, the man who wrote the story was a Greek by the name of
Lukian of Samosata, and, to the best of ~ur knowledge, this was written in
160 A.D.

I just mentioned that we first needed the concept of other worlds before
we could get the concept of space travel This is a statement where you
have to be awfully careful about your semantics because all of you who at
oune time or another studied philosophy will remetnber, it is hoped, that there
was for a long time a controversy on the so-cailed plurality of the worlds.
‘That was anentirely different thing.

This pluraiity of the worlds concept in philosophy had nothing at all to
do with the fact whether the moon should be considercl a light in the sky
or a silver shield in the sky, as Pliny reported as an old belief, or whether
it was a solid body. That was an entirely different thing having to do Wwith
Ptolemaic ideas about the construction of the world. It is of no.other than
historical interest to us.now and doesn’t have to concernus in this lecture.
‘The reason I brought it up is that that is not the same,

In the later Middle Ages this old philosophical fight was revived on
theological grounds, this time meaning a world like, say, the moon. These
people always talked about the moon. You have to remember that this
was before the invention of the telescope and only. the moon is Jargeenough,
not counting the sun, to appear as a visible disk in the sky, while everything
clse needs a telescope to look different from a pinpoint.
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But before the philosophical theological discussion could go too far.
namely, in 1277, the Bishop of Paris said, with authority by the Pope, that
it would be wrong to think that there can be only one inhabited world ror
theological reasons. So the stage now was set.  The stage was set for the
astronomical discoveries which hinged partly on a better mathematical un-
derstanding of what was going on, and partly on the invention of the instru-
ment which we now call the telescope.

THE FERIOD FROM 1543 TO 1750

The mathematical understanding of what went on was given by two
beoks : by Copernicus” original work De Revolutionibits Orbium Coelsticum
(On the Revolutions of the Celestial Bodies) published in 1543; and Jo-
hannes Kepler's Nova Astronomia (The New Astronomy) which had the
very interesting subtitle of De Motibus Stellae Martis (On the Motions of
Mars) (interesting to us because that is where Kepler got his new astron-
omy), which was pubhshed in 1609. Then Galileo Galilel’s Siderius Nn-
cius appeared in 1610, on his telescopic discoveries And here you have
one of these very important psychological differences.

1 have often said (a few dozen times at the very least since October 4
of last year) that Sputink 1 mainly had the purpose to prove to everybody
that it could be done. Of course, all astronomers, most mathematicians
and a good many engincers knew that before, but the ones who were not
astronomiers and not mathematicians and not engincers had to be shown.

Back in 1610 in the astronomical field we had the same story, The
Greek philosopher Anaxagoras had suspected that there might be moun-
tains on the moon. Plutarch in 100 A.D. had logically proved that there
should be, but Galileo-in 1608 could say “I saw them.” And that made the
difference.

‘The next book dealing with a trip to the moon came after Galilel. In
this whole interval from Lukian of Samosata in about 160 A.D. to the next
one in 1634 there is just one minor item.  You all know about Ariosto's
famous poem Orlande Furioso which was finished in 1516 after some ten
years of writing it.? (I may add here as an aside that this book is also
very interesting for the history of technology in various aspects)., ‘The
Orlande Furiosoe contains oue short story about a trip to the moon by some-
body else. This is the only item between Lukian of Samosata in 160 and
the next one in 1634, Kepler's Somniwon,

‘This was not only the time when the telescope was invented, but it was
also the time when the printing press had been invented, and Lukian’s book
bad been reprinted on the newly invented printing press.  The reprints of
the original Greek editions were in 1496, 1503, 1522, 1526 and 1535, That
means five reprints of the original Greek in forty years. For those people
who were not well educated there were Latin editions.  The Latin editions

* First publication was in 1516, but this was not the complete work, which appeared in
1532,
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appeared in 1475, 1493, 1543 and’ 1549, A little fater Johannes Kepler
added one which was published in 1634, Latin translation. There were
also two bilingual editions, Greek and Latin, in 1615 and 1619. Finally,
late in the game there was an English edition in 1634,

This started something. In the first place, Johannes Kepler, the man
who iiscovered the Jaws of planetary motion, wrote a book which falls into
this general theme. Its title is Sonmun (Sleep), meaning dream in this
case, and it is actually a kind of philosophy and geography of the moon. It
contains two things which were new. One-was that he gives the distance
to the moon roughly as it is now in.our textbooks—50,000 German miles,
which works out to close to 300,000 English miles. This is a little bit too
large, but it is the first printed estimate of the distance which is reasonably
close to the truth.

The second thing that is new in Kepler's book is that although the Earth
has an atmosphere and the moon has an atmosphere, these two atmospheres
do not touch. There is empty space in between. And he makes one more
remark which I find very charming, and that is the following. (Inci-
dentally, it is factually.wrong, but shows thinking in the right dircction.)
He says that you must all have observed how a spider when it is chased
from its web drops down and puils its lags to its body. This way, Kepler
said, a traveler in space between Earth and the moon will have his arms and
legs folded up against his body because the larger part attracts the smaller
parts.

This was followed (and I am skimping now a little bit in my Hst) by
a book by Dr. Francis Godwin of England first published in 1638—Te Man
in the Moone—of course, a man who goes there. This is done by the very
simple—not too simple, but let us say non-technical.method of imagining
a race of birds called ganzas which migrate to the moon every winter and
they take the traveler along.

The interesting point is that Dr. Godwin did not even have to invent
the ganzas, or at least he saw something that was his model for it. The
extinet dodo was the model for Godwin's ganzas and, of course, there are
two small errors in the story.  One is that the dodos couldn’t fly at all, and
the sceond one is that the bird that was exhibited in London as a dodo at the
time, and presumably seen by Dr. Godwin, happened not to be a dodo bat a
solitary.

But let us noc go into these complications of-history, Let us jusepoint
out that Dr. Godwin's book was very successful. Between 1638 and 1768
it was published or printed twenty-five times in four different languages:
English original, French edition, German edition and a-Latin edition.

By that time, when it came out last, the moon had slowly begun to fall
into disgrace. In about 1650, and this is the earlicst date I have been
able to find, an Italian by the name of Giovannia Battista Riccioli wrote a
book which was calted Almagestum Novim—straight astronomy. It is this
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book which contains I befieve for-the first time (I wouldn’t swear to it in
court) the statement that there are no seas on the moon, there are probably
no lakes on the moon, no clouds have been seen on the moon and it prob«
ably has very-little, if any, air.

I made myself a small note here which might amuse you as it amused
me. Some time after Dr. Godwin, who had this traveler carried to the
moon by ganzas, as I told you, a “poet” by the name of Meston, an English-
man, wrote a poem which was a call to his muse; and m this poem he ex-
pected his muse to inspire bim with poctic thoughts which “are soaring in
high Pindaric stanzas, above Gonzales and his ganzas.”

The next man in literary history is a man who is often thought not to
be a real character, but he was one, namely, the Frenchman Cyrano de
Bergerac. His Foyage dans la Lune was printed for the first time “sans
privilege,” which means anybody could copy it, in 1650; then with privilege
it was printed six years later. This is the first book in which rockets are
used to carry the box in which the traveler sits,

This was imitated a little while Iater by an anonymous Frenchman who
makes things a little more modern sounding. His hero goes to the moon
by rocket and returns by parachute. The re-entry problem isn't quite that
simple, T am afraid, but I am just reporting now on what other people wrote
in the past.

Then, of course, we have onc English story printed in 1728 by a man
whose name we don't know, but he put the pen name of Murtagh McDer-
mott on the cover.  Well, I woulkin’t say he foresaw the stage or step prin-
ciple, but his ship consists of ten hulls inside cach other, in case something
goes wrong. And that something might go wrong is shown by the fact
that he is propelled to the moon by placing that ship on top of a mine shaft,
in which 7,000 kegs of gunpowder are going to be ignited.

You will see that by this time a number of ideas had alrcady been
vaguely thrown at the public, but this cuded in about 1750 and then there
was a long hiatus of roughly one century.  This is speaking from the fiction
point of view, but from the poiut of view of history of science there is some
very carly scientific thinking precisely in about this interval, all at about
the year 1820,

EARLY SCIENTIFIC THINKING

First comes a man, whose nationality I do not know, wlo wrote in very
difficult professorial German, but whose name sounds Dutch—it was Franz
von Paula Gruithuisen. Professor Gruithuisen, in the first place, thought
he had discovered a ruin on the moon. It is one of the cases where you
can see this ruin quite clearly with a small telescope if you know what to
look for, but it doesw’t show up-in a big one! And T mean this seriously.
I have seen it myself in a 4-in, telescope.

In the second place,.Gruithuisen was convinced that the planet Venus
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6 WiLLy LEY

was inhabited, He didn’t say, as was left to our century to claim, by little
green men, but ke did say that it was inhabited.

In the meantime, a man who is really one of the great ones in science,
2 mathematician, Karl Friedrich Gauss, and the Viennese astronomer von
Littrow both were thinking about the idea of what you might do if you
wanted to communicate with the inhabitants of other planets. Both agreed
that they might have nothing in common except the laws of mathematics.
Two plus two must be four on Mars too, no matter what you call the figures.

And so it.was Karl Friedrich Gauss who evolved the idea of producing
a giant mathematical symbol, the right angled triangle with the three squares
attached to it. Gauss, looking for a sufficiently large blackboard to write
it on for the Martians to see, thought of the Siberian tundra. What he
wanted to do was to plant the triangle with wheat or rye, a grain which
ripens yellow, surrounded by dark green pine forests with a thickness of
the line of about fifty. miles, which would make a nice contrast between pine
forest and wheat or rye fields

I sometimes wonder whether this might not come up as a proposal from
cast of the Iron Curtain one of these days. But the original inventor was
Karl Friedrich Gauss. Littrow in Vienna improved on this to some extent
in saying that this would be an unchanging symbol and he wanted changing
symbols which he wanted to produce by taking a desert (he said the Sahara,
but that was just a name uscd) in which he wouid dig trenches forming
figures fifty miles in diameter. The trenches would be filled with water,
of course, and then he would float kerosene on top of the water and ignite
this to send signals into space,

EARLY SCIENCE I'ICTION

These were, T wish to point out, scientific ideas, They did not originate
in the circles of people who wrote stories. The story writers came to the
fore in 1865, a year in which four-novels all about trips into space were
published. One of them is unimportant even though it was by Dumas, and
the other three managed to exhaust all possible ideas.

One of the threc, which 1 would hke to discuss quickly, was Jules
Veme's famous story De la Terre a la Lune (From the Earth to the
Moon), in which, as you know, escape velocity is produced by a canuon
shot from a gigantic cannon in Florida imbedded in a solid stone mountain.
1 might add here that Jules Verne moved, for the sake of the story, Stone
Mountain ncar Atlanta to Florida. Ile knew it wasn't there, but he moved
it there for story purposes. I don’t know whether the story which is now
being told in Atlanta existed then; T doubt it.  (‘The story which they now
tellin £ ' nta is that Stone Mountain was one day thrown by California at
Florida, put missed.) So Verne did move it to Florida for story pur-
poses.

‘I'he caunon shot was one idea. ‘The second idea came from an anony-

-
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mous Englishman whose book has the very simple title History of a Voyage
to the Moon. This anonynious Englishman thought up the idea of finding
a substance which did not have any weight. He had an ingenious treat-
ment. This substance is weightless and carries things unless there is iron
beneath it, in which case it loses its power.

His ship consists very simply of a large room, Jet us say, built of cak-
wood, fined with sheet metal, and it has two balls of this carrying substance
at both ends. And it has-two iron flippers, you might say, which can be
lifted to a position below it to destroy the power. If you let them drop,
then the power is there again.

The thing that amuses me about this old English story-written in 1865
is that the man constructs his space ship as a hydroponic system  He grows
plants in it so that the travelers have oxygen to breathe. Again, I think
that this is the first time that this has ever been mentioned.

The third idea of that year (alt in the same year, strangely cnough,
1865) came from a Frenchman by the name of Achille Eyraud, and his
book is very simply called Poyage a Vénus (Voyage to Venus). He uses
a reaction tnotor, a reaction motor which runs on solar energy.and uses
water as the reaction mass. He then ruins the whole story, and his fame
with it, by the idea of catching the reaction mass and feeding it back into
the fuel tank. But he did have the idea of the reaction motor.

So you see that the main ideas of friction which we now have in 2,2221%
variations were all taken from early in the 19th century, if not carlier: the
weightless substance, which then became especially famous through I, G.
Wells, written in 1899; the reaction propulsion, which is the staple now;
and the cannon shot, which has been-discontinued for literary purposes.

I have to mention two more things here. One is that 1877 was the
year when Mars came especially close. It was possible for Professor Asaph
Hall in Washington to discover the two small moons of Mars, and it was
possible for Giovanni Schiaparelli working in Italy to seud out the aston-
ishing news of the “canali” on Mars, the lines which still are not explained.
This was in 1877, and for this reason fictional interest then shifted from
the moon, that was known to be airless by then, to the planet Mars,

The masterpicce, of course, was the thing that happened around 1902,
also in PFrance, where a very rich lady with enormous amounts of money
put down the necessary moncey for a prize of 100,000 francs in gold to be
paid to the man who started communication with another heavenly body,
except the planet Mars,  The planct Mars seemed to be too simple, but the
French astronomer Camille Flanimarion, whose book about Mars (La
Planéte Mars) was respousible for the prize in the first place, withdrew in
horror and said this is the “unc idée bizarre” to rule out the one planet
which scems to be in a position to participate.  But you sce the enormous
optimism that was around then.

I will add one more thing (and this is not quite fair now for a reason
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which I will explain in a moment). The best space travel story ever writ-
ten prior to, say, 1920 or thereabouts .was a German one written-and pub-
lished in 1897. This contains the complete theory of space travel by
reaction, contains theory of intersecting orbits -and things like that. But
when I say it isn’t quite fair, it isn’t quite fair because the man who wrote
this novel was a scientist himself. He was a professional mathematician.

DEVELOPMENT OF SPACE TRAVEL THEORY

In 1897 this man, Professor Kurd Lasswitz, actually bridged the gap
between what I call the prehistory of which I have talked so far and the
history. which began in about his time because now science was ripe for
actually tackling the problem.

The first man who actually spoke about a space ship and meant it liter-
ally (a space ship that he would undertake to build if he were given the
money and the help) was an inventor by the name of Hermann Ganswindt.
I knew old Ganswindt who was in his late 70’s at the time and he told me
that his ideas went back to 1870. Whether this is true I have no way of
judging. I can’t say that he told me a story. He was an old man. Past
events tend to coalesce in retrospect. But.I can say this much, that I went
through his documents and he could prove to me by printed programs that
in the spring of 1891 he had delivered a lecture in which he declared that
the new century would bring both aviation and space travel. As we now
know, Ganswindt was right. However, Ganswindt himself, although he
talked:a ot about it, talked in public and for publication, did not produce
what you might call a scientific paper.

The first scientific paper on space travelswas produced by a Russian
by the name of Konstantin Eduvardovitch Ziolkovsky., I know from others,
not from Ziolkovsky himself (although I had correspondence with him),
that he wrote his paper in 1898 and he sent it fo a journal, now defunct,
which wes quite similar to our Scientific Monthly, which is defunct too
unfortunatlly, It is also a matter of record that the editor needed five years
before he made up his mind whether this should be published or not.

We know this because other scientists were asked what they thought of
the manuscript and they apparently couldn't find anything wrong with it
and so it was published in 1903. And it influenced nobody. It made ab-
solutely no impression. Outside Russia nobody could read it, of course.
Inside Russia nobody paid any attention and the airplane still had to be
invented anyway.

You can say, then, that these two-men—Ganswindt and Ziolkovsky—
are carly forerunners. You can say that the next man in the scientific field
was the American, Professor Robert H. Goddard. Goddard, in 1914, took

out a patent in which the step principle is mentioned. The little I know

about patent law makes me wonder how he could get the patent because
the step principle had been patented about three years carlier in Belgium,
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There must have been a legal techuicality, but I am quite sure that Goddard
did not know about the Belgian patent and Goddard wrote his first book on
space travel in the latter part of the First World War. It was published
by the Smithsonian Institute with 1919.0n the title: page, but actuaily re-
leased in January, 1920.

1t also didn’t cause too much of a stir, and I may here say something
which I consider important because an issue is being made of it on occasion
and by a few people. While there is no doubt about the priority of Dr.
Goddard in the Western world, I consider that Dr. Goddard’s importance
lies in the field of rocket research and rocket engineering, not in the field
of space travel.

Dr. Goddard mentioned space travel in only one aspect, an unmanued
shot to *he moon. But all his life, and in al of his publications, he was
concerned with rocket research which, of course, is as closely relafed to space
travel as is the right hand to the left, but still it is not quite the same thing.
And personal interests do count and should be evaluated in retrospect.

At any rate, Professor Goddard had his first rocket motor for liquid
fucls running on November 1, 1923 and there was no carlier one.  The first
flight of a liquid fuel rocket of Profcssor Goddard’s design was on March
16, 1926, and, again, there was no ecarlier one. So his position is abso-
lutely secure.

Things then shifted over in the direction of Europe for a while. The
book which, if you discount Ziolkovsky, is the foundation of space travel
theory as distinct from rocket theory is Hermann Oberth’s Rocket into
Interplanctary Space. ‘This, of course, is a translation of the original Ger-
man title. The book was published early in 1923.

This book covers, as you can sec in retrospect much better than you
could sce then (although I read it then) an amazing varicty of subjects.
It.is not only rocket motor computations. It is not only ascent computa=
tions, It contains questions of pilot resistance to acceleration. It contains
a discussion of a shot to the moon. It contains the first published plan for
a station in space.  All this in 1923}

As a matter of fact, in this book you can find a forecast of what hap-
pened to the second Vanguard that failed. He has a discussion that lasts
for one and a half pages (and mostly mathematical) on the fact that if a
rocket is very tall and thin all the acrodynamic forces tend to break it during
the ascent.

It is highly interesting, however, that in 1923, when Professor Oberth
managed to speak about a station in space, that he did not forecast the un-
manned artificial satellite. The reason is a strange one. He wrote the
book, or the actual writing, T would say, was from late 1917 to late 1921,
At this time, radio was not exactly under military secrecy, but only the
people working in radio knew anything about the subject.

For example, Obertli, in all seriousness, in his book has a lost expedi-
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tion ask the space station by means of signals by hand mirrors reflecting .
sunlight. Well, maybe even radio men could not have figured out at that

time that on a three centimeter wave you could call the space station and

would get your call through with the power contained m four flashlight

batteries  But it is interesting that he doesn’t mention radio at all, because

what-radio.there was was long wave stuff, needing enormous stations, and

whatever research may have been going on was not known to him; and

telemetering was not invented until threc years later., .

There was one more important work, this one by a German (Professor
Oberth has to be considered an Austrian by birth, although he lived in Ger-
many later), a Dr, Walter Hohmann, who in 1925 published a work which
goes into great detail of leaving the Earth, going to the moon, around the
moon to another planet, returning and re-entry, He has a long re-entry
discussion in this book published in 1925,

The interesting.point here is that it is all pure theory, pure in the purest
sense of the word. I asked Dr. Hohmann, who is no longer alive (he died
during the war in a bombing raid), by letter before the war started whether
he had had any ideas on construction. He wrote that he had tried to think
of construction, but he could not find avything that as an engineer he would
undertake to develop. But by just assuming thrust of the necessary order
he could as carly as 1925 work out most of the things that we are now on
the verge of doing.

This completes what you might calf the history of the idea. By the end
of 1925 the idea was complete. What has been contributed to the theory
since was cither in engineering on how to caleufate the exhaust nozzle of
a rocket niotor, or it was refinement of certain things because obviously the
men who calculate the re-entry problem with a slide rule and somebody clse
who bas an IBM machine—well, the man with the IBM machine is likely
to be better off and to be able to offer a greater variety of possibilities. But
still 1 feel that by 1925 the story of the idea was complete. What comes
after that is the story of building,

CONSTRUCTION OF THE ROCKET

The story of building, which most of you have read somewhere, I have
no doubt, is something which can be shortly described in the following way.
I told you that Dr. Goddard made his first liquid fuel rocket take off the
‘ ground in March, 1926, The first liquid fuel rockets in Europe followed
. in 1931. Six years later, there was a neck-to-neck race, which nobody
knew existed.
‘The German Army, in 1936, got two liquid-fuel rockets to a height of
about 6500 it. cach. Professor Goddard in this country had accomplished
7500 ft. in 1935, And in 1936, presumably somewhat ahead of the Ger-
mans since they fired in the middle of December, the Russians got a liquid-
fuel rocket to a height of twelve miles. < :
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What then happened was that Dr. Goddard ran out of money, the Rus-
sian group that had got a rocket to twelve miles became politicaily suspect,
while the German Army, being an army, just kept working. They didn’t
get much of a budget. One night Hitler dreamed that long-range missiles
couldn’t work, so the next day he withdrew all priorities from the long-range
missile program. But armies can sometimes, if there is 2 good general
sitting in the right place, shuffle internal funds around in such a way that
they do things for which they are not precisely authorized. At least it may
take some explaining afterwards why they thought they were_authorized,
and some work has been done that way once in a while. In this case the
German Army ended up with a V-2 rocket which was in one way or another
the prototype for all the rockets to come, the liquid fuel rockets, that is,

The next great event in my mind after the V-2 capable of going to a
hundred miles verticaily was Project Bumper Shot No. 5, which was the
first two-stage shot of a liquid fuel rocket. It went to 250 miles, and this
height was not surpassed for quite a number of years to come because the
neat job to be done, all scientists were agreed upon, was not to shoot higher
into space, but to put something into space to stay there, an artificial satel
lite.

As a matter of fact, aside from a Jupiter C shot which went higher than
250 miles, but in the process of traveling 3,000 miles horizontally, the first
shot higher than Project Bumper was one that happened by mistake. 1 am
speaking about the famous case of the runaway X-17. The X-17 is a three-
stage rocket of which the first stage throws stages 2 and 3 into space so 1hat
they can turn around and come down to simulate a re entry, but hey
wouldn't come down fast enough to simulate really so the second and third
stage fire upside down to push the measurement instruments in the nose of
the third stage into the dense atmosphere at the highest possible velocity.

Well, one of the X-17’s misbehaved and fired all three stages on the way
up. The trackers promptly lost it. That was something they didu't ex-
pect, but calculations indicate that it must have reached a height of 1,000
miles. This was early last year,

In the middle of last year Project Farside got a rocket up with a balloon
launch to a height of 3000 iiles. The transmitter cut out at 2700, but it
is believed that it rose for another 300 miles after the transmitter stopped.

Then, of course, came the age of the satellites. The next events are
casy to prophesy since we know what technological capability there is: a
shot to the moon within a- ycar, a flight to a hundred miles or thercabouts
in the X~15, and several years from now the first orbital flight by man.

All this is casy to prophesy. 1 have used this phrase before, but 1 think
it is most apt if you remember everything 1 have said tonight. It is easy
to prophesy the future because it is a future which began quite some time
ago.
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THE ROCKET AND THE REACTION PRINCIPLE

BY '
KURT STEHLING
INTRODUCTION

Everyone is talking about space flight these days$; the papers are full
of it. This evening, then, why don’t we go a little bit into the thing that
makes space flight possible—if it is ever going to be possible——namely, the
rocket.

The two terms “rockets” and “missiles™ arc used interchangeably and
widely, but they don’t always mean the same thing. The traditional rocket
is perhaps nothing miore than the old Fourth of July firecracker, with which
we have more fun than the big rockets at times; and a missile is a vehicle
that uses a rocket.

1 want to talk about the rocket and how it works, and how a rocket cn-
gine behaves. In the short time we have available, 1 will deal with the
rocket engine. ‘That, after all, makes the vchicle go—sometimes, and not
always up, cither!

Unfortunately, a jet propulsion course of some six months or a year
cannot be compressed into an hour, so I will have to gloss over the subject
very skimpily and touch the highlights of propulsion-developments as we

' have them today, inchuling some of the subtleties of rocket engincs.

THE. ROCKET ENGINE

The rocket is the thing that makes the vehicle go. It is the power ;
plant, and when the power plnt doesn’t work well, the rocket doesn’t work
well, either. The same is true in an airplane or a motor car,  If the power .
plant stops, drastie things happen; so it is necessary to have a power plant
which performs well.
The thing that distinguishes the space vehicle from other vehicles is its
unique power plant, the rocket engine, which is an application of jet pro-
pulsion.  All jet propulsion can be lumped together in a very farge body of
jet propulsion engines. The turbo jet, the ram jet, the ram rocket, the
hybrid engines and the rocket itseli and devices that use the momentum
principle of the jet which is exhausted through an orifice in the rear of some
combuster or other device which gencrates high velocity particles of gases.
) Figure 1 is a drawing of a very clementary propulsion system which .
would apply, I dare say, to any space vchicle or any-rocket vehicle. I shall
pick out little points in this figure and try to explain what the functions are
and what they mean.

i
¥
‘ 1 Head, Vanguard Rocket Division, Naval Rescarch Laboratory, Washington, D. C.
|
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A rocket missile these' days is, of course, to be written with a capital
“R” for Rocket and a small “m” for missile, because the rocket missileris
largely tanks and engines, Only-a very-small fraction of a rocket missile
today (and of a space ship in the future) is devoted to payload or guidance
and control and any ancillary devices that have to do with the rocket func-
tion.

The engine, which I calt the rocket.thrust chamber, the pumps, tanks,

etc., makes up perhaps 60 or 70 per cent of the total vehicle weight.  Any
power plant that T know of requires some fuel, so we must have a place to
store the fuel to run the power plant. It doesn’t matter whether the power
plant is a nuclear power plant or a chemical power plant or an ion power
. plant——something must be done to a working fluid so that it in turn may
! produce work. Then, on one end of the fuel (propelant) tauk, is the
rocket thrust chamber,
! People have recognized for a Jong time that the rocket power plant is the
! first step towards space flight. The carly rocket societics in the 1920°s and
! 1930’s realized that a rocket engine has the unique ability to operate in a
. vacuum—although some people still don't realize it!

P
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The carly rochet societies also recognized that space flight can only be
achieved with a device such as the rocket engine which is independent of
. atmosphere, because there is a point beyond which there is no atmosphere.
Therefore, if you want to get beyond the atmospliere, you can’t use an
ordinary gas engine, which needs atmosphere to function you must use
something that carries its own oxygen for its combusion process.

Various scientists long ago recognized this. Dr. Robert H. Goddard
in this country wrote some very good treatises on rocket engines and for
many years, practically unsupported, he developed a lot of the clements of
the rocket propulsion system and worked out the theory of some of the
rocket combustion processes. The Europeans, notably the Germans, did
a lot of work, too. Professor Hermann Oberth worked out a scheme of
propulsion cven before Goddard, although Goddard did a lot of practical
work.

The rocket propulsion system (shown in Fig. 1) is the critical device
that separates the space ship men {rom the ordinary Earth-breathing boys.
The rocket chamber with its propellant tanks permits space flight to occur,
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14 KurT STEHLING

because the rocket engme can transcend beyond the atmosphere and, in
fact, it works better out of the atinosphere than in the atmosphere. (In
our own Vanguard project wé found that the performance of the rocket
engine in vacuum was better than we had anticipated.)

LIQUID ROCKET FUEKLS

1t is necessary to get the propellants or fuels into the rocket chamber.
This is done by means of two tanks connected to the rocket chamber.

Before I go on to more clements, I want to stop a moment to analyze
some of the components. First, we have a combustor, a device which per-
mits the rapid burning of some combustible. The combustibles are classi-
fied as fuels and oxidizers. Most people just call the whole thing “fucl.”
‘The fuel, however, is only one half of the propellant, or a portion of it; the
other portion is the oxidizer, or oxygen. The two tanks connected to the
rocket chamber carry fuel and an oxidizer, respectively, and there are many
fuels and many oxidizers.

Hydrocarbons

One type of fuel is the hydrocarbon. Kerosene and gasoline arc the
two tnajor ones, and there are also jet fuels which are related to the ones
above. These are ordinary common garden variety of hydrocarbons which
the early rocket societies used, which Dr. Goddard used in his work, and
which perform very well,

The reason for using them is Jargely logistic. The Military in this
country are still the Jargest buyers of missiles and they don’t want to be
bothered by carrying cxotic propellant combinations alf over the world if
they have to fire missiles from some God-forsaken spot such as the South
Pacific or Siberia, They want propellants which are casily available and
reasonably cheap, for firing a missile is an expensive business.  These large
rocket engines use propellants at the tremendous rate of several thousand
dollars a second.

Aleoirol

Methyl alcohol is another fuel, but it is reasonably passé at this time,
for very few rockets these days use alcohol.

Amines

The amines are interesting propetlants because they have little or no
carbon in their molecules,  When a fuel has little or no carbon in it, it bee
comes a more cfficient fucl beeause the exhaust which comes out of the rocket
engine has a lighter molecular weight and also the carbon does not cat up
useless energy in the rocket engine.

One of these interesting amines is ordinary ammonia. It is fairly cheap,
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a little hard to store, but readily available. Another one is hydrazine, which
is a derivative of ammonia. Then there are so-called substitutes of hydra-
zines, one of which, called dimazine, is used in our second stage in the Van-
guard. Tt is asvery energetic liquid, very nice material to use, and it gives
more energy than the hydrocarbons. We are using amines because they
give more energy per pound of propellant weight.

OXIDIZERS

In the oxidizer class, the normal oxidizer is air, but chlorine or fluorine
can be used. The favorite these days for rocket systems 1s oxygen in liquid
form. One reason for its wide use is that it is easy to liquefy oxygen—
perhaps I shouldn't say easy to liquefy oxygen, but it is easy to obtain
liquid oxygen by building a big liquefaction apparatus consisting of huge
machines that pump day and night producing fiquid oxygen, and break
down just before you want to use them!

Liquid gases have their limitations, of course. Liquid gases are dif«
ficult things to use. They are hard to pump and hard to store because they
are so cold the valves freeze. They tend to react with.materials—sub-
stauces brought into contact with liquid oxygen will be st on fire.

Liquid fluorine is a marvelously energetic material, but difficult to
handle.

Of the three main classes of oxidizers, chlorine is out for various rea~
sons; fluorine is an exciting possibility for the oxidizer in the rocket engine;
but oxygen is much more widely used.

Another interesting oxidizer that the Germans first tried is 90 per cent
hydrogen peroxide—not the bleaching variety! Another nice one is con-
centrated nitric acid, These two substances alone are rather nasty liquids,
Anything in the rocket business is nasty, but particularly the substances
one must handle, such as the liquid propeHants.  Nitric acid has one advan~
tage that the liquid gases do not. It can be stored for a long time (in
stainless steel drums for months and years).

THE ROCKET CIIAMBER

The rocket chamber permits propulsion to occur in vacuum, which in
turn makes space flight possible. I know this is the end product we all
look for, but without such a device as the rocket caamber, we cannot achieve
space flight in any reasonable way. It is the only practical way which will
propel you in a vacuum,

Combustion

Now, how does it do this? Let us assume that we have sprayed the two
liquids into the chamber and*they have begun to burn.  There are two ways
in which they begin to burn: they can be ignited with a sparkplug (as was
done in the X1 aircraft which used alcohol and oxygen) ; or, fluorine and
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ammonia, which ignite on contact, may be used There is'no problem of
ignition—as soon as the liquids are sprayed into the chamber, they will
burn.

Hydrogen peroxide, which is hypergolic (sclf-ignitng), may be used;
and peroxide may be used with alcohol or gasoline.

Combustion, then, has been.produced in the rocket chamber. Let me
review the cycle once more. There is a little slug of propellant (fuel) in
one of the pipes shown in Fig. 1 and another slug of propelfant (oxidizer)
in the other pipe,-both travelling into the chamber by devious means which
1 will deseribe later. The two propellants become mixed, just as the carbu-
retor in your car mixes air and gasoline, and upon mixing, they ignite,
either from an external stimulus or in a-rather crude way (as was done in
our first stage engine) from an igniter placed.in the chamber and set off.
This creates a great “‘spritzel” of fire in the chamber and away goes the
rocket.

For most rocket engines, such as the Vanguard, the combustion process
must be ignited only once, Once it begins to burn, it contmues to burn—
you hope! The combustion in a rocket chamber is really ordinary burn-
ing, similar to a Bunsen burner. Tn fact, if a microphone is placed next to
a rough burning Bunsen burner and amplified a few thousand times or a
few million times, it sounds just like a rocket engine——worse than many!

Thrust

There is a regular chemical reaction with the particles that are burned—
they travel down the chamber because they have no place clse to go, This
burning immediately increases the chamber pressure from atmospheric to
500 psi,, which is an average chamber pressure.  Most rockets today work
at 500 psi., although some can work at 300, 200 and even less, and some
at higher.

The burning particles come to the end of the chamber which may, in the
case of a 50,000-1b. thrust chamber, be any length, depending on the pres-
sure.of operation. I the pressure is very high, the chamber size shrinks.
H it is very low, the chamber size expands.

The gases move along at high temperature in the thrust chamber (a
50,000-1b. thrust chamber is 2 ft. in diameter), and they begin to accelerate
because all the propellants are coming in but they are all burning away at a
given rate.  The material, then, in order to get out of the chamber, must
accelerate. It can’t go at a steady speed. Indeed, it begins to accelerate
more rapidly when it reaches the constriction of the throat.

The gases now expand to the outside into what we call the nozzle. 7The
nozzle has an interesting function. The gases are generated in the chamber
and try to get out of it; on getting out, they impart momentum to the cham-
ber. We have, then, a variation of mementum with tinte, or a variation of
mass flow with time, which produces a rate of change of momentum which
in turn produces thrust.
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The thrust that is produced in the rocket is nothing but the product of
mass times acceleration. The mass is in the chamber and the acceleration
is produced by the change of velocity and, later, the change in acccleration
of particles going through the nozzle, which results in a net force or thrust.
This is the thrust of the rocket engine.

On exhaustion of the chamber, thrust is produced at the throat, or en-
trance to the nozzle, where there s a very violent change in velocity, with
a later change in acceleration in the nozzle, which is also called a supersonic
diffuser.

The gases which travel at sonic speed, Mach 1, are accelerated to a
higher Mach number depending on the initial pressure ratio in the chamber
which may be as high as Mach 5 or 6. or even higher. This acceleration
to supersonic speed produces the thrust. A portion of the thrust is pro-
duced in the chamber; a good deal more is produced in the throat; and there
is a certain amplification factor produced by the nozzle. The nozzle may
produce roughly 40 per cent of the thrust, with the other 60 per cent pro-
duced before the gases reach the nozzle. This s entirely a function of the
size of the nozzle and the pressure ratio across the throat.

The Nozzle

The gases expand until they reach a pressure which is determined by
the length of the nozzle and the initial pressure ratio in the chambur. In
vacuum, these gases want to expand to infinity and reach zero pressure.
So, to get all possible work out of these gases, which impinge on the walls
as they accelerate, in total vacuum the nozzle would have to be of infinite
length—quite an engineering feat! But, because of the rate of change of
entropy of the gases in coming out and the fact that the particles are dis-
crete sizes and have certain energies, for all practical purposes all the energy
of the expanding gases at the nozzle would be used if the nozzle were 20 or
30 times the length nf the rocket chamber.  This, of course, is not feasible,

There are limitations to the rozzle. The difficulty in designing a very
efficient nozzle is that as the nozzle becomes too long its weight increases
and the rocket is far more sensitive to weight than it is to the efficiency of
chemical conversion, also known as specific impulse. A 10 to 20 per cent
change in the chemical efficiency of the rocket engine produces a relatively
insignificant change in velocity or altitude, but a tremendous change can be
made by simply hacking half the nozzle off.  The designer, therefore, has
to compromisc. Ile says to himself: “I am converting chemical energy
into a throst in the nozzle, T am doing it at a certain rate. Is it more
advantageous to use a lightweight chamber and only convert a portion of it
and save that welght to put in something else, or not use it av all?”

Usually the answer is in favor of a shorter nozzle.  Another considera«
tion in nozzle design is that rocket engines have a steering function on the
large rocket vehicles. The engine may be gimballed, as it is in Vanguard
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or the other'big rockets, and if it has to steer back and forth, up or down,
a large nozzle flopping up and down puts a great strain on the rocket cham-
‘ber.  Big nozzles, then, are to be avoided if at all possible, where weight is
important,

The propellant has come down into the rocket chamber to produce ths
effect of high pressure combustion and exhaustion through a filter where
the gas movés at sonic speed, provided this internal pressure is some definite
fraction above the external pressure.

TUE FUELING PROCESS
Pressure Method

Let us go back and see how the propellant reached the rocket chamber.
The simplest thing is to force the propellant by pressure, This can be done
by including a pressure tank filled with helium, which scems expensive and
wasteful, but it is done. Believe it or not, in a Jarge rocket it is often useful
to substitute helium for nitrogen. You wouldn't think gasescweigh much,
but when you have a large sphere 6 feet in diamcter at 5000 psi. the differ-
ence between nitrogen and helium may mean quite a few pounds. Also,
helium is not casily absorbed into the liquids under pressure.

By releasing helium gas, the fucl tank in the vertical rocket can be pres-
surized.  The pressurized helium acts fike & piston on one end.  (In fact. i
tanks have been designed with pistons in them, to take the place of helium |
or gases.) The liquid is thus forced into the rocket chamber, but the force
of the push has to be higher than the internal pressure, otherwise the pro-
pellants won't enter the chamber.

The pressure required for forcing the liquids into the rocket chamber
is so high that the tanks begin to look like battleships, with big heavy walls,
So, it is necessary to find some of* er stratagem for putting the liquids into I
the rocket chamber.  Pressure can be used to feed the propellants into very
small rockets such as the Acrobee Ili, a high altitude rocket used by the
Naval Research Laboratory.

If there is not too much pressure drop in the lines, there will be a flow
of liquid into the rocket ehamber. This flow is sclf-compensating, self-
controlled, because the throat acts as a little orifice. The sonic flow in the
chamber will allow only so muchsgas to flow at a given time.  If you try to
put too much propellant in the chamber, the chamber pressure builds up too
rapidly and the rocket chamber tries to go back to an equilibrium, The
rocket chamber has to be designed for a certain given amount of propellant
flow per time, with a certain area relationship in the throat.

It is not possible to open up the throat or do much with the nozzle with- ‘
out changing the critical balange in the chamber, that is, the balance of the
internal pressure to the outside pressure.

The throat is just like a little valve which can be opened by hand, If
you set it at one point you must leave it that way, since if you tinker with
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the throat, the whole thermodynamic relationship changes. When that
happens, the rate of injection of the propellants has to be changed, also.

With the pressure method of injection, in big rockets, the tank walls be-
come so heavy that the rocket will never get off the ground. Tank walls
are so thin in some of these big rockets that they will collapse in on them-
selves. Some of these giant. intercontinental rockets, for-instance, are like
pressurized blimps.

Pumping Method

How, then, do we get the propellant from the tanks into the chamber?
We use a very, very old device, namely, a pump. There are all kinds of
pumps which can be used, keeping.in mimnd that a driving device must be
used which is independent of the dtmosphere. This is done in some rockets
by setting up a system with hydrogen perxide inside of it.

Hydrogen peroxide has the nice property of not having to “burn” with
anything. It is able to decompose without having the bencfit of reaction
with one of the hydrocarbons or the amines. This is done—in all the big
rockets—by feeding the hydrogen peroxide out of a little tank into a de-
composer, with a tiny rocket chamber having a small screen of sitver coated
with some chemical (or a mesh filled with calcium permanganate).

The peroxide tank is pressurized from the helium sphere mentioned
previously. This introduces a secondary combustion process, for the perox-
ide will decompose when it hits the screen and form super-heated steam with
a little free oxygen in it, at very high pressure. The gases are choked down
again to give a high velocity jet of gas, which impinges on the blades of a
gas turbine on a shaft and turns them like a little windmill. 1t is aif en-
closed. The gas turbine in turn is hooked up to two centrifugal pumps, for
cach propellant has to be pumped, of course.

In short, a separate external process pressurizes or drives a gas turbine
(just as is used in a jet engine) at very high speed up to 30,000 or 40,000
rpm.  The gas turbine then turns the pumps to pump the propellants.

That is the major scheme as used in rockets today. It is a source of
much pain and agony, since it is very hard to design goed propellant pumps
and good gas turbines. In fact, it is harder to do than to design the cham-
ber. Using basic principles, one can design.a rocket chamber in half an
hour, The fun begins when you try to design the injcctor at the end of
the rocket chamber and the pump. The pump design is difficult and the
injector design is empirical, which is disconcerting in a scientific world,

Now, we've gotten the fucl into the chamber through the pump, instead
of using pressure.  The pump has introduced an artificial driving force
which will raise the energy level of the liquids to the requisite level to pump
it into the chamber so it can burn and be all atomized into a fine mist. The
oxidizer has been pumped in, also. The two pumps have probably been
geared together and driven by a common gas turbine.
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COOLING THE ENGINE

The oxidizer or the other liquidican be used in an interesting way.
Before it is pumped into“the rocket chamber, it can be pushed through the
nozzle of the chamber, fed back along the wails of the chamber and back into
the rochet engine. This cools the engine,

All ordinary rocket engines with liquid propellants need to be cooled,
for an uncooled rocket engine is useless—with one exception which I will
describe fater. T want to give you some idea of why cooling is necessary.

The usual combustion temperature at 500 psi. is between 5000 and
6000° T, for an ordinary propellant combination such as kerosene and liquid
oxygen. Tor fluorine and ammonia it is not much higher, oddly enough,
but we obt~in higher efficiencies by having less to accelerate.  In the perox-
ide decomposer the temperature may be about 1200° F,, if it is that high,
so it is much less efficient.

A chamber with a 5000° gas environment inside and operating at a high
pressure poses severe problems of heat transfer.  The heat must be liberated.
A lot goes out through the nozzle, but there is still heat flow into the walls,

Most rocket chambers today are made of some material such as stainless
steel or mild steel,  Stainless steel is the favorite because it is so resistant
to chemical erosion, which occurs in a high degree because oxygen at high
temperature, for instance, acts as a very fine cutting torch.

The chamber wall is fairly strong, say an ¢ighth of an inch thick. On
one side there is a 5000° F. temperature; on the other side, there is the or-
dinary atmospheric temperature, say, 70° F. In fact, in vacuum, there is
no temperature.  Heat can’t even get away, for the only way to liberate
heat in vacuum is to radiate it, and that is-2 very poor way to transfer heat.

The wall, then, must be kept cool.  One of the big steps forward in the
Jast twenty years in rocket design was a method of regencratively cooling
the chamber—regencratively meaning here that one of the working liquids is
used as its own coolant, so to speak, It goes along the walls and is re-
injected.

What limits will the heat flow cause here besides any coolant we may
introduce? Suppose we didn’t have this coolant, what would happen?
Three or four seconds after the rocket engine started, scveral things would
occur, the major one being disintegration of the chamber.  But before that,
the walls would begin to erode away.

One reason for this is that in a liquid rocket engine, the atmosphere
usually has a surplus of oxygen which erodes the walls, When the walls
reach a temperature near their melting points, the metal actually burns off.
The metal can be protected with a ceramic Jayer on the inside.  This is one
exception to the need for cooling—a rocket chamber with a very thick
ceramic coating.  The ceramic gradually erodes, but if the firing is for
thirty seconds or so, the chamber can survive.

Without a ceramic lining, we must do something to protect the wall,
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The inside of the wall already has a certain self-protection in the form of a
stagnant film of gas, a boundary layer, which is a-very severe attenuator of
the heat flow. It is a quiescent layer of gas which does not have much
turbulence in it and which severely limits the convective heat transfer that
occurs inside the chamber,

This gas film is a natural protector and even if we put a cooling jacket
around the outside, just as a car engine has, this gas film must still be there.
If in a rocket chamber the gas film is destroyed by osciliation or turbulences,
in many cases the charitber will burn out whether it is cooled or not. This,
unfortunately, occurz fairly frequently.

The wall, then, must be designed so that it is always cool enough to
maintain a boundary layer of cool quiescent gas along the wall.

Rocket walls must not be too thick, because the:thinner the wall, the
better it is from the heat transfer picture. The designer always makes the
rocket wall as thin as possible, consistent with the internal pressure and
the structural strength of the rocket chamber.

Regenerative cooling allows the wall to be kept cool enough so it doesn’t
burn or doesu’t evaporate. This is the thing that allows the rocket engine
to be a practical reality, Without it we wouldn’t have anything unless we
used enormously thick walls. tremendous ceramic shells or, as I will tell
you later, solid rockets.

One of the most commonly used oxidizers, nitric acid. is an excellent
coolant. In Vanguard in the first stage we used the fuel (kerosene) as a
coolant, because fiquid oxygen can't be used; in the second stage we used
the nitric acid (the oxidizer) for the coolant, because the second-stage fuel
is not too good a coolant, and, more important than that, we don't have
enough of it. It is not only necessary that the coolant flow through at a
certain velocity (it must have a high velocity), but it is also necessary to
have a good quantity of it in order to carry away the heat.  So regenerative
cooling of a rochet chamber is a prime and necessary clement of the rocket
«igine complex.

INJECTION IROCESK

The next step is injection.  “The injector is a small element of the rocket
engine with fittle holes in a face plate (see Fig. 2). The liquid comes up
behind it and it looks just like a shower spray. In fact, some injectors are
called shower-heads, The liquid is sprayed ont and is mixed in fine drop-
lets. There is a vast body of theory on how we should mix it and what
the atomization rates should be, but no one has yet worked out a good theory
for the rocket designer. The fact is that there is nothing really scientific
about injector design. We inject tiny droplets of liquid; they all mix,
making a tremendous turbulence of gas vapor which creates a great fire,
This represents a low order combustion process.  All these tiny vaporized
droplets of propellant try to meet, mix together and burn. They must be
atomized to some extent, otherwise it takes too long for the combustion
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process to be completed. The more combustion occurring near the injector
head, the more efficiently we use the volume of the chamber.

CO,MBUSTION INJECTOR BODY

:z«—FUEL

| J~—OXIDIZER

SMALL IMPINGING STREAMS
F LIGND ATOM
FORMA FINE SFRAY

1AL
COMBUSTION ZONE
Fic. 2.

‘There are several types of injectors. One type has two holes with a
liquid spraying out each one. The two sprays-impinge forming a little
flame; this process can be repeated all over the face of the injector. An-
other type is a swirl nozzle which makes a great big vaporized spray, very
much like a home oil burner nozzle.

Cooling of 2 rocket chamber is most important and without it we could
not exist with rocket engine.; however, the injector is the heart of the sys-
tem. The rest of the components can vary considerably—for example, the
nozzle can be cut off or twisted around. In fact, any variation beyond the
injector doesn’t bother the chamber at all. Once the gas flows sonically
through the throat, what happens beyond the injector has no effect on the
inside. The sonic flow is a complete and definite cutoff from the outside
world for the inside chamber.

SOLID ROCKETS

Although I have said a good deal about fiquid rockets, don’t let me give
you the impression that lquid rockets are the raison d’efre of space flight.
There-are other things. I mentioned liquids because they are the more
complicated, and .because they still have considerably greater application
than the others.  Most of the big rockets which are fired from the various
missile ranges are liquid rockets. We have yet to learn how to cast and
mold and squeeze ont the propellants for large solid rockets.

Generally, the rocket engine in the liquid rocket comprises the chamber
and the pumps and the valves that go with it, and there may be hundreds
and hundreds of valves. On the other hand, the solid rocket is disgusting
in its simplicity. It is nothing but a solid charge. To make it, an ordinary
metal or Fiberglas case is filled through a spigot at one end with some solid
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propellant material which could be several things.  Solids are not usually as
energetic as liquids, but they can be.

Types of Solid Propellants

There are two main divisions of solid propellants, One of them, fairly
widely used today, is the so-called double-base propelfant which is the tradi-
tional propelfant made of explosive nitrocellulose or nitroglycerine tempered
with additives to decrease the burning rate, Nitroglycerine would make
a nice mono-propellant (a propellant which burns all by itsclf without add-
ing oxygen), but it burns so fast that it makes a nice bomb, too.  You could
not spray nitroglycerine into a rocket chamber and expect the thing to stay
put, because the explosion wave would travel up the pipes and into the tank

Another type of solid propellant are the synthetic rubber propeltants,
usuatly called composite propellants.  They are made of synthetic rubbers
with some oxidizing material such as ammonium nitrate or perchlorate
mixed with them, These two combinations are widely used. I think the
cmphasis presently is on the composites,

Specific Inpulse

The specific impulse of these propellants, that is, the rate of usage, is
not as high as that of liquids. “Specific impulse™ is a very treacherous
term to use, by the way, even though it is used widely, We define specific
impulse as the thrust of the rocket divided by the propellant weight that is
burned times the gravitational constant.

Thrust

Specific impulse = To/sec propeliant

Xg

‘This is an important factor and docs telf you that for a given amount of
thrust and for a given propellant burning per second, you get a certain
amount of thrust, or vice versa.

Another term that has been used widely in rocket practice is “exhaust
velocity.”  Exhaust velocity is the velocity of the gas coming out of the
rocket: the higher that is, the more efficient the rocket vehicle is and the
higher the wltimate velocity of the rocket vehicle will be.

If the exhaust velocity is divided by the gavitational constant, the
answer is the same thing as impulse.  The specific impulse definition is
somewhat anomalous because it depends on thrust, and thrust is a hard thing
to measure in a rocket engine.  Of all measurements to make, thrust is the
most difficult because the whole large rocket engine and all its parts must
be made to push against a spring scale or hydraulic or electric indicator of
some kind, We can set the unit on a big pivoting test stand; but all the
pipes that go with it and all the valves have to move with it, also. If they
don't move with it, you have to account for the flexure in the lines. The
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whole complex thing has to be calibrated, and so it is very difficult to meas-
ure thrust.

Thrust is also a function of the size of the nozzle. “The bigger the nozzle
and the higher the altitude of the rocket in vacuum, the more thrust is de-
veloped for a given pound of propelffants burned. So thrust is a variable
thing in a rocket engine.

Our Vanguard rocket engine starts at 28,000 pounds at sea level and
probably goes to about 29,000, although our nozzle isn’t really long enough
to make full use of that thrust capability. Our second stage engine has an
8000-1b. thrust in vacuum, but only about 5000-Ib. thrust at sea level be-
cause the nozzle is not being used fully, When the gases of our second
stage engine are burned at sea level, the gases begin to separate and break
away from the wall. They expand to atmospheric pressure, 15 psi., so the
big nozzle does no good at all at sea level. 'We call this an over-expanded
nozzle when the nozzle is a bigger size than can be used fully by the gases.

Combustion Efliciency

A more interesting figure is the so-called combustion efficiency or char-
acteristic exhaust velocity, It is a function of the throat area of the rocket
engine and the weight of propellant. It is a more complicated relationship.
Combustion efficiency is a more fundamental parameter wiich describes
how we burn the propellants. This is more of an application factor, such
as horsepower on an ordinary motor car instead of giving the pressure-
volume refationships of the piston or the displacement of the engine or.
better yet, the entropy of the gasoline or even the combustion temperature in
the cylinders.

Design of Solid Propellant Rockets

The solid rockets are masterpieces of simplicity by their very nature.
Suppose we take a Jarge shell and we pour in a liquid which becomes a
solid.  What the designer usually does is to cast the solid propellant so that
it burns evenly on the inside. e does this by using a trick the Chinese
used two thousand years ago—he puts a star pattern on the inside of some
kind. Then he puts an igniter down the center of the rocket, a long igniter
which ignites and sprays out flame at the “start”” The propellant then
burns outwards, with a pressure rise up to some terminal value which may
be 1000 psi.  The pressure then stays at this level until decay at the end,
when all the solid propellants burn out. Without this leveling off of the
pressure curve, the rocket engine would pulse at a tremendous rate and tear
itself to picces, It is not efficient to have a high thrust. It is better to taper
out the thrust.

You can design a solid charge with special layers to actually taper the
thrust outwards. The pressurc and thrust curves would be similar, The
thrust follows the pressure very closely  The thrust, in fact, is very de-
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pendent on the chamber pressure.  So, you can program this curve by the
proper design of the charges. It is not always easy to succeed in this. The
solid charge, once it is designed, is a very reliable device. It will usually
ignite within an ignition period of only a few milliscconds. The pressure
then rises, stays up and then comes down.

The solid propellant reaction is a complicated reaction. It is an oxida-
tion between comphcated molecules, with-the burning adjusted so that the
exhaust gases are not rich in oxygen at ail—they are a reducing flame which
is a lot easier on the throat.

LIQUID YERSUS SOLID PROPELLANTS

Because the solid propellant ehminates all the valves and pumps required
for a liquid rocket engine, this weight reduction is useful in medwum-size
rocket vechicles, Very small rockets can use cither liquids or solids, al-
though when they arc only a few feet high they are usually best made of
solids. Then comes an intermediate range where liquids are good. Then
comes another intermediate range where solids are better. The bigger
rockets, such as IRBM and ICBM, use the liquid propellants.

The difficulty with the solid charge is that for a very large rocket the
grain begins to flex and bend. It is very hard to pour and, once it has been
poured, it has to be put in an oven and baked. There is nothing quite so
precise as baking a sofid rocket! At any rate, the solids have to be baked
or cooked or cured under very precise conditions of temperature, humidaty,
ete. This is very difficult to do for very large rockets because as the solid
mass gradually cools down and releases a lot of heat, it may develop cracks.
At present, therefore, it is very difficult to make a big solid, but the tech-
niqees are being learned.

1 mentioned that the chamber pressure in a solid may be 1000 psi., which
is higher than most liquids have, It doesn’t have to be that; indeed, in
vacuum the chamber pressure can be anything you want as long as you have
sonic flow through the throat and the proper pressure ratio relationship.
But at sea level, the chamber pressure should be high for a given thrust.
Also, a solid necds a certain high chamber pressure for maintaining its burn-
ing rate. I the chamber pressure is too low, the firc may be unstable and
may die out. There is a critical pressure region which is very important.

Prescatly, efforts are being made to reduce the chamber pressure in solid
rockets and also reduce the case weight, because all the pressure and the
heat of the fire must be contained in the case.  Although the solid propellant
is self-healing (as the fire burns, the solid propellant material insulates
itself), there is a limit to this, Tt gradually breaks down and fissures may
be established.  When fire reaches the walls it burns through, in which case
it is necessary to insulate; this raises the weight of the rocket.

Tf the chamber pressure is a thousand pounds, it is scen that even though
the propellant contributes something to the strength (not much), the case
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must: take that whole 1000-psi. pressure. But with modern techniques, it
is now possible to improve the mass ratjo to the point where one can get
mass ratios of 0.9 for solid rockets, which is the weight of the propellant
; divided by the weight of the whole vehicle. This mass ratio is a very im-
portant factor.

The best mass ratio that I know of for a large liquid rocket gives about
0.85. This factor is of extreme mmportance. It tells you how much of the
tocket is available for energy usage. The ideal mass ratio is 1. A little
reflection will show you that if you have that in the case of a hquid, you
have just a big “popsicle” of propellant because there would be no skin—
nothing—no structure weight. It would all be propellant. This is the
ideal rocket, but it still is not possible. If we had a rocket of 0.97 mass
; ratio (97 per cent of the propellant weight available for energy). you could
reach the moon in one stage with any given payload. This, then, is a very
powerful factor in the ballistic equation.

! I don’t want to go into ballistics here, but I just want to tell you that a
: solid rocket will have about 0 97 mass ratio (or it can be produced). while
: with liquid propellants it is alost impossible to better the mass ratio of 0 85
: with the propellants we now have,

: Since burning in the solid rockets progresses outwards, it is self-healing

and no cooling is required. The throat is the hottest part of the rocket and
is very critical in cither a liquid or solid rocket, because the gases impinge
| on it, enchange momentum with the walls and give up energy, so we have
total temperatures of rather high levels,

Thus. the solid rocket now has moved in on the liquid fiekl because of
the simplicity. We can also change the exhaust gases so they don’t oxidize
the walls, We can have a reducing gas.  We can use molybdenum metal
throats which are casily oxidized, but not at alf reduced. We can use car~
bon and we could build solid rockets which will burn from a lower level
of nothing at alf to up to a burning time of 60 or 70 scconds, which was
unheard of before; this means that now we have an uncooled rocket engine
or-rocket chamber which can fast for 70 seconds.

‘That contradicts a bit what I said before—which was that one couldn’t
have uncooled chambers. Tn a solid, because the solid material helps to in-
sulate, this can be done,  The solid propellant now acts as an insulator while
the liquid does not have that advantage, although in some cases liquids can
be sprayed along the inside of the chamber thus forming a liquid film along
the wall; but that is a poorly understood technique and not widely used.

The question now is: Where do we go with the solids? Do they have
any meaning in this picture? What is the point in discussing them? 1
say they do have meaning, indeed. As you know, our third stage Vau-
guard is a solid rocket, “The reason it is used is that it is easy to ignite in
vacuum; it has a closure in the front so that air stays trapped on the inside;
it is ignited, the fire comes ot and once the fire is started the solid will keep
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on burning. A liquid can be ignited this way, too, but a solid is a more
refiable device.

The Explorer II, the Army satcllite, did not ignite its fourth stage,
which was a solid rocket. Usually when the electrical signal gets into a
solid rocket and starts igniting, the solids will burn regardless of what is
outside—vacuum or no. It is a reliable device, since there are no valves
to start and stop it

Another interesting problem is what can be done to program the thrust
of a rocket engine. In a solid, one can do very little, for once it burns, it
stays at a constant thrust,

In a liquid rocket engine, if one wants to vary the thrust, several things
must be done, It is possible to change the throat and adjust the thrust that
way, by adjusting the chamber pressure.  One way to do that is to put a
Inttle egg-like body into the throat and move it in and out. In this way the
throat area changes without physically changing the throat itself. This can
and has been done in a liquid rocket. It is an casy thing to talk about. but
almost impossible to do because the “egg™ burns up quickly.

One can change the flow rate in a liquid rocket. The trouble is that
as one changes the chamber pressure in a liquid rocket, the stability of the
chamber changes and becomes violently unstable and does not want to burn
any more.  The fire goes out, or at least one wishes it had gone out!

So, fittle can be done to change the thrust. Ifowever, a liquid engine
can at least be shut off by shatting any one of the valves; this is impossible
in a solid rocket, for once it Is lit, it burns to the end.

1t is possible to stick a pipe with a valve in the side of the chamber of a
solid rochet and as the solid burns, one can suddenly open this valve or blow
a hole in the side of the chamber. Al the gas will vent out the side and the
chamber pressure will drop below a critical value and the fire will go out
that way. This is possible. But to program the thrust level of a liquid
or solid rocket engine, or even to stop a solid when one tvants to stop it is
very difficult indeed and, again, very little used.  (The British have some
throttling liquid rocket engines used in rocket aircraft,)

Today we can say that liquid rockets are mostly used for very large
intercontinental missiles, certain high altitude rockets such as Vanguard,
and rocket aircraft.  The solid, despite its simplicity, lacks controllability
and you would not want to use a solid rocket in a rocket aireraft such as
the X-15 or the former X-2, because when the pilot pushes his button, he is
away whether or not he wants to be—a very uncertain situation for him,
Therefore, liquid propelants are used; they may be a little more dangerous
and harder to build, but at any rate, the pilot can control this liquid rocket
~—hic can shut it off or vary the thrust to some extent by having a number of
chambers or adjusting the injector flow within small limits.

The solid rocket has come along quite rapidly since the war. It is oc-
cupyiug presently about 30 per cent of the propulsion spectrum in terms of
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total energy used, and in the near future may occupy as much as 50 per
cent. ‘There has been a lot of taik in the newspapers about anti-bailistic
missiles: these could be butlt using solid propellant engines because a solid
rocket can be stored any place and it is only necessary to push a button to
fireit. “There is some truth in this talk, although it would have to be stored
at vertain temperatures and certain environmental conditions because the
softds are temperamental this way.

BUMMARY

I want to reiterate what have been the major accomplishments in the
propulsion principle in the last few years—the main things that have
changed the propulsion picture from the exciting times of the carly rock-
eteers such as Goddard.

The first big step forward in rocket engines was the controlled burning
of Hiquids through the use of valves, The second step was the discovery of
new liquid propeffants such as liquid oxygen and amines. The third great
break-through was lightweight chambers, manifest in scveral ways: one is
the ceramic chamber; another is the self-cooled or regencratively cooled
chamber ; another is the use of light alloys of aluminum and even magnesiun.

Other advances inchude: the use of pumps {centrifugal pumps have made
an enonmous differcnce); a better understanding of nozzle theory to give
us altitude performance as we want it; new injector design; the use of throt-
tling in rocket engines (still little used, but coming along) ; the use of solid
propellants ; and the use of thrust vector control which allows one to use the
rocket engine itself by gimballing the chamber and using it for a steering
device (this cannot be done easily in a solid rocket).

‘There is also a new understanding of the new fundamentals of rocket
engines.  Some work has been done; hundreds of thescs have been written
and millions of dollars have been spent in an attempt to understand such
things as combustion process, temperature reactions, cte.

Mainly, the use and understanding of the nozzle theory, the use of pumps
and good cooling processes and an understanding of the heat transfer proc-
ess have been big steps forward, as has been the evaluation of the propellants.
These have been the major advauces which will probably lead us to space
flight.
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ROCKET FUELS—LIQUID AND SOLID

BY
H. W. RITCHEY *

It is interesting and stimulating to talk about man in space~what hap-
pens to him in the absence of gravity and how he dodges the metcors; but
behind it all we still bave that old problem of how to get him up there.

T happen to be one of the fortunate or unfortunate people faced with the
problem of making rockets that work, and my lecture tonight is probably
the most unglamorous one of the series; the subect is rocket fuels. It repre-
sents the real spade and shovel work of the space travel field.

Making rockets to get a man into space by conventional methods is not
an easy task, but I hope to point out, however, how easy it might be by
the exercise of hutnan ingenuity, involving new and unconventional methods
for accomplishing the task.

In tatking of rocket fucls, I have some spadework to do first to set the
record straight.  When you drive up to a filling station and say “fill up
my tank with gasoline™ you probably think you arc getting fuel; however,
you are only getting about a tenth of the total fuel you burn—the free por-
tion is air. A rochet is not fortunate enough to have free air available.

WIHAT YULL I8

I weuid like to start off by defining what we mean by fuel in the field
of rocketry. When you drive up to a gasole station, you fill your tank
with hydrocarbons, The first line of Table 1 shows that the heat of com-
bustion of an ordinary parafiin hydrocarbon is something over 18,000 Btu's
per pound of fucl.

Tasty L==llcat of Combustion.

Paraffin Hydrocarbon (Gasoling}s v cavenrsernwssnnsnssses 18,600 Btu/lb
Paraffin Hydrocarbon 4+ ONygencvevecavinnvnssrsnenrencers 4,200 Btu/lb
1 part Hydrocarbon 4 3.43 parts Oxygen — 443 parts Combustion products

‘This is the way we measure the energy content of the fuel that you put
in your gasoline tank, What you buy when you buy a super-grade fucl
(and this is very important and we will draw on it even more in talking
about rocketry) is not extra Btu's per pound; instead, you are buying some-
thing that can be burned in your engine to give you more energy output—in
other words, the realization of more of those Btu's as you drive down the
highway.

1Vice President, Thichol Chemical Corporation, Huntsville, Ala,
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How about the other component of this fuel? In a rocket engine we
are not talking only about the hydrocarbon component, which s called the
reducing component of the fuel or the reductant. In rocketry, an oxidizing
component must be added to the reductant. If this bad to be done m ordi-
nary automobile fuel, the heating value per pound of total mixture would
be reduced to about 4200 Btw’s per pound, or thereabouts In other words,
the energy content per pound goes down tesrifically when the mixture in-
cludes both the reducing component and the oxidizing component.  This is
an extremely important factor in the field of rocketry because, after all, we
are flying in outer space where there is no oxygen and we must carry both
of these components along with us.

How does the ratio of these two components compare weight-wise for the
paraffin hydrocarbon? One part by weight of paraffin hydrocarbon and
3.43 parts of weight of oxygen are necessary to give the most efficient com-
bustion mixture, and, of course, this results in about 4.3 parts by weight of
combustion products. In other words, you would have to have a gasoline
tank four or five times larger than the one you have now to get an equiva-
lent amoumt of mileage if you had to buy both componenis,

In talking of a rocket fuel, then, I must cover both of these components
and the term “fuel” covers both the reducing component or reductant, and
the oxidizing component or oxidizer. .

I want you to remember this figure of 4200 Btu's per pound while we
consider the problem of providing energy to get us into space. What kind
of energy conversions are we talking about? What do we need to get out=
side the Larth's gravitational field?

For the sake of aiding your imagination, Fig. 1 is a drawing of what 1
call the Earth's gravitational hill. The central circle is supposed to repre-
sent the Earth, and starting up from this Earth there is a hill that Jooks
iike the bell of a trampet.  For every radius of the Earth that we travel up
the hill, the Lill becomes half as steep.  The hill extends on out for an
indefinite distance, for alt practical purposes, getting less and less steep as
it goes, but it never stops completely, at feast not untit we run into a much
steeper hill belonging to the sun or some other astral body,

Although this hill never stops, we can caleulate what would happen of
somebody starfed a marble rolling at the top of the hill amd that marble
was allowed to roll down the hill until it struck the Earth’s surface.  That
marble would bave a certain amount of energy. That amount of energy
is represented by its veloeity and that velocity, without the effect of friction
or any other adverse or confusing effects, is abont 37,000 feet per secoud.
This represents the energy that a body would have rolling from an infinite
distance or from far, far away, down this hill aud striking the surface of the
Earth, .

We can imagine sending that marble back up to where it originaily was.
Surrounding the Earth’s surface and surrounding us, of course, there is a
relatively thin Jayer of very, very thin material that we know as the atmos-
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phere. It acts Jike sorghum molasses to the type of vehicle we are speaking
of now, when it hits at that speed.  And, except for that sorghum molasses,
- if we started this body rolling tack up the hill.at 37,000 feet per second,
it would roll completely back up the hill and end up eventually where it
originally started.
This is what we mean by escape velocitys it is a measure of the energy
content of a body that can feave the Earth’s surface and go on out against
: the Earth’s gravitational hill coasting up and up and up forever and ever
until it is eventuaily lost in outer space.

,

Fi6. 1. The Earths gravitational hitl,

It is true that if we crawl up this hill a little at a time we never have
to achieve quite this 37,000 feet per sccond, but that doesn’t help any in
reducing the total energy needed for escape.  Therefore, to get this body
back up into space, we have to put into it the same amount of energy it had
when it came down, which s represented by the velocity of 37,000 feet per
sccond,  Eapressing this kinetic energy in terms of heat, this comes out
to about 27,500 Bin's per pound of object, which is about six times the
cnergy contained in the mixture of paraffin hydrocarbon or gasoline and
oxygen listed in Table 1.

In other words, if we could convert all the heat energy in a pound of .
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gasoline into mechanical ezergy (which, of course; can’t be done because
according to the second law of thermodynamics only about a third of the
heat energy can be converted) and if we had a sky hook up there in space
with a cable over it and a winch, that one pound of gasoline we burn on \
the Earth’s surface has the energy content to {ift about a sixth of a pound
of mass out into outer space outside the Earth’s gravitational field.

This is the problem we have facing us.

PKOPULSION PRINCIPLE

The hard core of this situation is the question of what is involved in
burning this fuel in order to get an object up into outer space. The hill in
' Fig. 1 is strictly a fictitious one because there is no surface, slippery or .
otherwise, that we can use to get traction. Whatever object we use must
be able to propel itself by something other than frictional contact with the
surface; and this, of course, is where the rocket engine comes in, [t must ,
carry its own fuel, both the oxidizing and reducing components, and it must
not be driventby wheels, by cables or chains or pulleys. It must be driven
by some special force which is different from those we normally encounter
in everyday life.

NOZZLE THROAT
R /~PRESSURE SHELL /S ?
L NOZZLE EXPANDING :
CONE )

¥rc. 2. Diagram of n rocket engine combustion chamber.

We have to rely on the third law of Newton in order to propel an objeet
into outer space.  If it weren't for this law, we could count on six pounds
of fuel to carry a pound of payload to escape velocity or outside the Earth's
gravitational ficld; but things are not quite that simple!

Figure 2 is an outline of a rocket engine combustion chamber., Inside,
gas is acting under pressure and pressing out against all the walls.  You can
imagine for just a moment a plug in the nozzle throat, separating the com-
bustion chamber from the nozzle expansion cone.  With such a plug, all
the pressure forces in the chamber would be equal in every direction against
the walls, andd this object would go nowliere at all.

The moment we take the plug out of that hole, the situation changes.
Most of the remaining unbalanced forees of pressure are acting on the for-
ward end of the combustion chamber, The gas on the inside, which is
pressing against the forward end of the combustion chamber of the rocket,
is not quite all expanded when the plug is tahen out.  Also, some additional
forces are reacting on the nozzle expansion cone.




§ |
§ )
; . ]
j . Rocker FueLs—Liguip axp Sorp 33 i
H

3 ) . . .

‘ Since the gas in the rocket presses on the rocket itself, this is the means

) by which it propels itself in-outer space, There is only one catch—~there

N has to be a hole or there are no unbalanced pressure forces; and, because we

have that hole, the gas gets out of the rocket and keeps on escaping untit
the pressure goes down to zero, when it quits pushing against itself. That
is where the trouble comes in.

We can caleufate how much stress acts on the rocket as folfows:

FﬂfPsinﬁrlA = Cm (1)

which says that the thrust force, F, is equal to the integral of all the pressure
. ' forces, P, around all the surfaces with appropriate correction for direction,
(8 is the angle between surface increment and horizontaf axis.) F is also
equai to the velocity at which the jet comes out of the nozzle times the mass
rate of flow in slugs per second or pounds per second divided by 322. In
other words, the thrust force is equal to effective exhaust velocity, C. times
the mass rate of flow of gas through the nozzle opening, .

Qur problem, then, is to keep the rocket chamber full of gas just as long
as we possibly can.

LIQUID FUéL ROCKET
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i LIQUID AND SOLID YROPELLANTS .
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; There are two ways of attacking the problem of keeping fuel in the

h chamber: (1) using solid propeHants and (2) using liquid propellants. The

i top diagram of Fig. 3 shows a liquid propellant rocket, with its tanks of

i reductant and oxidant. The fuel is pumped into the combustion chamber

; where it burns under pressure and the pressure forces act against the com- |
; bustior, chamber and the gas escapes out through the nozzle. As long as
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we don’t run out of fuel and as long as the pumps and other apparatus work
according-to design and calculation, we will have a thrust force and the
rocket will continue to accelerate out into outer space.

One advantage of this type of rocket is that the fuel can be packaged in
low pressure tanks, since the tanks only have to stand the hydrostatic pres-
; sure of the fuel itself. The pumps develop the pressure to get the fuel into
‘ the combustion chamber. The system, however, is complicated because of
. the pumps and vahes and mechanical drives used to drive them. It is a
! hard system to start and, if you have read the newspapers to date, you might
conclude that it is notably unreliable.

The solid propeHlant system (shown in the lower diagram of Fig. 3)
i involves a charge, which ordinarily burns from the inside towards the out-
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F1e, 4. The rocket as a heat engine.

side, generating hot gas which escapes out through the nozzle.  The solid

propellant is already in the combustion chamber, prepackaged, so there is

no trouble with pumps and injecting mechanisms. It is a very simple de-

: vice ready to go on an instant’s notice, but it has one disadvantage—the

entire fucl charge must be packaged within the combustion chamber which

involves the addition of certain inert weight components, That is a very

great disadvantage for certain space applications, or at least theoretically it .
is a very great disadvantage.

Figure -4 points out that a rocket is a heat engine, and, like all other
heat engines, it converts the energy of a chemical combustion process by the
eapansion of hot gas into mechanical energy in one form or another. In
the piston engine (shown on the left) this pressure force presses down




Rocker Fuers—Liguip axp Sotip 35

against the piston producing rotation of the shaft and power is taken out
as shait energy. The artist has put this in very simple terms—he says that
in a rocket the gas expands and pushes itself, and the work cquals mass
times acceleration times distance, Mass times acceleration is equal to force,
and it can be force on the piston or it can be force on the gas element itself
coming out of the gas jet.

To compare a rocket engine with an ordinary internal combustion en-
gine, we find that power is taken out as shaft power in the ordinary engine,
while in the rocket, the power comes out as kinetic energy of flow of the
exhaust jet. Like all other engines, the fuel efficiency of the rocket engine
depends upon its expansion ratio.  The same equations are used to deter-
mine the expansion ratio in the internal combustion engine and in the
rocket engine.

LSCAPE VELOCITY

If we Jook at what 1s required to make a good rochet engine for space
travel, we get back once more to the Earth's gravitational hill. To send a
missile into outer space, enough stages of rocket must be stacked one on top
of another to add up to something over 37,000 feet per second fotal velocity
departing from the Earth’s surface.

Tlow much velocity do we get from a stage of rocket propulsion? With-
out the effect of a gravitational field and without the effect of the Earth’s
atmosphere, the atmospheric drag, this is a very casy thing to calculate,
using the following equation:

M
Vo = g Ly loge (’\7“: ) @
where
g = gravitational constant 32.2 ft./sec.?
I,, = propeHant specific impulse, Ib..sec./Ib.
M, = initial mass of missile
My = mass of missile at burnout.

Equation 2 says that the velocity obtained from burning of a stage of
rocketry, in feet per second, is cqual to acceleration of gravity times the
propellant’s specific impulse, which is related to the Btu content in a rather
secondary way, times the log to the base ¢ of the ratio of the initial mass of
the object divided by the mass after the fuel is burned out.  This cquation
applies to all moving objects developing their force by the reaction type of
propulsion force, where it is necessary to squirt matter in a backwards
direction.

There are only two ways of increasing the velocity, ¥, One of thum is
to increase the specific impulse of the propellant, and the other is to increase
the ratio Mi/Mz, which is the initial mass of the object divided by the mass
of the object after the fuel is burned. I shall diseuss increasing the specific
impulse later, because it is related primarily to fuel energy.

S e e bt e dn o vk e s s S

—

R




- [T ——
s oy o i 0 et —

36 H. W. Rircury

Increasing the Ratio My/M2

In regard to the second mrethod ot-.ncreasing the velocity, there is only
one way to increase the ratio '31/Mz, and that is fo make-more of the object
fuel; and the more of the rocket you make fuel, the more increment of
velocity you get by the burning of that particular rocket stage. It is just
too bad we can’t make a rocket all fuel (there wouldn’t be any place for
anyone to ride), for this would make the problem of escape a lot easier.

The problem of increasing the ratio /32 is related to a lot of other
things including how much inert components you have to use in the engine
itself and how much payload you are going to carry in the rocket missile
system  For instance: How light can you make thosc tanks that have to
contain the fuel? How light can you make the pumps? How light can
you make the nozzle? How high a ratio of fuel to inert components mass
can you get in this rocket system?

This becomes a very important point because in order to get high energy,
we must not only handle materials that are extremely corrosive, with flame
temperatures that are above the melting point of any known materials, but
we must contain those materials (which have a lot of very nasty properties
in addition to being extremely corrosive) under pressure in some kind of
physical vehicle to develop proper flow in the rocket system.

In Eq. 2, the velocity of a rocket was scen to be lincar with specific
impulse; in other words, a I per cent improvement in specific impulse gives
1 per cent improvement in velocity.
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F16, 5. Percentage increase of burned velocity for 1 per cent increase of Hy/I, by
reduction of inert component weight and addition of propellant to maintain a fixed total
engine weight and engine-to-load ratio.
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The set of curves in Fig. 5 shows the percentage increase in velocity
obtained by increasing the ratio of fuel mass to engine mass, for varying
engine-to-load ratios  Referring to the top curve in Fig. 5, you notice that
a 1 per cent improvement in the mass ratio between fuel and inert com-
ponents will give a 3 per cent improvement in velocity, where the 1 per cent
improvement in specific impulse only gives 1 per cent improvement in ve~
locity. So really we have almost as much to gain by improving the inert
components of this rocket as we do by improving the fuel energy. On the
other hand, the fuel energy can be improved at least to some extent beyond
limits, but it is obvious that it would be quite difficult to make a rocket that
is 100 per cent fuel because tanks and valves, etc., must be included in order
to make the engine work.

Just to give you some idea of the meaning of this 1atio between useful
contents and inert components (comprising the packaging), I should like
to mention sonie things that you encounter in everyday life and give you
their M1/AMz ratios.

A can of beer is 814 per cent payload and the rest of it is inert com-
ponents, the can itself. If we made rockets that poor we would never get
any place; even when that rocket may have to carry pumps and valves and
sustain pressures of 1000 psi. or better, we wouldn’t think of making a
rochet that was only 81 per cent useful contents and the remainder a
packaging device.

The egg is a little better, with 89.6 per cent by weight of useful contents
and the rest shell. We are getting up in the rochet range, but I think we
still ought to do better than that if we are going to make a good rocket.

A candy bar’s ratio is 95.6, which is really good. T am not going to
tell you how well we are doing because that is classified information, but
1 will say that there are a lot of rockets flying today that aren’t anywhere
near as good as the candy bar,

A loaf of bread is better yet-—it is 97.7. But don’t forget that we have
to sustain pressurc and to sustain heat above the melting point of any known
structural materials in order to make this rocket work, and being able to
achieve something close to the packaging efficiency of a loaf of bread looks
like a very difficult proposition.

Increasing Specific Impulse

Let us get back to the specific impulse idea now. Remember, a rocket
is a heat engine and those of vou who have studied thermodynamics know
that you can convert heat or combustion into energy in the proper kind of
engine.  The energy obtained is expressed by

¢ PECT)
Lo =2 \/ —==. @

This says that the specific impulse is equal to the cffective exhaust velocity
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divided by the acceleration of gravity In terms of the encrgy contained
in the fuel’s components themselves, this is equal to the square root of 2 times
the heat (enthalpy) in the combustion chamber, He, minus the heat at the
end of the nozzle expansion cone, H,

The heat in the combustion chamber minus the heat contained in the
materials at the end of the expansion cone represents the amount of com-
bustion enthalpy that is converted into flow work in the rocket. I want to
make this point especially emphatic at this time, because later we are going
to talk about atomic-powered rockets. If a working fluid that expauds out
through the nozzle is used, it doesn’t make any difference where this enthalpy
contes from, whether it is coming from the heat of an atomic pile or from
the heat of a matck, or whether it is formed by a chemical combustion
process.

Equation 3 is based on the first and second laws of thermodynamics.
The calculations are not extrcmely difficult, and if you are interested m how
the calculations are made, refer to any standard book on thermodynamics.
The same equation holds for steam turbines. In fact, the same prmnciple
holds for the internal combustion engine in your car.

For the rocket engine, we use the {following equation:

L1 T
Ly =98 \/1 - (%) \f;{j\/;; @
where P, is pressure at the end of the expansion cone, P is the pressure in
the combustion chamber, y is the specific heat ratio, 7% is combustion chamber
temperature, and M. is the molecular weight of the combustion products,

The expansion ratio (Pe/Pe) in Eq. 4 depends upon how the fuel is used
—how far the combustion products are expanded, what the chamber pressure
is, what the outside pressure is, what the specific heat ratio is, and whether
the nozzle is optimum. These Iatter factors are controlled by the rocket
designer and are not inherent in the fuel itself.  The specific heat ratio, on
the other hand, is inhicrent in the fucl, but the performance of the fuel is not
too sensitive to it, .

The really jmportant factor in Eq. 4 is the ratio V7¢/dl; whick does
not depend upon how the fucl obtains its heat or where the enthalpy comes
from. These facts are as immutable as Newtow'’s laws and the laws of
thermodynamics.

For convenience i this rocket ficld the factors that are pertinent to the
fuel characteristics themselves (for example, the combustion chamber tem-
perature and the molecular weight of the combustion products) are desig-
nated C* in Eq. 5, which is a slightly different equation for specific impulse.

o ECrGp
o

C*, fucl energy, is usually measured in fect per second; Cr represents the
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nozzle thrust coefficient which varies with the expansion ratio; Co is the
discharge coefficient which is a correction factor; and g is the gravitational
constant.

Let us examine Eq 5. Suppose we want to calculate the performance
of a rocket fuel. Cr can be estimated from Pe/P, in Eq. 4; C* can be esti-
mated if we know Te/Ale. The gamma doesn’t make too much difference
because we can probably guess that. Thus if we know all of the products
that are formed in combustion (which change with temperature) and if we
know the temperature, then we can caleulate the two terms C* and Cr.  This
involves using a very, very complex sct of equations that depend upon the
knowledge of the high temperature thermochemistry of some extremely hot
gases; obtaining expeiimental information on these gases is an extremely
difficalt matter. The constants themselves arc known only with limited
accuracy and in order to unravel what goes on in a complex mixture of
these combustion products, it is sometimes necessary to solve fourteen or
more simultaneous equations, many of which are of high order and require
a tremendous amount of effort to decipher. Because of this, there is only a
limited amount of accuracy in calculating these two terms,

The accuracy of Eq. 5 depends also upon knowing how these things
behave in the expansion process, in which there is a temperature drop in
the nozzle, the velocity of the flow is 7000 to 10,000 fect per second, and the
nozzle is ouly a few feet long.  In this temperature drop we have to convert
somie of these chemical components to achieve equilibrium-—at least we hope
to achieve it to some degree as the material goes down the nozzle and cools.

There are three ways in which molecules impart energy: (1) in the
transfational state, the molecules bounce back and forthy (2) in the rota-
tional state. the molecules spin; and (3) in the vibrational state, the mole-
cules vibrate in and out between their various components. I these equa~
tions are to hold in absolute degree, then alf of these three states must achicve
equilibrium to a known degree during the fraction of a nulisecond that the
gas is traveling down the nozzle of the rocket. For this reason, the cor-
rection Cp is included in the equation.

Lffect of Nozzle Area Ratio

Figure 6 shows how Cw, the thrust coefficient of the nozzle, varies with
the expansion ratio.  Values of Cr (when y == 1.25) are plotted against
nozzle area ratio, which is the ratio of the arca of the expansion cone to that
of the nozzle throat.  For example, with a nozzle area ratio of 4, an optimum
expansion ratio of about 25 to 1 is obtained; in other words, the chamber
pressure is 23 times the outside pressure.  And at that particular point, Cr
in Eq. 5 is about 1.45.

What happens if we take that same rocket and fly it to high altitude?
The pressure on the inside of the rocket is kept the same, the same nozzle
is used, but, as we go to high altitude, the outside pressure diminishes.
By following the line for the nozele area of 4 up to Po/Pa= o, we find that
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Cr is about. 1.63. Sou, as we follow this nozzle up out of the Earth’s at- :
mosphere and eventually get into hard vacuum where the outside pressure I
is zero and the expansion ratio is infinite, there is a more efficient use of
the fuel as we fly higher, evidenced by the increase in Cr.
The graph is not carried above a nozzle area ratio of about 25 because
the curve begins to flatten off as the altitude increases. Since the nozzle
gets bigger with higher altitude, eventually the increase in fuel impulse will
not be enough to carry the extra weight of the nozzle. That is the reason
it is not practical to make a nozzle with an expansion area ratio above about

25to 1.
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Fic. 6. Variation of the thrust coefficient of the nozzle with the expansion ratio.
Fuel Energy
Let us consider the factor C*, fucl energy, to see what it is and-how far
we can go to improve specific impulse through changing fucl cnergy. Re-
member that the combustion process develops the enthalpy which, by use in
an engine, is converted into flow energy to derive thrust force, which in turn
determines the cfficiency of a fuel in terms of specific impulse.
iy
H-?-?-H+50=O —» 202Cs0+3H-0~H+368 Kcal.
HH
Fi6. 7, Combustion and bond energy,
t
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Figure 7 shows a simple combustion reaction involving hydrocarbons
where. ethane is mixed with oxygen, giving the standard combustion prod-
ucts, carbon dioxide and water. When burned, each mole of this mixture
of the reductant and oxidizing parts of the fuel gives 368 kilo-calories of
energy.

Where does this energy come from? The valence bonds (Fig. 7) are
really formed by forces involving electrons in the outer shell of the atoms,
These electrons arrange themselves between the carbon and the hydrogen,
between the carbon and the carbon, and between the oxygen and the oxygen.
In carrying out this reaction, energy must be furnished from some source
to split up these bonds into their components, so they can form new bonds—
oxygen to carbon, and hydrogen to oxygen. The energy resulting from
the formation of these bonds furnishes enough energy to break the original
bonds, with 368 kilo-calories per mole left over.

This is an extremely important point, for it would be much better if
these original bonds did not have to be split, for then we would have free-
radical propeflants  These, of course, would be quite unstable because they
would be always ready to react with something. It would be extremely
difficult to keep them in that form—as difficult perhaps as the problem facing
the old philosophers who were searching for the universal solvent that would
dissolve anything, including the vessel to put it in! This is almost the
problem: we are faced with in the free-radical chemistry of fuels.

Tante 1L
C~H 80 C=0 256
C—-C 137 H~0 103
O=0 17 New=N 225
C~N 129 H~F 134
N~Ii 85 Co[? 106
FF 36
N=0O 150
H-H 103

In Table I1, Column 2 gives the number of kilo-calorics needed to break
the bonds of the common fucl materials shown in Columm 1. Columm 3
lists the common combustion products and Column 4 gives the kilo-calories
per mole obtained from the formation of these bonds.

By breaking up the bonds of the original fuel to form new bonds, energy
is released in a combustion mechanistt,  In other words, one configuration
of atoms locked in certain molecules is ehanged to a more stable, lower
energy configuration of atoms focked in molecules; the difference in these two
energy levels is the energy that we have to work with in our rocket fuel
mixture.

I have called the items in Column 1 standard fuel components, but this
is not quite true because hydrogen is an excellent candidate for a free-radical
fuel. In other words, if hydrogen, in a monatomic form, were allowed to
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react to form diatomic hydrogen, 103 kilo-calories of energy would be ob-
tained for each mole of hydrogen formed. It would have a molecular weight
of 2 and would form a very high flame temperature. From the standpoint
of specific impulse, hydrogen is the highest specific impulse candidate that
we have today as far as all the chemical fuels are concerned, By chemical
fuels I mean those things that-involve certain molecular rearrangements to
a lower energy form as has been represented by Fig. 7 and Table 1.

As far as these rearrangements are concerned, carbon has an atomic
weight of 12 and it has four clectron bonds that can be rearranged to-form
carbon dioxide. Ilydrogen, with an atomic weight of 1, has only one such
bond. Sulfur, on the other hand, has an atomic weight of 32 and has only
two or four bonds that can be rearranged to form IS or SQz2.  Since the
number of bonds per unit weight is not as large with sulfur as it is with
these other materials, it is presumably a poor fuel candidate.
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Fre. 8. Heat of combustion ¢rsus atomic weight,
Fuel Reduction

In Fig. 8 the heat of combustion in Btu's per pound for various clements
is plotted against atomic weight. This graph illustrates the fact that the
number of bonds or electron configurations rearranged does not increase as
the weight goes up and, therefore, we fiud that for a rocket fuel, the light
clements are the materials which will have high energy content per pound.

The dotted line in Fig. 8 represents Btw's per pound of total fuel miature,
counting the oxidant and the reductant together and using oxygen as the
oxidant. Notice that on this curve hydrogen isn’t as good as some of the
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other light metallic elements, such as beryllium and boron. A glance at the
peaks of both curves in Fig 8 will explain why most of the jet fuels are taken
from the lighter elements, in the range of atomic weight from 0 to 12. These
lighter elements, including their hydrides and other compounds in their low
molecular weight form, are the backbone of our high energy rocket fuel
systems.

Tanre 11.-~Rationalized Specific Impulse of Rocket Fuels.

Speatfic Impulse
Fuel Component at 1000 pui
Reducing Onidizing and Sea Level

Polysulfide rubber NH(ClO« 235
Paraffin NH,CIO: 250
Paraffin NHNO, 210
Gasoline H.0: 240
Gasoline HNO, 250
Gasoline 0, 270
Hydrazine 0: 285
H, 0, 350
Hydrazine F,; 330

2 F; 370
BioHia NH(CIO. ?
“IHEF” Fy ?

Specific Impulse of Rocket Fuels

Table I contains guesses as to the impulse that might be obtained from
various fuel mixtures. The original calculations were based on “/rozen
flow™ equilibrium—that is, no rearrangement of moleeules in the iozzle.
The caleulated values were then corrected by experience and intuitior.,  Seme
are quite accurate and some of the exotic mixtures may be 10 pr cent in
error, perhaps on the optimistic side.

Although the table shows that the use of polysulfide rubbers as.a reducing
and binder component with ammonium perchlorate as the oxidant gives a
peak specific impulse of only about 235 pound seconds per pound (which is
low), my company has used this combination in solid propellants for years,
with reliable results, The reason why the polysulfide rubbers are not
particularly good as the reductant components of fuels is that they have a
sulfur content of about 37 per cent, which, as I mentioned previously, is not
good.  However, other propertics of these materials permit making rockets
that operate fairly reliably—a point that usually is of more practical im«
portance than impulse.

The paraffin hydrocarbons with ammonium perchlorate should develop
about 250 pound scconds per pound.  The paraffin hydrocarbons with am-
monium nitrate (another common solid oxidizer) do not make a very power-
ful combination because it takes a lot of its own oxygen to burn itseli.

The rest of the table gives figures on gasoline and hydrogen peroxide,
240; gasoline and nitric acid, 250; gasoling and oxygen, 270; hydrazine and
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oxygen, 285; hydrogen and oxygen, 350. (This 350 figure looks good
compared to the others, but think of the trouble involved in keeping hydrogen
in a condensed form! Besides, the density of hydrogen is quite low, which
adversely affects the mass ratio of the rocket engine system.)

Note that oxygen does not have to be used as the oxidant—there are
certain materials advantageously burned by fluorine  Table III gives some
figures for fluorine as the oxidizer: with hydrazine, 330; and with hydrogen,
370. Of the so-called stable molecular fuels, this probably represents just
about the peak T did not include ozone, although it is a possible oxidizer
if it could be stabilized. Ilydrogen and ozone should give a higher specific
impulse than hydrogen and fluorine.

As an example of fucls based on materials other than the carbon or
nitrogen hydride fuels. T have included the so-called high energy zip fuel
which is essentially a boron hydride compound. These materials do have
the potential of getting well above the specific impulses listed in Table III.
The question mark indicates that I dow’t know what the specific mmpulse of
these fuels is. The calculated high temperature equilibrium constant of the
combustion products, free energy of formation and other important values
are so uncertain that it is difficult to calculate the specific impulse accurately.

Considering the several choices of stable chenncal fuels listed in Table I11,
it looks as though, based on the specifications of a 1000-psi. chamber pres-
sure, sea level external pressure, and an optimum nozzle, there is an outside
absolute upper fimit somewhere on the order of 400 pound seconds per pound,
while somewhere around 300 is probably the upper practical Hmit for the
materials now used in existing rockets.
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Fic. 10. Schematic of true nuclear rocket.

NUCLYAR ROCKETS

! There is much talk about getting into space with an atomie-powered
rocket. Figure 9 is a schematic drawing of such & rocket.  Since we have
to push against something, we have to Lave a working fluid; therefore, we
carry along a tank of working fluid, which could be water or liquid hydrogen v
or almost anything you want to carry. This fluid is piped around to an
atomic pile containing the fucl el 5 to heat up the working fiuid which '

. , squirts out through the exhaust.
This looks good on paper, but if we do get an atomic rocket that works '
like this, will we get out through space?  Remember that the specific impulse

‘ ’ equations (Egs. 3, 4 and 5) are dependent upon the way the working fluid '
] is used in the expansion process, and what we get in terms of speeific impulse
is still a function—a square root. actually—of the combustion chamber
temperatare divided by the molecular weight.
i How are we going to make this material work better, let us say, than a
) hydrogen-oxygen mixture? Aie we going to get more out of it than we
) do out of the hydrogen-oxygen mixture in the Atlas or the Thor?  May
; we assume that when the working fluid has passed through the fuel elements
X in the atomic pile it will be hotter than the exhaust from a moleeular -powered .
' rocket? We must remember thar our present chemically fucled rockets '
are already working at flame temperatures akove the melting point of known
structurpl materials, What, then, are we going to use as structural ma- i
. terials for the nuclear fuel elements? These elements are hotter on the ‘

{ inside than the working fluid is on the outside because of the terrific heat
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transfer rate (on the order of 20 Btu's per square inch per second) needed

to develop enough thrust to lift the rocket’s own weight,
Until someone solves this problem, the atomic-powered rocket will not

{ utilize working fluid any more efficiently than the chemical rocket, :
Frankly, this type of atomic-powered rocket is not appreciably better

(in fact, it might even be woise) than the best we can do with chemical

; fuels. Granted that it would have the energy, the working fluid has to be
. carrjed along and what we get out of this system is strictly a function of
’ the ratio of the working fluid mass to total rocket weight  That means we N

have to get enough extra energy to pay for the extra weight of the atomic
pile in order to make our rocket more efficient than a chemical rocket,
There is another way of utilizing nuclear energy in a rocket. Figure 10 ‘
is a drawing representing an idea of mine, which of course is impractical
in light of today’s knowledge. In this system, “neutronium™ is a condensed

Fie. 1L, Field propulsion.

form of neutrons. A plutonium wire feeds up through some rolls into the
combustion chamber. Each time liquid neutrons drip onto the plutonium
wire, we have fission, which generites an extremely high temperature. A
very high velocity woiking fluid expands out through the exhaust jet. This
is a true nuclear rocket in whicl we can really get something out of our fuel .
and we can travel out through space, as I will show you in a minute,
There are only a few little problems hicre.  One of them is getting the
condensed neatrons and the other, of course, is the materials in the con-
' ' struction of ‘the combustion chamber. The temperatures generated by this
kind of reaction are about ten million degrees: Centigrade, and we have to .
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have a combustion chamber that won’t melt down. But let us not worry ,
about that. because science can do anything, according to popular belief.

FIELD PROPULKION

There might be another way of doing it if we can get around this re-
quirement for an exhaust jet by the use of ficlds. We might be able to do
this in a much more simple and direct way by breaking the laws of Newton,
or at least bending them to our will. to the point where we don’t have to
squirt a working fluid backwards to make a force.
To show you that it could be done, in Fig. 11 I have drawn a picture
of the Earth and its magnetic field, with a flying saucer. This flying saucer
‘ has a coil of wire around the outside of it and it sends a terrifically high
current through that coil of wire and generates a current sheet, Some of .
the Earth's vertical components in the magnetic field are trapped by that
current sheet, creating a force that tends to lift the saucer away from the
Carth,
You can imagine such a thing, but the execution of it becomes extremely
difficult. T mention this merely to illustrate that it is possible to generate
axforce without squirting an exhbaust jet backwards.

GRAVITY NULLIFILR

The idea of a gravity nuilifier is an intriguing one. and In my own
opinion this is the thing we are really waiting for i order to take advantage !
of the trentendous energy available from nuclear sources. If you look at
what we already kunow today, we sece mass—in other words, gravitational .
fields in-the form of electrons, protons and neutrons which annihilate each
other to give off particles that are essentially bursts of cleetrcmagnetic .
radiation, It Jooks as though we are on the verge of mnderstanding elec-
tricity, clectric fields, wagnetic fields and electromagnuetic ficlds well enough ' .
to begin to comeet these with what fittle we know about the other type of
field, and this is the gravitational field surrounding mass or matter. There
are indications that, within the not too distant futnre, we will begin to :
undlerstand ficlds well enough to learn how to apply the forces of cleetricity
and magnetistm in such a manner that we can develop a propulsion force that ‘
will counter the Earth’s gravitational field. If we can do that, then we can .
put to work in a true way the power of the atom or the nuclens in the form
of a propulsion device, and space travel will really become not only a thing of
possibility, but a matter of convenience and pleasure.

In Fig. 12 1 have represented two things that are important in rocket '
propulsion—the specific impulse of the propeHant and the thrust-to.weight
ratio, In the solid propellant rockets the specific impulse of around 230

' is the best we can do, and we can do a little better with liquid rockets. In
our solid rockets we can develop thrust-to-weight ratios of between 6 to 1
. - and 100 to 1. This is a range in which we can work., With the liquid
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rockets, the good ones, we are doing well to get a thrust that is equal to 1.2
tintes the weight. Somewhere around 1.2 times the weight to 10 times the
weight represents the liquid rocket range.

This is nothing to be ashamed of, we will note as we go on up to these
different propulsion systems. Free-radical fuels I haven’t said too much
about. I don’t know what kind of thrust-to-weight ratio we can get, be-
cause we have never made a rocket with thenr. Theoretically we can cal~
culate a specific impulse of around 1500, if we could stabilize atomic hydro-
gen, This certainly would be an excellent propellant and it would be
classified strictly as a free-radical fuel. By the way, the hydrogen are-
welding system works actually on free-radical hydrogen, which is stabilized
in the jet that comes from the welding torch.

J

i
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z§*0.|.z.3.4.sI234567
THRUST/ WEIGHT SPECIFIC IMPULSE
RATIO (IN POWERS OF TEN)
Fro. 12. Compariscat of several types of rochets for thrustto-weight ratio
and specific fmpulse.

The nuclear: rocket us:ng the chemical . working fluid we illustrated a .
while age can produce enough thrust to take it off the ground against its
own weight, if we are smart enough designers, Ilowever, 1 would guess
. that we are probably far from that stage at the present time, What we can
achieve in the way of specific impulse is doubtful, It is quite doubtful, in .
my own mind at least, whetlier we will be able to do as well as we would
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with the free-radical hydrogen. So the specific impulse of somewhere in
the 400 or 500 range might represent a very excellent achievement with the
chemical working. fluid put through a nuclear reactor as the heat source.

The ion jet is not a true rocket, because we get energy from another
source. We can get specific impulses up in the 10,000 range or better by
a very high acceleration of these particles in an electrical field and keeping
them isolated by electrical and raagnetic fields so we do not have to handle
the extremcly high temperatures thdt accompany the very high velocity.
By the way, you can’t have high velocity without temperature because
‘ temperature and particle velocity are essentially the same thing.

Now, the true nuclear rocket with the plutonium wire and the beaker
full of liquefied neutrons is the one where we might get a specific impulse
up in the millions of pound seconds per pound, and what it could do in the
way of thrust-to-weight ratio is extremely problematical because the imag-
; inary design shown in Fig. 10 has not yet been tested.

There is some very excellent work being done at the present time in the
i field of magneto-hydrodynamics, where it is possible that we will eventually
' learn enough to confine a fusion reaction within a magnetic *“container”

and actually achieve extremely high temperatures and extremely high ve-

: locities, giving specific impulses in the million range. ;
f TanLe IWVe—Escape Velocity Missile. ¢
’ Stage load ratio 1/4 1/4 1/200
! W/, 0.92 0.92 0.99 . 1
; My/M, 3.8 3.8 66
y 1,5 equivalent 250 290° 290 1X10¢ !
‘ value at 1000 psi
] Take-off mass 625 125 200 1.00125 .
< | to payload mass .~
No. stages 4 3 1 i

ESCAPE VELOCITY

We have considered many types of propulsion systems and their inherent
capabilitics. Now let us apply these to space travel in the form of an escape-
velocity vehicle. Table 1V is a calculation of escape velocities of various
vehicles to give you some feeling for what we might encounter in going out
into space. These are calculated on a stage-load ratio of 1 to 4. In other
words, the rocket that is burning and propelling the stage weighs four times
as much as everything it carries on top of it.

The propellant mass ratio—the weight of propellant divided by total
engine weight—is 0.92 for the first two columns. The 1 to 4 load ratio
and the 0.92 fuctor can be combined to show that the mass ratio in the missile
itself is 3.8—in other words, initial mass divided by the final mass in each
stage after the fuel is burned is 3.8.
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This turns out to be a rather favorable number. By differentiating and
carrying out a few other mathematical tricks I could show you that this mass
ratio of 3 8 represents close to optimum so far as the conversion of fuel
energy into kinctic energy of motion of the inert components of the rocket.

When velocity is calculated for a propellant specific impulse of 250,
making appropriate corrections for the subsequent stages at high altitude in
accordance with the Cr chart of Fig. 6, we find that it takes 625 pounds of
take-off mass per pound of payload to achieve cscape velocity, This gives
an ideal velocity of about 39,000 or 40,000 feet per second because we must
make certain atlowances for drag losses and what we call g losses. It takes
four stages to achieve this velocity.

This is probably better than we are demonstrating today, The Van-
guard, which is supposed to be a very good rocket, does not achieve escape
velocity—it only achieves satellite velocity (about 70 per cent of escape
velocity). And the ratio of take-off weight to payload is about 1000 to 1.

With a specific impulse of 290 we can do better. We can actually
eliminate a stage and this ratio between take-off mass and payload comes
down to 125 to 1 to get to escape velocity.

1 mentioned a while ago that if we could make the rocket consist of a
high percentage of fuel, as we have in the third column where the engine is
99 per cent fuel, and My/Me becomes 66, we could achieve escape velocity
with a one-stage missile. That is quitc a difficult job and I will leave to
you the choice of structural materials. You might notice that we are past
the optimum ratio of 3.8 and you notice that the pounds of take-off weight
to the peund of payload is actually higher with this one-stage rocket than
with the three-stage vehicle.

How about atomic fuel?  If we can make the true atomic-powered rocket
work, with a specific impulse of about a million or better, we get into a very
favorable situation. It only takes 134 pounds of fuel for a thousand pounds
of take-off mass, 2% pounds per ton, which would permit travel out in
space in comfort and splendor. And if the landing ficld on the moon is
fogged in when we get there, we can come back to an alternate landing field
at LaGuardia! Under these conditions, space travel becomes an extremely
simple matter.  AH we have to have is a gravity nullifier or a structurai
material that will contain materials at temperatures in the 10,000,000 degree
range.

In the meantime, we can get vehicles into space with chemical rockets.
The Jarger loads will require farger rockets in the ratios previously dis-
cussed, and the rockets will bave to generate a thrust high enough to lift
these heavy loads at take-off.
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SATELLITE INSTRUMENTATION—RESULTS FOR THE IGY

BY
S. FRED SINGER!

It is a real pleasure to be here tonight to participate in this astronautics
series and to discuss the many aspects of satellite instrumentation, particu-
larly the scientific aspects. It is a subject which interests me very much.

It was really Newton who mvented satellites, so that all of us today are
Johnny-come-fatelies. What Newton did two hundred years ago was to
establish the fundamental physical faws which govern ail satellites, whether
they are natural satellites or man-made ones. What we are really doing
today is practicing experimental cclestial mechanics for the first time, by
making up satellites to suit our own fancy instead of relying on satellites,
such as the moon, which have been provided for us.

It took three hundred years to develop the necessary technologies to put
these satellites into operation. 1 am thinking particularly of two develop-
ments: (1) the rockets which are the only devices known to produce the
high velocities necessary for Jaunching the satellites; and (2) the electronic
instrumentation necessary for operating the satellites,

Newton, in formulating his third law, reaily laid tue groundwork for
rockets. although T am, perhaps, giving Newton more credit than he him-
self would take. However, 1 don’t think Newton could have forescen elec-
tronic instrumentation. In this ficld we have definitely advanced over
him. In fact, I don't think Newton or anyone else a few years ago couldt
have conceived of alt the scientific applications which satellites will provide
and are providing for us already.

Basically, of course, the scientific value of the satellite derives from the
fact that it operates above the atmosphere for long periods of time, unlike
high altitude rockets which merely go up and come down again. Ilaving
worked with high altitude rockets, including the V-2, the Acrobee and.
more recently, our own small rockets Terrapin and Oriole, T feel very pos-
sessive about rockets. I would like to defend them against satellites by
saying that rockets and satellites complement each other.  While satcllites
study the events which take place outside the Earth’s atmosphere, particu-
larly the incoming extrasterrestrial radiations, rochets study the structure
of the atmosphere itself, which varies with altitude.

Tonight I shall discuss three main topics: (1) what can be learned from
the behavior of uninstrumented satellites; (2) what can be measured in a
simple satellite carrying a minimum of instruments . (represented by the

t Department of Physics, University of Maryland, College Park, Md.
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Sputnik series, the Explorer series and the Vanguard series) ; and (3) what
instruments were used in the satellites that have been launched, and how the
Sputnik instrumentations compare with those of our satellites.

UNINSTRUMENTED SATELLITES

Tarst of all, what can be done without instrumentation? Even though
a satelhte doesn’t carry any instrumentation, its orbit is of interest. From
simple observations of the satellite orbit, and in particular from the way
the orbit changes with time, very many important things can be deduced.

Let me start, then, by discussing very briefly some aspects of satelfite
orbits

Figure 1 illustrates the fact that the orbits of the satellites are completely
within our control. We can decide in a more or less democratic way (de-
pending on what committee you sit on) how our satellite is going to go;
whether it will go in an equatorial orbit which stays completely in the equa-
torial plane of the Earth; whether it will go in a polar orbit which I feel is
probably the most useful one from the scicntific point of view, but which has
not yet been achieved; or whether it will go in an inclined orbit, that is, an
orbit inclined to the equatorial plane of the Earth.

POSITION OF
EARTH DURING
SPRING & FALL

ORBIT
— \
—_—

’ POLAR ORBIT

Fi6. 1. Possible satellite orbits.

The factors which dictate the choice of the orbit are very many, and I
don’t waut to go into them in too much detail except to say, as you may
have guessed, that ultimately they are all guided by our pocketbooks. It
costs a lot more to produce any orbit except an inclined orbit,

At least for our satellites which are launched into orbit from Florida,
the angle of inclination of the orbit is fixed by the location of the range sta-
tions which the satellites must pass over. Cousidering the cost of the
launching station and equipment in Florida, it would have been perhaps
unwise for us to have insisted on a polar orbit, even though we are con-
vinced that it is more useful scientifically, The Russians, by reason of
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geography, have used an orbit which is much more steeply inclined to the
equator than ours—~theirs is about 65 degrees as compared to our 40 degrees.

Figure 2 is a trace of the projection of our satellite onto the Earth, Re-
member. that the orbit remains fixed in space, while the Earth turns under-
neath it. 7The orbit can be thought of as a ring, if you like, which stays
fixed in space with the Earth turning on its axis underneath that ring. As
shown in the figures, the U. S. satellite covers the range of latitudes from
about plus 40 to minus 40 degrees. The Russian satellite covers the range
from plus 65 to minus 65 degrees, which means that it can be seen over a
wider region of the Earth and, insfurn, the satellite itself can observe a larger
region of the Earth underneath it,

Were the satellite in a polar orbit, we would indeed be able to cover all
of the Earth, and this has very important applications. An obvious one, of
course, is weather research, with all of the Earth under observation.
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Fre. 2, Trace of an inclined-orbit satellite over the Earth's surface,

In order to have an equatorial orbit, the sateilite must be launched at the
cquator.  An equatorial orbit has certain advantages, perhaps for communi-
cation satellites, but for scientific satellites by and large we would prefer
an orbit which is very much inclined to the equator, preferably 90 degrees.

1 mentioned that the orbit stays fixed in space, that is, the ring (if you
can think of the orbit as a ring) will remain fixed in space while the Earth
turns underneath it; and as the Earth moves around the sun, it carries this
ring along with it,

Now, in fact, the ring does not stay fixed in space and the reason is quite
simple.  Think of the satellite running along this ring and think of the ring,
therefore, as rotating about its axis. It acts in essence as a gyro wheel and
as such, #«would keep its orientation in space forever, if it weren't for the
fact that the equatorial bulge of the Earth produces a very small torque on this
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gyro. (‘The Earth is not a perfect sphere. The equator bulges out some-
what because of the rapid spin of the Earth, and this smai! bulge acting at
the equator produces a torque which tends to pull the ring towards the equa-
tor.) .

When a torque is applied to a gyro, it precesses. The same thing hap-
pens in a satellite orbit—~the orbital plane of the satellite precesses, We can
measure the rate of precession of the plane quite precisely by watching the
satellite orbit, and from this we can immediately deduce the amount of bulg-
ing of the Earth’s equator. Therefore, we can get very imporstant mfor-
mation about the exact shape of the Earth, Again, I want to point out
that this can be done without any instrumentation whatever on the satellite

Up to now I have talked about the orbitaf plane. Let us for a moment
consider the actual shape of the orbit within the orbital plane. According
to the planetary laws of Kepler and Newton’s explanation of them. the nor-
mal orbit of any satellite is an ellipse A circle, of course, is a very special
case of an ellipse and hardly ever occurs. The moon’s orbit about the
Earth is very ncarly circular; the eccentricity is quite slight. But to be
quite correct, alf orbits we know of are cliipses, and the artificial satellite
is no exception.

All of the artificial satellites to date liave been Jaunched into elliptic or- |
bits; however, the orbit of the satcllite doesn’t remain fined with time. At
the beginning, the satcllite moves in an ellipse, from a point of closest ap- ’
proach which we call the perigee, to the point of furthest approach which H
we call the apogee.  This cllipticat orbit would exist for all time if it weren't
for the Earth's atmosphere, which decreases in density with altitude until
finally it blends impereeptibly into the interplanctary gas.  There is no real
vacuum in the solar system—there is always a small density of gas ap- |
parently persisting.

At the normal sort of perigee we are talking about, perhaps a couple of .
hundred miles or perhaps only a haudred miles up, the density is very, very
small. In fact, the density is less than the density in the best vacuum we
can obtain here in our laboratories, but it isn't good enough because the
satellite goes through the perigee many, many times and at very high speed.
Sven the few molecules and atoms which are present will take some of the
energy from the satellite just due to collisions.  So, acrodynamic drag (acro-
dynamic friction) has a small but steady cffect on the satellite. This fric-
tion, however, takes energy from the satellite only at the perigee, because
during the rest of the orbit, the satellite is traveling at such high altitudes
(with correspondingly decreased density) that there is not enough atmos-
phere to cause friction. .

The result of this energy loss is quite simple to evaluate. If one as-
sumes that all of the loss takes place right at the perigee, it can immediately
be shown by the simple law of conservation of angular momentum that the
apogee has to move in (see Fig. 3). While the perigee stays relatively
fixed, the apogee will move in steadily, until finaliy the orbit begins to ap-
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proach that of a circle; and then, of course, the energy loss takes placc
throughout the orbit and the satellite will eventually spiral in towards the
Earth’s surface, probably melting or disintegrating along the way as it hits
the denser fayers of the atmosphere.

‘What can we learn by observing this progressive change in the orbit of
the satellite and the shape of the orbit of the satellite? Quite a lot. Pri-
marily we learn about the atmospheric density of the perigee and, strange
as it may sound, we have really no good idcas of what the atmospheric
density might be at 200 miles up, There have been some measurcinents
from rockets, but they are suspect, There have been some calculations, but
they can’t be accepted finally until they are tested experimentally.

The satellite, then, is the only good method we know of for measuring
density. We are already getting this from the Sputniks—in fact, we are
getting the densities before the Russians because we have somewhat better
observing and reducing setups. There have been already two publications
which show that the densities are rather higher than we imagined them to be.

PERIGEE APOGEE

Fic. 3. Decrease of eccentricity of elbiptical orbit duc to drag at perigee.

One word of caution (this is a very special point): we are not one
hundred per cent sure that we are really measuring the dtmospheric density
because there may be other effects which have not yet been evaluated com-
pletely. If the satellite acquires an eleetric charge in its travel around the
Earth, then other forces may enter in, which will falsify some of these read-
ings. One of the questions being debated very hotly right now is whether
the satellite does acquire a charge, hew much of a charge, and what influ-
ence this charge will have on the drag.

Let me explain the reason for this: because the atmosphere is composed
principally of ious, that is, atoms which have lost their clectrons and are,
therefore, charged, clectrical interactions may take place between ions and
the charged satellite.

You have now scen two very important applications for a satellite which
carries no instrumentation, but I forgot to mentiosone thing——you must be
able to sce the satelite! At least, you must“bs able to establish its orbit
somchow, and by.far the most convenient method is to sce it optically.
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This is not very casy, as many of you may have found out, since the
physical conditions have to be just right. Clear weather is by no means
the only requisite, Let me illustrate for you, since this is of some scientific
importance, the physical conditions which have to be satisfied before you
can see the satellite,

Since the satellite can be seen only by virtue of reflected sunlight, it
cannot be observed when it is in the Earth's shadow. Figure 4 shows the
sun on the left, with the satellite on the edge of the region of the Earth’s
shadow. As soon as the satellite hits the Earth’s shadow it becomes dark.

In Fig. 4, the satellite is shown at the place where the probabihity for
seeing it is highest. There are two reasons why this is so. In the first
place, the phase of the satellite is good, since the whole disk is illuminated.
If the satellite were on the other side of the observer, he would be looking
at the unilluminated back side of the satellite and so, at best, he would see

Fi6, 4, Optical visibility of satellite.

only a crescent—if he could resolve it.  (On the other hand, if the satellite
were just a little to the left of where it is f Fig. 4, you might just be able
to see it better because even though the phase is worse, it is a little closer
to the observer.  This matter has been worked out in some detail and has
been published.)

A second condition which must be fulfilled is that the satellite must be
bright against a dark background. It doesw't help to have the satellite
illuminated if it is still daylight.  You cannot sce the stars in the daytime
no matter how hard you try, unless you use claborate optical equipment, and
the same holds true for the satellite.

Under the conditions shown in Fig. 4, the atmosphere above the observer
is in the Earth’s shadow. In other words, for the observer the sun has al-
ready set (or has not yet risen) and he is in darkness and so is the atmos-
phere above him,  Therefore, when he looks up, the sky, will appear to be
dark, and under those conditions the satellite will be visible.
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This explains, incidentally, why there are only certain regions on the
Earth where the satellite can be seen at any partieular time. It has to be
at about focal twilight, just after sunset or just before sunmse.

USKS FOR INSTRUMENTED RATELLITES

‘To discuss comprehensively what can be measured in a simple satellite,
we should really know a little about extrasterrestrial radiations, some of
which can be measured by satellites and others by different methods.

“Radiation” is a very general word. As you know, there are two types
of radiation coming from outer space: (1) electromagnetic waves having
no mass (essentiaily a form or variation of light or radio waves); and (2)
corpuscular radiations (particulate matter), having 2 mass.

Electromagnetic Wawves

Let us look first of ail at electromagnetic waves. Figure 5 is a graph of
electromagnetic waves as we know them, ranging alf the way from the very
fong waves which are hundreds of meters long, down to waves of the order
of a few centimeters, millimeters, microns, and finally waves which are only
a few Angstroms in wave length. In other words, we are going from long
radio waves to short radio waves to extremely short radio waves (the so-
called microwaves or millimeter waves) to the infra-red radiation through
the visible radiation to the ultraviolet and into Xerays. This covers the
whole spectrum of electromaguetic waves,

RADIO WAVES

VISIBLE
CULTRAVIOLET 1 ¢ INFRARED {
'OPTICAL 8 INFRARED
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Fre. 5. Trausparency of Earth's atmosphere for electromagnetic waves,
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Heavenly-bodies, such as the sun and any other radiant body in space,
send out alf of these waves However, here at sea level we generally ob-
serve only the visible radiation. There is a reason for this. ‘The atmos«
phere is transparent (transparency is shown in white m Fig. 5) only m the
visible part of the spectrum. There are a few transparency bands in the
infra-red, and then there is a region of transparency again in the radio
region called the radio window, the word “window” implying transparency.

This means-that all of our knowledge of the universe is derived from
the fact that the atmosphere is transparent If the atmosphere were not
transparent in the visible, we wouid not be able to sec the sun, the stars or
the moon, and we would never know of their existence in all likelihood.
We would.have to hypothesize them as we hypothesize the inside of atoms
now.

But thanks to a very fortunate coincidence, the atmosphere is transparent
in the visible region, quite a narrow region, as you notice, called the optical
window; but our eyes also happen to be sensitive in the visible region. It
would do us no good if our eyes were sensitive only in the ultraviolet, be-
cause then we would still be in darkness. However, it so happens that the
atmosphere is transparent in the visible and our cyes are sensitive in the
visible region, and this is the region in which the sun puts out most of its
radiant emergy. This fortunate combination of circumstances makes it
possible for us actually to see and to use the sun as a useful source of light.
And, as I mentioned previously, afl of our knowledge of the universe up until
recently had been derived through visual observations.

In the last decade, a new science bas arisen because of our advances in
radio technology, and we can now observe the universe { . the radio region,
through the radio window. Large radio telescopes are being constructed
all over the world. A tremendous radio telescope has been construeted in
England rceently, and the United States is now constructing its largest radio
telescope in West Virginia. Some of the most diffieult engincering prob-
lems associated with this U. S. telescope are being solved right here at The
Franklin Institute,

If one considers how much has been learned about the universe from
radio observations, it becomes apparent how much more we could learn if
we could only observe freely in these other regions of the spectrum which
are now completely inaccessible to us.  FFor example, we cannot see any of
the infra-red radiation being produced in space and coming towards the
Earth because molecules in the Earth’s atmosphere absorb the radiation be-
fore it can reach ns. This infra-red region can be partially explored by
going up in balloons to a height above most of the 11:0, CO:z and most of
the oxygen, too.

Long radio waves, on the other hand, present a real problem. We can't
see them because when they come towards the Earth they are reflected back
into space by the jonosphere, which exists at an altitude of about a hundred
miles.  The ionosphere, incidentally, acts as a reflecting layer in both direc-
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SATELLITE INSTRUMENTATION 59

tions, so that long radio waves canmot escape from the Earth because they
are bounced back by this layer.

Perhaps the most interesting region for us to abserve would be the ultra-
violet region. Already we have had some very tantalizing glhmpses at the
sun, which is our nearest and therefore our most important star. By using
rockets equipped with speciaily designed detectors, we have learned quite a
lot about the sun, in the uitraviolet,

We have found out, for example, that during certain periods when the
sun gets very excited, its output of uitraviolet inereases by as much as
a factor of 10,000. So, contrary to our usual impression of the sun as being
quite a normal and fixed star (fixed in the scnse of having a constant out-
put), we find that in the ultraviolet region the sun is an extremely variable
star, perhaps something like the flare stars in the visible region.

If we could only observe the sun in the ultraviolet continuously, we
would discover much more about the processes which take place in the solar
atmosphere, and we would learn more about solar physics and the way stars
operate. Incidentally, we would also be able to interpret much better how
this ultraviolet radiation from the sun affects us by affecting the Earth’s
atmosphere.

The ultraviolet radiation is all absorbed in the upper atmosphere and
thereby produces the ionosphere, which is extremely vital to us for long
distance radio communication. Changes are taking place in the ionosphere
almost continuously, and these become very pronounced when the sun acts
up. Therefore, we would like to be up there to look at the suit s0 we can
correlate what we see coming from the sun directly with what we observe
indirectly as happening in the fonosphere.

Corpuscular Radiation

Let us turn now to corpuscular radiation, which is composed'of particu-
late matter. In Fig. 6, corpuscular radiation is plotted as a function of
energy, expressed in units of the clectron volt. Corpuscalar radiation
ranges from 1 clectron volt. (just about thermal energy) to a billion billion
clectron volts (possessed only by the extremely high energy cosmic rays).

Cosmic rays, which cover the energy range from about a billion ¢lectron
volts on up, are the most cnergetic phenomenon we know of in nature.  Pri-
mary cosmic rays are hydrogen atoms, with some helium and heavier atoms.
‘They are really nuclei that have lost their efectrons, moving with nearly the
speed of light.  These particles slam down into the atmosphere and produce
nuclear disintegrations whose end effects we can finally observe at sea level.

As you probably know, the work of the Bartol Research Foundation
during many years now I3s been concerned with studies of the cosmic radia«
tion, both of the secondary radiation and pioncer experiments with the pri-
mary radiation using balloons which get fairly close to the top of the atmos-
phere from the point of view of cosmic rays.
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Rockets or satellites are really needed cnly to study Jow energy cosmic
rays, which cannot penetrate below the 100,000-ft. altitade (typical balloon
altitude), We don’t even know -whether these low energy cosmic rays ac-
tually exist. Perhaps they exist only at certain times. Perhaps they are
produced by the sun and exist only when the sun produces flares.

Particles of even lower energies, of the order of a million electron volts,
are auroral particles which cause the aurora borealis, the northern lights
and the southern lights, These auroral particles are probably protons
which come from the sun with low energics and which are then somehow
accelerated in the vicinity of the Earth (by a mechanism which we don’t as
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yet understand) untit they have cnergy enough to slam into the atmosphere
and produce the beautiful displays which many of you. I am sure, bave seen.

In going to even lower energies we have gas clouds, corpuscular streams
which are shot out from the sun, again when the sun becomes very excited.
Many of you may have seen the protuberances in pictures of the solar corona.
When the sun is quite active, particularly during the high spot of the sun-
spot cycle, these gas clouds are shot off very often.  As they approach the
arth, they don't even hit the atmosphere because they are stopped many
thousands of miles out by the Earth’s magnetic field,  When they bit the
Eartl’s maguetic field, they produce quite violent changes which we call
maguctic storms,
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Measurenents of Cosmic Phenomena by Satellites

Perhaps it would help if T deseribed a typical series of events which fol-
lows a farge solar flare, s0 you caun see how complex the situation really is,
how many different phenomena take place, and what we interplanetary
physicists are up against, what we have to explain and how the satellites can
help us explain all these facts,

Figure 7 is a s¢hematic drawing of a typical series of events following
a solar flare It looks complicated in the drawing, but it is much more
complicated in practice.
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Fre. 7. Magnetic and cosmic ray sariations followmng a solar flare.

The process starts with a big solar flare on the sun.  These flares on the
sun can be scen through an H Alpha Monochrometer, an instrument which
filters out all of the radiation except the type which is emitted during flares,

During the visual flare there is intense emission of ultraviolet and Xerays
from the sun which immediately gives a fade-out of radio signals in the
fonosphere.

The Eartl’s magnetic field reacts very slightly to the flare because the
ultraviolet radiation from the sun is absorbed in the ionosphere, affecting
ionospherie conductivity and ionospheric currents.  Every time there is a
change in the fonospheric current, there is a corresponding change in the
magnetic fickl, so that the Earth’s magnetic field is slightly depressed, a so-
called crochet.

About a day later things begin to happen.  Suddenly the magnetic field
strength ag-ea level  over the world on both sides of the globe, day side
and night side, rises by a large amount, stays up for severad hours, then de-
creases by a large amount, and then stays low for several days.  This is a
restlt of the impact of the solar gas, but it is a very controversial subject—
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the problem of just how the gas impacts on the Earth's field and how it pro-
duces the inciease and decrease is a problem which is not yet conclusively
solved.

At the same time most of the aurora begins to appear, probably because
the gas shot out from the sun also contams these very high-speed particles
which can penetrate deep into the atmosphere and produce the aurora,

Immediately following the flare, perhaps several minutes later, the in-
tensity of cosmic rays suddenly rises, sometimes by as much as some few
thousand per cent, indicating very strong production of cosmic rays right at
or near the sun.  This increase lasts for several hours and then the cosmic
ray intensity returns to normal, However, when the maguetic field de-
creases, the cosmic ray intensity suddenly decreases by 10 or 20 per cent,
and stays low for several days

Although these events are very complicated to describe and to explain,
an understanding of them is vatal. If we want to understand what really
goes on in interplanctary space, we need to understand the magnetic condi-
tions which exist out there. We are handicapped by not having sufficiently
eood data, but we think that the satellite will be able to give us adequate
data to shed more light on these phenomena.

How do we measure these many phenomena that I have described?
Many instruments can be erammed into a satellite, since some of the instru-
ments are quite small. weighing only ounces or a fraction of an ounce in
some cases.

Figure 8 is a schematic diagram of a satellite which 1 designed a few
years ago. It has a feature that satellites really ought to have—some means
for keeping their orientation in space. For example, if the sun is being
studied, the solar detector should be pointed at the sun all the time; if the
Earth is to be watched, the detector should be pointed towards the Earth.
It does no good to have the detector pointing in other directions.
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In order to do this, I adopted a principle of providing a-spin axis and
spinning the satellite about the axis. The spin axis points at the sun before
take-off and, according to the gyroscopic principle, the axis will stay fixed
m space and keep pointing to the sun for an appreciable period of time, long
enough to make possible long periods of observations

Another instrument which every satellite ought to have is a telemetering
transmitter, or some means of conveying the data back to the Earth. This
requires a power supply to power the traustitter and the instrumentation.
The power supply may be regular batteries, but they are refatively heavy.
A more sophisticated approach is to use solar batteries to supplement the
internal power supply. These solar batteries are attached to the side of the
satellite which faces the sun,

Obviously it would be very uneconomical to cover all of the Earth with
receivers, Therefore, the data gathered by the satellite are stored in the
telemetering system on a tape recorder; then, when the satellite passes over
2 receiver, the transmitter is turned on by means of a radar beacon and the
satellite spews forth all of the accamulated information.

Although these refinements are not in satellites now, I feel that even-
tually these features will be incorporated. The solar baiteries have just
been tried on the first Vanguard test satellite, and I think telemetering stor-
age is close at hand. So far no one has tried attitude control by spin, but
it is probably the simplest method for maintaining the orientation of the
sateilite,

Instruntents to Use in Satellites

Now let us talk about the scientific instruments. How do you measure
cosmic rays? The best and simplest method certainly is to use a Geiger
counter, which is a gas-filled cylinder with a thin anode wire. These Geiger
counters, particularly if.they are thin-walled ones, will count cosmic rays
and also auroral particles, Specialized types of Geiger counters can also
be used to count gamma rays and the heavy component of the primary cos-
tmic rays.

Ilow do you measure the sun?  The most direct. way is with a photon
counter, a special type of Geiger counter which can be used both in the ultra-
violet and for the X-ray regions. Both counters have windows which face
the sun (see Fig. 8).

The impacts of micrometcors can be measured by means of micrometeor-
ite detectors. One such detector might be a microphone which simply
counts the impacts; there are other more sophisticated types of detectors
which I will discuss later.

A more difficult task is that of measuring the Earth’s maguctic field at
high altitudes above the ionosphere, The best instrument which we have
developed up to now is a so-called proton precession magnetometer, which
I won't describe here since it is described adequately in the literature,
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Let us now consider more direct measurements in the satelite. I think
micrometers are of some interest. A simple method has been devised to
measure the impacts of micrometeors on the satellite, and it may have some
practical importance for space flight.

Every time a mieteor hits the satellite it blasts out a small crater, m the
same way that a meteorite impacting on the Earth produces a crater.  The
physical processes are very similar, except that when little dust particles
smailer than grains of sand hit the satellite the craters, of course, are very,
very small, Nevertheless, the skin of the satellite will become eroded and
eventually it will be worn completely through, leaving a hole m the satelhite.

It order to measure how rapidly this skin abrasion takes place. we have
devised the following experiment, We coat the outside of the skin with
some radioactive material and then inside, within the satellite and at some
separation from the skin, we have a speciaily designed Geiger counter with
a scaling circut. It is quite obvious that as the skin disappears the radio-
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Fi6, 10, Meteorologist’s congept of what the North American continent would
{ook Jike as seen from a A000-mile altstude.

activity disappears with it and at the same time, therefore, the counting rate
of this monitor counter decreases. By telemetering to ground this counting
rate. the amount of skin still remaining can be immediately determined.

Translated into practice, the fnstrument is extremely simple.  Figure 9
shows a miniaturized version which has been prepared for a satellite ex-
periment. Tt shows the special counter which is smatler than a quarter, a
pre-amplifier, a scaling cireuit and a high voltage supply. This high volt-
age supply is smaller than my thumbnail and supplics 700 volts to the Geiger
counter,

Meteorological Applications
Perhaps one of the most intriguing things fo measure, and certainly one
of the most important from an cconomic point of view, is the so-called albedo
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of the Earth. By casuring this albedo, which is the amount of sunlight
reflected from the Earth (mainly by clouds), we hope eventually to track
storms and predict the weather. After all, our national income isn’t gomg
to be much affected by the intensity of cosmic rays and by what we can learn
about micrometeorites. But the weather affects all of us and the satellite,
in my opinion, is an invaluable too! for studying meteorology.

Figure 10, prepared by Dr. Harry Wexler of the U S. Weather Bureau,
is his conception of what would be seen through a television camera looking
down on the North American continent from an altitude of 4000 miles.
The white fluffy areas represent clouds which are very good reflectors of
solar radiation or visible radiation. They have an albedo (reflecting abil-
ity) of from about 70 per cent up to about 100 per cent. The Earth’s
surface is darker, since it has an average albedo of only 15 per cent, while
the oceans, with an average albedo of only 4 per cent, appear to be quite
black.

The satellite television camera can pick up these cloud patterns very
casily, and the meteorologist can imnmediately recognize the type of weather
pattern which they represent. For example, Fig. 10 shows a threc-member
cyclonic system extending from Hudson Bay towards Texas, with a well-
defined front. Part of another cyclonic system is visible up near Alaska,
with its other members extending over the Pacific. Notice the immense
fog bank off Southern California and Newfoundland.

Detailed weather features are apparent. For example, there is a very
small hurricane just forming in the West Indies. Hurricanes are very
difficult to spot because the cloud patterns associated with then are not very
prominent; but if you know that there isn't an island where a white blob
shows, you suspect a hurricane, particularly in the hurricane season.

Little cumulus- clouds show throughout the United States; also spe-
cial types of lenticular clouds duc to moist air being raised when it comes
over the Rockies.  Also shown are cloud patterns associated with the trade
winds (so-called cloud streets) and cloud patterns associated with the equa-
torial convergence zone.

This type of display of the Earth and cloud patterns certainly permits
a meteorologist to make much more accurate short-range predictions over
several days; more than that, by studying the circulation of the atmosphere
in this way, the meteorologist can learn how to make very reliable long~
range predictions for such things as dry winters, wet summers and hot
spells, over particular regions of the world.

‘Fhis information, of course, is of tremendous economic importance and
that is why I think that this particular application of the satcllite is going
to affect our way of life more than any other aspect of this space-flight busi-
ness, except possibly for man to travel to the planets, It is a means whereby
the space-flight business can pay its own way right now. The economic
advantages of this type of knowledge are just tremendous. 1 think no one
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right now could estimate how much can be added to our nationaf income
by more accurate weather prediction. It probably runs into the billions.

PRESENT SATELLITE INSTRUMENTATION

T want to spend the last part of this lecture discussing present satellites
and instrumentation. To date (March 18, 1958), four satellites have been
faunched ; Sputnik I and II, Explorer I and, just recently, the first Vanguard
test satellite, colloquially called “the grapefruit.”

Let us discuss the Russian satellites first.  We were all very impressed
by their great size and heavy weight, but the main question is what they
really do as compared to our satellites They are certainly indicative of a
very high degree of development of large rockets, and they are quite relable,
too  But instrumentally—and this is what I am mainly concerned with—
they indicate that the science of miniaturization of instruments hasn’t ad-
vanced very much, at Jeast in a comparative way,

Most of the weight in Sputnik I consisted of batteries; some 120 pounds
must have been batteries in order to operate the transmitter for the required
period of time, The transmitter itself was a vacuum-tube transmitter, not
a transistor. As a result, it dissipated a lot of power internally both in the
filament and in the plate, and this caused problems, because the power gen-
erated heat had to be removed somehow.,

But how do you remove heat in a vataum?  You can't do it very easily.
Therefore, a foreed circulation system for nitrogen (kind of air-conditioning
system) had to be installed into their satellite. This required that the whole
satellite be pressurized, which in turn meant that the skin had to be quite
thick to withstand the atmospheric pressure of the internal air, or nitrogen.

You sce how one difficulty leads to another and why it was necessary,
thercfore, to put a lot of weight into what we consider to be non-essentials.
By going to transistors right away, we avoided these problems successfully.

Let us talk about other aspects.  The solar.batteries are certainly a great
advance and I feel that both we and the Russians will probably go to them.
However, if the instrumentation isn’t transistorized, not much will be gained
from using solar batteries because the power consumption would be so high
that solar batteries would only add a little to the available power. On the
other hand, if the instruments are transistorized, the solar batteries can
supply all the power.

From a scientific point of view, in all cases both the Sputniks and our
satellites have tried to measure internal and skin temperatures, in order to
check up on the accuracy of the design.  The temperature of the satellite
depends primarily on the radiation propertics of the skin, because the only
exchange of heat energy is by means of the skin—radiation absorbed by the
skin and radiation emitted from the skin.

In addition, other scientific experiments have been conducted, the most
unique of which certainly is the experiment conducted on the dog. We
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cannot hope to match that untsl we have more payload, but m regard to ex-
periments connected with physical radiations, we are in a very good posi-
tion in comparison with the Russians,

It was only on Sputnik II where, for example, they measured cosnue
rays. We are measuring cosmic rays on Explorer 1. Figure 11 shows a
cosmic ray instrumentation actually built for the Farside vehicle which was
successfully fired Jast fall. It is very similar to the instrumentation which
has been flown in Explorer ¥ and it comprises a specially designed Geiger
counter, a potted section containing a scaler {o scale the counts from the

Fro. 1), Cosmic ray instrumentation built for Faride vehicle.

Geiger counter and feed them into the telemetering system, and finally, a
high voltage supply to operate the Geiger counter.  All of this weighs per-
haps a couple of ounces and consumes only 18 milliwatts of power.

Figure 12 shows a Geiger counter scaler assembly built for a slightly
different application, but it illustrates another type of miniaturization, in-
cluding potting. Potting can be done successfully in transistorized circuits
because the heat developed is very small.  The shorter instrument shown
in Fig. 12 is a little transmitter built for a rocket application. In fact, this
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whole assembly fits together inside a narrow pencil which forms one of our
small research rockets, the Oriole. This small transmitter transmits an
adequate amount of power for communicatior over distances of several
hundred miles.

A few more words now about the types of measurements which will be
made on future satellites. Of course, I can speak only about the American
satellites.  The next Explorer will probably contain a more elaborate cos-

F16. 12, Miniaturized instruments for the Oriole rocket,

mic ray experiment.  ‘The neat Sputnik, by annomeement, will also con-
tain a more claborate cosmic ray experiment.  In fact, I think the Russinns
are doing very well in their cosmic ray experiments.

The first real Vanguard sphere will contain a solar radiation experiment
to measure ultraviolet radiation and perhaps Xerays from the sun, The
Russian Sputnik 1I has already flown a solar radiation experiment some-
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what different from ours, but quite interesting. We would very much like
to know what results,. if any, were obtained from it. It is a more difficult
type of experiment than the cosmic ray experiment, They used a photo-
multiplicr. In front of the photo-cathode they placed a rotating filter wheel
which carried 2 number of filter sections, and as it rotated, it allowed dif-
ferent parts ofithe solar radiation to enter into the photo-multiplier tube.

For the future Vanguards, several types of experiments have been
planned, including onc to fly a magnetometer to measure the magnetic fields
at high altitudes. The fourth Vanguard satellite is to carry the first in-
strumentation to try to mcasure the Earth’s albedo (the light reflected from
the cloud systems) with a.simple photo-cell. At very low altitudes, fairly
adequate resolution can be obtained, giving a kind of fuzzy, out-of-focus
picture of the cloud pattern.

What are some of the future experiments? I don’t want to go too far,
but I think one of the important experiments, certainly one of the interest-
ing ones that we are working on right now, is the charge of the satellite.
We would like to know what electric charge, if any, the satellite acquires,
whether it is positive or negative, and how the charge changes as it moves
about the Earth. This is a very difficult assignment and much thought is
going into the design work for this type of measuring instrument.  We have
a proposal which we hope will work, but we will try it in the laboratory
before putting it into the satcllite.

Finally, you may wonder where further information can be obtained on
this whole subject. There are many popular books on satellites, but at the
present time, aside from the few listed below, there are no really serious
detailed books on satellite scientific problems and instrumentation,

I hope that the proccedings of this astronautics series will serve as a
means of putting on record some of our present thoughts. It would be
interesting to sce how they stand up against future developments,
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CELESTIAL MECHANICS—ORBITS OF THE SATELLITES

BY
PAUL HERGET*

INTRODUCTION

Ladies and Gentlemen, I am overwhelmed by such a large audience. 1
think it is probably correct to infer that you are here becauserof the Sput-
niks; and, frankly, I am here for the same reason.

I was hesitant to accept the invitation to lecture. [ have felt it was my
duty to turn down all invitations religiously and not play favorites with any-
body, but I changed my mind on one occasion and I changed it again for
the same reason this evening. 1 gave a lecture to the Graduate Physics
Seminar in our University because I feel it is important that somchow some
young people (and I think we are missing a bet if we don't also include
some who are not so young any more) must be willing to face up to the
challenge.

It may well be that you all came here to be entertained this evening, but
that is not why I catue. T came for a serious purpose because I think this
is a serious business, The thing that needs to be emphasized most of all
so far as.I am concerned is that the Americans have taken the term “com-
placency” too complacently, What we need to emphasize all through our
school systems is that it is necessary to bring hard work to bear upon all of
our educational system and this in general will improve science.

This is not a new idea to astronomers because astronomers have been
engaged in prodigious tasks of one kind or another, at least thosesistrono-
mwers in history who have stood out; and I shall give you a few instances
before the evening is over.  There remain important tasks to be tackled in
addition to those that are created by the artificial satellites.

We are most fortunate to be able to live in this age when these things
are being done, and I think I can highlight this for the young people if I
recall what my mother told me when [ was about cight years old. She
said, “It’s too bad you were born too late.  All the wonderful improvements
have just been made and you missed them all.” -

In Cinciunati, where we have more hills than you have bsie; they no
longer had cable cars. The cars ran up the hills under the power of their
own electric motors, and my mother when she was young had ridden in the
horse cars on the streets of Cincinnati. We had radios, There were air-
planes in the sky. So she thought that everything had been done and it
was too bad for me.  Well, she is an old Jady now and she doesw’t under-

1 Staff Head of the Vanguard C Center, Washi; D. C.: and Director, Uni.

versity of Cincinnati Observatory, Cincinnati, Ohio.
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stand. all the things we have in electronics, and so on; and there 1s still more
to come  We make a sad mustake if we don't challenge our young people
to the best of their ability.

WIHAT CELESTIAL MLCHANICR IS

The subject of Celestial Mechanics deals with the fundamentals of the
various aspects of the operation of satellites In a manner of speaking,
there is no sharp boundary to Celestial Mechanics. There 1s a sharp
boundary to the problems that have been tackled in the past, but this is just
because everybody was so compartmentalized in his own work. When
we have a project such as these missile projects, people have to work together
on teams and people have to bring different competences to these teams.  So
the sharp boundaries in technology are not going to remain so sharg as they
were,

I would like to emphasize that there are various aspects of Celestial Me-
chanics, even though I won't be able to talk about all of them. First of all,
I would fike to emphasize that in order to deal with this field one has to
depend upon the use of the Jaw of gravitation and other physical laws. This
is one aspect of the field of Celestial Mechanics.

Another aspect of this field is that one must be prepared 15 deal with
mathematical analysis, You never can hnow too much mathematics for
working in this field, and I wish I knew a lot more than I do.

Auother aspect, in order to be fruitful, is some concept of what is in-
volved in the use of observation. A great many people eventually find
themselves out on some distant limb where they don't like to be simply be-
cause you have to be more than a theoretical physicist. Observations are
an important part of what you have to deal with in this field.

There are two other items which are somewhat less specific, but I think
both of them are important. Tt is necessary to have some kind of a prac-
tical bent even though the astronomer, dealing with the planets and the
comets and the satellites of the solar system and the double stars of the uni-
verse, is somcone you might think impractical; nonetheless, there is the
necessity for a practical conceptior. of what the problem is about and for
arriving at some reasonable answer.

Finally, there is a requirement for a kind of intellectual curiosity or
drive, and I say this beeause there is a tremendous amount of drudgery that
goces on in order to obtain the solution to problems in the field of Celestial
Mechanics. In one sense I am glad I wasn’t born any earlier because now
we have clectronic computing machines and this is a tremendous lift to the
whole field of Celestial Mechanies, I shall have some examples of this as
we go along.

GENERAY, PROBLEMS IN CELENTIAL MECHAMICN

Before I get into the particular aspects of the subject, I would like to

give you some perspective of the whole field of Celestial Mechanics and the
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problems in this ficld. These are reatly not confined solely to what has been
considered the field of Celestial Mechanics in the past.  They bridge over
into the field of Astrophysies.

First, there is the problem of stellar structure which consists m studying
and trying to formulate and give 1casonably definite solutions to what the
nature of the interior of stars is; and this, of course, is tied in very closely
with the whole subject of Astrophysics.

In addition to studying the interiors of stars, the study of stellar and
planetary atmospheres constitutes a field of problems in Celestial Mechanics.

Classically or historically the principal problem in Celestial Mechanies
as such has been the problem of dealing with the motions of the planets, and
this problem goes all the way back to ancient mythology and astrology.
People had various systems in which they tried to reconstruct what the
nature of the universe was insofar as the motions of the planets around the
sun are concerned.

Another aspect of Celestial Mechanics very closely related to the motions
of the planets is the motions of the comets, and if the occasion arises I use
thid as an example of how practical astronomy is because it is literally true
that in ancient times people almost became insane in their conduct just at
the appearance of a comet.  After it became known what the nature of the
orbits of comets really is, this whole foolishness was dispelled. I a manner
of speaking, then, there are certain practical aspects to astronomy and to
Celestial Mechanics,

Angiher closely allied field is the subject of the motions of the satellites
around the planets and, of course, in astronomy the outstanding system of
satellites around the planets is the system around the planet Jupiter.

The next planet having a large number of moons and having an entirely
different set of circumstances associated with the moons is the planet Saturn,
Our own moon around the Earth offers many problems entirely different
from the moons of other planets,

Finally, we come to the artificial satellites of the last four or five months,
which is, I assume, the subject in which you most interested and the one
which I shall dwell upon the longest.

KEPLEX'S WORK ON ORRBITS

Now et me go back to the historical problem of the motions of the
plancts and descrile to you, if you are not already familiar with it, a prob-
lem in Celestial Mechanics which was solved many centuries ago by Kepler
before there were any telescopes—before optics had ever been developed to
such a state and before there was anything except geometry for mathematics,

The Earth goes around the sun, which Kepler believed'to be some kind
of a nearly circular orbit, and out in the shy one can sce the planet Mars,
But one is not able to tell when Mars comes to 20th and Chestnut or to
the stoplight at 18th Street and Market or any other place in the sky.
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There is no intersection, no crossroad, nno way of marking a pomt there for
the person who sits on the Earth and looks out at the dark sky at night and
sees the planet Mars, as people have done for thousands of years.

But what Kepler realized was that if the planct Mars was on the opposite
side of the Earth from the sun, as shown in Fig. 1 at Ex and 3Mj, then at a
fater date they would be at E; and M,, and the relative rate at which the
Earth overtakes Mars is represented by the angle E;SM,. The rate of the
Earth’s motion is shown by ExSE,; and the rate of Mars’ motion is shown
byMSAM, Thus:

1 1 1
L E\SEy = & MiSMs ¥ X MaSE,, OF‘E =7 + 5
where E =1 year, § = the observed period of Mars from opposition to op-

position, and P is the actual period of Mars in its orbit, which cannot be
directly observed. Since $==2.135 years,

L
P= 3.§_-_--1-; = 1,881 years.

3 2
—_—M,
E, M,

Fic, 1.

Kepler took observations, one of which was made at some date when the
Earth was Ex in Fig. 2 and another one was made after the Earth had gone
all the way around 1.88 times to K. He simply chose his observations,
paired them in such a way that they came at this interval of time apart; and
then of necessity Mars was at the same place, M, in its own orbit even if
Kepler didn’t know exactly where this place was in space. Then, you sce,
if Mars is in the direction K, at one time and ;M at the second time, they
intersect at M and he has been able to locate the position of Mars in space
only by assuming the explanation given above for finding 2.

Let me point out one other thing. This is one pair of observations.
Let us choose another pair of observations at Es, E,, and M,, again sepa-
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rated by this period. Always the Earth goes around 1.88 times and in this
way Kepler created a number of points on the orbit of Mars By plotting
these points (as many as he could get by combining the observations that
were at his disposal) he discovered that the path in space which Mars fol-
lows in going around the sun was 1ot a circle as the Greeks would have in-
sisted it must be.for the sake of harmony and purity and beauty, and so on,
but it was actually an ellipse.

There is an important point here to bear in mind: if, under the same
circumstances, Kepler had successfully been studying the planet Venus, it
just so happens that the orbit of Venus is almost exactly circular and he

Fre. 2.

would have come to the conclusion that the Greeks were right.  But it just
s0 happens that he studied the planet Mars where the deviation from the
circle is nearly 10 per cent, and with the methods that he used it was pos-
sible to discern this very distinctly, and so he demonstrated that the orbit
of Mars is not a circle.  Further than that, using the geometry at his dis-
posal he was able to establish that its path is an ellipse, with the sun at the

‘focus of the cllipse. Furthermore, having this clue to the whole process

and applying it to the other planets, he discovered that the period of any
planet is proportionat to the 3/2 power of the distance of that planet from
the sun, why * means if you are going to count periods in years and if you
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are going to count the distance from the sun to the Earth as the unit of
distance, then the period of the Earth is one year because A** is 1, but if
you have an orbit winch is four tnnes as great as the Earth, then the period
will be eight times as fong as a year.

You can extend Kepler’s third law to any object which s revolving freely
around the central body, You can also extend this law to the period of a
satellite going around the Earth as compared to the period of the moon
which goes around the Earth. The period of the moon is 27.3 days-the
period in which it takes the moon to go once around in its orbit through
360 degrees. The length of the month is 29.53 days, but that is because
that is 2 little bit longer than once around for the moon.

On this basis you will find that if you want the period of the artificial
satellite to be one day or 24 hours, then taking into account the distance of
the moon in miles, if you wish, or whatever units you care to use, the dis-
tance of this satellite would then be something like 26,000 miles. "This same
law can be applied.

Kepler discovered three laws and this is one of the first trinmphs in
Celestial Mechanics because these Jaws are reasonably close to the truth.
e discovered that the orbit of a planet around the sun is an ellipse.  He
discovered that the radius vector sweeps over cqual areas in equal mtervals
of time, In other words, when the planet is close to the sun it moves more
rapidly along its orbit, and when it is far anay it moves more slowly.

Then he discovered this third Jaw, that the pet ..l are proportional to
the 3/2 power of the mean distance,

MNEWTON'S WORK ON MOTION AND GRAVITY

All of Kepler's work was doue before Newton's time.  Newton, of
course, is recognized as having made the outstanding contribution in history
to the fiekl of Celestial Mechanics, and what Newton did was to put all of
the information which was already in Kepler's laws into the form of cal
culus, Newton invented the calculus under the stimulus of the challenge
of the very problem which 1 have described to you which was solved in a
descriptive sort of way, m agreement with the known observations,  This
is the beginning of the mathematical attack upon Celestial Mechanics and
is embodied in Newton's law of gravitation and Newton's three laws of mo-
tion which he formulated as axioms. 1f you adopt these as being true, then
the other things that you deduce can be derived mathematically in sequence.

There are many prominent mathematicians who have worhed in the field
of Celestial Mechanics since the time of Newton, such as Poincaré, ali trying
to use the best mathematical analysis and ingenuity whieh they could bring
to bear to put into operation the laws which Newton had set forth wm order
that they may be used to portray by a mathematical model as aceurataly as
possible the actual state of affairs in the solar system.

T want to erphasize that the faw of gravitation enables us to provide a
mathematical model which we hope to bring as closely as possible in con-
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formity with the actual state of affairs, and the actual state of affairs is not
governed by the Jaw of gravitation. It is the other way around. You are
fortunate if the law of gravitation is able to describe the actual state of
affairs.

Incidentally, in passmg I may say that it was the astronomers who dis-
covered that fact in advance of Einstein’s theory. It was impossible, by
using the mathematical model that results from the law of gravitation to
describe the motion of the peribelion of Mercury, This was known to the
astronomers about three quarters of a century before Einstein’s theory was
first pronounced. 1 am not sure that Einstein knew about this and it
doesn’t make much difference, because he was a theoretical physicist and he
had an approach to reality which was not the door the astronomers used.

What the astronomers tried to do, lacking Einstein's insight and perhaps
lus mathematical ability, was to experiment with the assumption that the
law of gravity should be 1 over the distance not squared, but they were
going to put about six or seven zeros and a one behind the decimal point
{2.0000001) and sce if that would work, hoping that it would serve the
purpose for Mercury and not have much of an influence for Jupiter and the
rest of the planets. It turned out that that wasn't so and it didn’t work.
but this was an experiment in Celestial Mechanics, in about 1880,

MALLEY'S WOKRK ONX COMETR

Another important person in history is Edmund alley, a contemporary
of Newton. lle was a genius and if he had not been outshone by Newton
he would have been one of the most remarkable characters in history,  Ue
was the one who first propounded the idea of having actuarial tables for
insurance. e was the first to prove definitely that the stars are moving,
that they are not all standing still; and, among other things, following in the
lead that Newton had pointed with his Jaw of gravity, Halley worked omt
the orbits of twenty-four comets which bad previously been observed in the
history of astronomy. lle says, in his own words, that “by a prodigious
antount of labor” he arrived at these solutions, At the present time it would
take less than 2 minute, a few milli-seconds maybe oun a high-powered elce-
tronic computer, to do what Halley did by, in his own words, “a prodigious
amount of labor.”

Halley was able to prove that the motions of the comets were in accord,
if you tahe a sufficiently general view, with Kepler’s pronouncement about
the orbits of the planets being ellipses.  The orbits of the comets, according
to lalley, were parabolas; and he discovered one comet which seemed to be
on the same parabola at intervals of seventy-five years, e said: This is
not really a parabola,  We can’t see the whole of it well enough from where
we are. It i a very clongated ellipse.

I will give you some idea how clongated it is.  If we imagine the dis
tance from the Earth to the sun to be represented by 1 inch, so that the Earth
goes around the sun on a circle of 2 inches in diameter, then Halley’s comet
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comes within % inch on one side and it goes out about a yard on the other
side, where it was in the year 1948. It has now started on the way back
and it will be closest to the Earth again in about 1986.

The only portion of this whole orbit that could be observed is in the
neighborhood of the Earth; all of the rest was invisible. On the strength
of the work which he had done, the demonstrations he had made and the
fact that there were three comets that came along this track at intervals of
seventy-six ycars, Halley said that this comet will come back again. I for-
get his exact words, but he said in effect, “Let it be remembered that it was
predicted by an Esglishman.” I am sorry that he didn’t say “Let it be
remembered that it was predicted by a Celestial Mechanic.”

The point is that this is another illustration of the fact that under New-
ton’s laws of motion and under the formulation of the faw of gravity, the
motions of all of the bodies around a central massive body will be some kind
of a conic section, The simplest case of a conie section is a circle. If you
cut the cone at any diagonal angle you get an ellipse, and the more diagonally
you cut the more elongated the ellipse is; if you cut it at a certain critical
place you get a parabola; and if you cut it by going over still a little bit
farther you get hyperbolas.

All of these cases exist.  Tor example, if a meteor from outer space
were to come past the earth and the sun, come by the solar system, it would
be on a hyperbolic orbit.  We do have examples of all of these cases.

NATURAL SATELLITES

Now let us turn 10 the Jupiter system of satellites. I don’t want to say
that I predict this, but I am repeating what other people say. They say
that we may have a great many satellites of the Earth, and they get carried
away with the idea. They don’t know quite where to stop, whether they
should stop at six or ten or twelve or a hundred.  So we may have a great
many satellites in the not too distant future. At the present time it is
known that the planct Jupiter Iias twelve satellites which have been observed
from the Earth.

Four of these satellites were discovered by Galilco—three of them the
night that he first looked at the planet in his first telescope. There are
actually four of them that are casy to sce.  Most of you have probably seen
them in the telescope already. They constitute a rather rapidly moving
group. The period of the innermost one is 1% days; the period of the
outermost of these four is 16 days, which is about half of a menth of our
moon. They lic practically in the plane of Jupiter's equator and they go
around practically in circular orbits.

There is one little odd ball in the colection of these twelve moons of
Jupiter. It was the first one to be discovered with a modern telescope.
This fifth satellite of Jupiter is exceedingly close to the planet and it goes
around in less than 12 hours. In this sense it is very similar to the arti-
ficial satellites except that it is practically in the planc of the equator whereas
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our artificial satellites are highly inclined, at least the ones we have had up
to-now,

The next satellite discoveries—the sixth and seventh-—that wee made
for the planet Jupiter came m rather rapid succession in 1904 and 1905.
Ultimately in 1938 another (the tenth) satellite was discovered, which is
like the sixth and seventh, in that these are on orbits that are very large
compared to the first four. They take about 260 days to go around the
planet Jupiter once. They are about seven miition miles from the planet
and they are all tilted up at about 30 degrees. They immediately presented
a problem, namely, to be able to represent the motion of these plancts which
in 1904 and 1905 was fairly difficult mainly because of the rather large
inclination of 30 degrces which their orbits were tilted to the equator of
Jupiter.

In 1908 the cighth satellite of Jupiter was discovered and since that time
there have been three other ones like it—the ninth, the eleventh and the
twelfth. These are on orbits which are about twice as big as the group
comprising the sinth, seventh and tenth. They are about fifteen million
miles from the surface of Jupiter, but they are excecdingly cecentric.

In the extreme case the distance of the satellite from the center of its
orbit to the focus where Jupiter is, is four-tenths of the total radius of the
orbit, This is an exceedingly high eccentricity of 0.4, There are now
four of these satellites that have been discovered, and the other outstanding
thing about them is that they all go around backwards, in the sense that is
called retrograde motion which is contrary to the revolution of the planets
around the sun and the revolution of the other satellites around the planets.
They present an exceedingly difficult problem which still hasn't been solved
with any high degree of satisfaction and which we are planning to work on
at the Cincinnati Observatory if we ever get any time off from the Sputniks
and other artificial satellites.

I might give you this sidelight. About three or four years ago we
undertook to investigate the tenth satellite of Jupiter, which is the newest
member of the intermediate group.  Frankly, the reason was that we had
sct out to investigate the artificial satellite and methods by which its orbit
should be worked out.  Not knowing what the security requirements of
the artificial satellite would be——the tenth satellite of Jupiter had already
been discovered by astronomiers before the security officers discovered it—
we were going to use the tenth satellite of Jupiter as a kind of security blind
if it was necessary.

Without trying to be facctions, the method which we were bringing to
bear on the tenth satellite of Jupiter, which has this large inclination and
which has resisted a solution to the problem in prior years, is exactly the
same method that we wish to bring to bear upon the artificial satellites, be-
cause while the Vanguard satellites are being fired at an angle of about 35
degrees inclination, the Russian satellites were tilted at 63 degrees and there
is interest in satellites which will go over the Pole. So, we wanted to have
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methods which would be sufficiently gencral and safficiently powerful that
we could do a good job in both cases; and it tarned out that thus is what
happened.

CONPITIONS BEYOND THE ATMOSPHERE

One point I would like to get across is that in this whole approach to
space problems it is necessmy to recognize that these things are outside of
your normal expezience. The main thing which goes on in your normal
experience as far as mechanical things axe concerned, 1s friction; and out
in empty space there is no friction.

Out where the artificial satellites are there still is friction and that 1s one
of the purposes of the satellite experiment-~to determine the density of the
atmosphere.  But the things I have been telling you about which are as-
tronomical are outside the range of any atmosphere.  There is no resistance,
and therefore the whole normal mode of experience is different {rom any-
thing’you are accustonied to or are familiar with.

1 would like to give you, therefore, some kind of picture which will en-
able you to think in terms of empty space and to:understand why things
are as they are out there,

N
/

Fie, 3.

EVEFECT OF VELOCITY ON SANTELLITH ORBITS
Suppose that we bave here a massive body, M in Fig. 3. which you can
think of as being the center of the Earth if you wish or you can thiuk of
this as being the sun, in which case Sy is some planet or some minor planet;
if M is the Earth, then S is an artificial satellite if you wish. This is the
position veetor of the satellite, MSy, which simply says where the satellite
is in space,
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S1S” 15 intended to represent the velocity vector which the hittle particle
at this point has when it is at this position, S, so that if there were no at-
traction to the center, if only the law of inertia were operatmg, the particle
would move out along this velocity vector, S38%,  But if M is the center
of the Earth, then in addition to the velocity along this velocity vector there
will be a certain amount of fall of exactly the same kind that takes place
when I et go of this piece of chalk.

As soon as I let go, the attraction of the center of the Earth draws the
chalk down.  Untit T let go it is not the hypothetical particle we are talking
about and so far as we are concernied sittng here in this 1oom thus picce of
chalk has no velocity vector. The velocity vector shrank to zero  If we
were to get ont in empty space and watch the rotation of the Earth, then
the chalk has a velocity of nearly a thousand miles an hour.  We are all a
great deal farther away from where we were when 1 started, exeept we
don’t realize it.

In the small interval of tume that Sy would move from S1 to §7 it would
also drop an amount S°S, and these two thngs are going on simultancously,
$0 as it begins to move out along the velocity vector it also drops down a
fittle bit: and as it moves out a little bit farther it drops down a little bit more.

The point is that instead of the particle winding up at $'. it has wound
up at S as a result of a combination of the Jaw of inertia and the amount of
gravitational pull that it had.  Now, from the way 1 have drawn the figure,
if the attraction were just instantancously cut off at S, then the particle
would continue out along the velocity vector $7° according to the law of
inertia.  But if the attraction is not instantancously cut off, what happens?
The attraction is toward the center, as before: the velocity is now ST instead
of S35, and the whole process may be repeated.

I don’t tell you from this diagram whether the are is a hyperbola, a
parabola or an cllipse, but it is a conic section if you do it according to the
faw of gravity.

ORBITS OF ARTIFICIAL RATLLLITES

Now 1 am going to draw another figure (Fig, 4) wnder the same set
of rules, but 1 am going to start out with the velocity veetor $357 not being
quite so long. In other words, we are considering now a sccond case in
which *he particle did not have as much velocity to start with as it did in the
first mstance.  The attraction is stili the same, so the amount that it is
going to fall from §" to S is still the same and the curve is going to be
steeper. “This time the distance travelled in the same length of time is less,
namely S15. Also the resulting velocity vector ST is shorter.

When does this curve become a circle?  You have to have a very
delicate balance between the amount of attraction, $S, toward the center of
the Earth (if we want to continue to talk about artificial satellites), which
depends on how far away it is from the center of the Earth, and the velocity,
S$187 which you have, such that the combination of the two of them is exactly
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an arc of a circle from Sy to S, If this delicate balance has been achieved
and 1S is an arc of a circle, then when the process is repeated, beginning
agam at S, it will continue to be an arc of a circle.

This is the situation wiich one always faces at the launching of an
artificial satellite. At the position which the missile has when the Jast
propellant is burned out, what is the length (and direction) of the velocity
vector? Is it too short, as in Fig. 42 Is it exactly right for a circle? Or
is it too fong?

Now, this is where Von Braun succeeded in his project. He didn't
even try to inake it a circle. He just put as much velocity into this thing
as he coud get from his-rockets up above the atmosphere.  What did he
get? Te got a satellite which went way out, way down on the far side of

Fic. 4.

the diagram, and back up again to S1.  MSy was 220 miles above the surface
of the Earth, and on the other side of the orbit it was about 1600 miles.
The reason was that there was no attempt to balance the velocity, They
just shot for all they were worth, and that is what comes of it—such an
ceeentrie orbit.

As a first crude approximation, the orbit of an artificial satellite is an
ellipse around the center. It is a crude approximation primarily because
the whole attraction of the Earth cannot be considered to be the attraction at
a point. I the entire Earth were composed of material exactly symmetri~
cally located with respect to the center of the Earth, then the entire Earth
could be considered to be the same as a massive point at the center.  If that
were the case, then the orbit of the satellite, the ellipse of the satellite, would
remain fixed so long as there is no friction, that s, so long as the orbit were
50 big that it would be above the friction of the Earth’s atmosphere,
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However, that isn't the state of affairs because the Earth is turning on
its axis and a point on the equator goes at the rate of 2 thousand miles an
hour as the Earth turns on its axis. This is one thing that people are
completely unaccustomed to visualizing because you have spent your whole
life on this rotating Earth; you are used to it and you don't feel it, but it is
going on. The Earth is not spherical. 1t bulges out at the equator such
that the diameter is 27 miles grcater than it is at the Poles. This means
that the mass of material is not uniformly distributed, and this raises one
of the two principal problems in connection with the artificial satellite.

PERTURBATION
Oblateness

If you allow me to draw an imaginary axis through the Earth and if
you allow me to take out from the Earth all of the mass which is sym-
metrically distributed and concentrate it at the center, then what we have
left is a kind of doughnut-shaped representation of excess mass around the
cquator, known as the “equatorial bulge” or equatorial protuberance. This
material produces what in Celestial Mechanics we call perturbations upon
the simple elliptic orbit.  1f any simple elliptic orbit were put up in the form
of an artificial satellite, it vould remain fixed but because of this excess
mass it is unable to remain fixed because it is subjected not only to the
attraction which is at the focus of the cllipse, but also to this additional
attraction, which produces the oblateness perturbation.

Those of you who are interested in mathematics and who know some-
thing about it would write

My«
V=-7(1—-2?P,(0)+... )

Pz is the second Legendre polynomial, F s an expansion for the
Eartl’s potential in spherical harmonics,  The 1 is the principal term which
would give you 1/r*-attraction for simple gravity. C* is of the order of
magnitude of one part over 300, or 1/297 to be more exact. The remains
ing term is represented as the equivalent of this equatorial protuberance
or the mass which causes the motion of the orbit planes, If this expression
were put equal to zero, we would have a simple case, but in practice this
doesn’t stop here,  There could be a plus, and so on, and you can have the
fourth spherical harmonic and go as far as your observations will give
you any information,

Now several things happen as a result of the oblateness, In Fig, § we
have shown one octant of the rotating LZarth and the initial position of the
satellite orbit in space. The closest approach to the eenter of the Earth is
assumed to be at P, The intersection of the orbit plane with the equatorial
plane is called the node, ¥. This point moves westward so long as the
inelination of the orbit is less than 90°.  In the-case of Explorer 1 the node
moves at the rate of about 4%4° per day. Similarly, the perigee, I, moves
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forward in the orbit plane so long as the inclination is fess than 6314°,
Again, for Explorer I this is going o3 at the rate of 614° per day. At this
rate in two weeks” time the perigee moves through 90°,

I want to point out to you a little consequence of that which you prob-
ably hadn’t thought about, When they fire the rocket, as you probably
have read, the control system in Amcrican satellites is to spin the rockets
so that if they fire off to one side, if there is an uneven balance'in the firing
chamber, this gets rotated sufficiently rapidly that it averages out and doesn't
do any serious harm.

The rockets are rather rapidly rotated or rifled, as they are shot out.
There are no fins, for the assembly is rotating so rapidly that fins wouldn’t
serve their usual purpose.  As the rocket assembly goes around, the di-
rection in which the missile itself—the satellite instrumentation and the

N
Fre. 5.

empty rocket chamber—points remains parallel to itself as it goes around.
It is highly rifled and goes out to wheré there is practically no atmosphere
and no resistance; then it comes back and bullets its way through the dense
atmosphere when it gers down closest to the earth, about 220 miles above
the surface of the earth,

In two weeks' time the orbit turns through 90°, as a consequence of
this perturbation.  When the satellite goes through the lowest atmosphere,
it is going through broadside and so it produces or presents a maximum
broadside face toward the resistance of the atmosphere,

I have given you the two extremes—when it bullets through and when
it goes through broadside. In the meantime the orbit has been slowly
turning; this broadside effect has gradually been setting in and so the center
of gravity in the vehicle is forward (because the back part is now the empty
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rocket shell where the fuel was) and as it hits the low atmosphere broadside
it would tend to be tumbled backward., This low density volume at the
back would act as a fin, But because it is highly rifled it 1s not going to
tumble this way in response to that broadside hit, but it is going to precess.
So that the Explorer satellite has the most god-awful wobble you can pos-
sibly imagine!

You may well faugh, but to us this is a very serious busmess because
it prevents us from making reliable predictions about the motion of the
satellite, as we try to project it several wecks into the future, simply because
it is impossible to observe what is going on. The satellite is only seven
fcet long—too small to see—and you have no way of knowing what it is
doing. You can’t tell what the average broadside is that it presents, so
you have no way of predicting what the drag is going to be.

Drag

I have tried to show you descriptively that perturbation amounts to a
regression of the node. It also amounts to an advance of the perigee, as
the point closest to the center of the Earth is called. There is a force exerted
on the vehicle in addition to the force of gravity. 1t is the force which is
known as drag, atmospheric drag. and it is providing a resistance to the
forward motion of the satellite.

This resistance has less effect when . > mass is high, as it was in the
Russian satellites. It also has less effect if the cross-sectional area is small,
But the reason that the Vanguard satellite is spherical is that no matter how
it would tumble and twist and tarn or be rifled, if it is a sphere it must
present the same crossesectional arca.

I emphasize this point not because I am associated with the Vanguard
project.  The main problem for which these sateilites were intended to pro-
vide information is the density of the high atmosphere and with such a
peculiarly-shaped object as the Explorer satellite, you are just at a loss to
obtain the information. This is really the reason why the Vanguard satel-
lite was designed to be spherical, and despite all the difficulties encountered
in putting it up 1 hope that there will not be so much public acclaim for the
success of putting up any object at all, that we shall ultimately lose sight of
tiie benefit of the spherical satellite which will always present the same cross«
section to the atmosphere and, therefore, it will not tumble and it will per-
mit us to determine something about the density of the atmosphere. I
doubt very much whether information about the atmosphere will be deter-
mined unless we do get a spherical satellite.

I want to describe one other thing to you in sort of a pictorial way.
Suppose we come back to the state of affairs where the satellite is Jaunched
s0 that it goes out in an orbit which is very high on the south side, with a
perigee of 220 miles and an apogee of 1600 miles. The first 'ime around
the satellite has whatever velocity the rockets were able to impart, and ti-at
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1s what produced the orbit.  But the next time around the satellite is going
to be subjected to drag as it gets into the low atmosphere and, therefore,
drag is going to cause some kind of trouble.

What kind of trouble can you cause the satellite? All you can do 15 take
some of its energy away from it. It has nothing else. It is a ballistic
missile. It has no way to control itself. It is just coasting around  The
only way the satellite can be adversely affected is to steal some of its velocity
vector.

The first time around the drag has the effect of stealing a little bit of
the velocity vector so that the sccond time around the vclocity vector is a
Iittle bit shorter than it was. As a result, the orbit will not be any closer
to the carth at the perigee, but if it loses some of its veloaity (the attraction
to the center will be the same as 1t was because the distance is the samne) 1t
will come on a curve which is slightly inside of where it was and on the far
side it won’t swing out quite so far. Then it will come back in for the next
time around, and at the low point of the atmosphere the atmosphere will
steal a httle more velocity away from the satellite. The orbit, therefore,
keeps getting smaller and smailer.

When the total diameter of the orbit is smaller, (half of the total diam-
eter is the quantity 4 which controls the period, according to Kepler's thurd
Jaw), so that from revolution to revolution, as the 4 gets smaller, this causes
the period to get smaller, in other words, to get shorter. At the present
time, on the basis of the observations which we have at our disposal, 1t ap-
pears that the period is getting shorter by, roughly, 0.005 minutes per day.
This shortening of the orbit and the consequent shortening of the period are
due to atmospheric drag.

Furthermore, the distance from the perigce (the place closest to the
Earth) to the center of the Earth is changed very hittle but the distance from
the apogee (the far side of the orbit) to the center of the Earth is getting
smaller all the time, so that the eccentricity is also getting smailer. That is,
the orbit is getting more and ntore circular.

Ultimately, the apogee comes down such an-amount that it is also in the
atmosphere of the Earth, and the satellite object meets with the same re-
sistance as at the perigee. By that time the orbit is practically a circle—
and there is no such thing as getting more circular.  As a matter of fact,
there is a point where the process of becoming circular stops. What is the
state of affairs if the velocity vector is shorter than the one required for
circular orbit?

What happens is this: The object does not have enough velocity to
swing out so that it is much lower on the far side than it is on the near side,
and the original apogee becomes the perigee in that case.  As soon as drag
has set in to such an extent that the orbit is nearly circular, then the velocity
is being slowed up at every point in the orbit and the orbit is spiraling in-
ward. If any of you are on the Moonwatch teams you know that this hap-
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pened after the time that Sputnik I got down to a peniod of about 90 min-
utes; then-practically all of the orbit was in the reasonably dense part of the
atmosphere, the resistance was going on continually ~nd shortly the satel-
lite came-down, nobody knows where, It was no longer to be seen because
the resistance reduced the velocity so,greatly that the satellite just dropped.

I want to make one point more before I close. In alt of this discussion
there is one other equation that you can use if you are interested in dabbling
around and experimenting with these things, and that is the very important

equation: V2= -’2- - '(l; V7 is the magnitude of the velocity vector, 7 is the

distance from the center of the Earth, and « is the semi-major axis of the
cllipse, or half of the diameter of the ellipse which is the same as the one in
the formula for Kepler's third law.

This equation tells you that if you have a very special velocity (and what
that velocity has to be depends upon the mass of the central body and the
distance that you arc away), such that you would get a circular orbit, then
V= 1/a. In other words, r is equal to @ because no matter how far you
are from the center of the Earth it will always be the radius of the circle.
That is the special velocity that you have to have or you can say it is equal
10 1/r, which is the same thing in this case.

If you have less than this velocity, and if the two vectors are at right
angles to each other, then you are at the apogee of the orbit. If you have
more than this velocity and the two vectors are at right angles to each other,
then you will be at the perigee of the orbit and the orbit will swing out on
the far side. If the two vectors are not at right angles it is a httle more
complicated and beyond the scope of this lecture.

METIHODS OF TRACKING ARTIFICIAL SATELLITES

There are two ways of dealing with perturbations.  One of them is the
step by step process whereby you have the formula for the second deriva-
tive: you cstimate what the position of the satellite is so that you can com-
pute Jhe attraction; and you also estimate what the velocity is so that you
can compute the drag and in this way you can estimate what the position
would be at the cnd of the next interval of time,

In our case. with the programs that we have prepared for the satellite
computations, we do this at intervals of one minute and we perform what
is known as numerical integrations,  We can do it in several ways. One of
them is dircetly on the position vector.

There is a more general way of dealing with this problem of the oblate-
ness (but not of the drag), and that is to express what those of you who are
mathematicians will recognize as Fourier series; and we have a scheme
whereby we canrcompute what these periodic series should be as they apply
to the satellite. The principal period, of course, is the period in which the
satellite goes around its orbit. The second harmonic would be a term
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which goes through a complete cycle in just half of a revolution of the satel-
fite. These are the most sizeable; these are the largest terms of the per-
turbation because the path that the satellite experiences above the equator
is practically the same as the one it experiences below the equator, at least
to a first approximation, and therefore you have the second harmonic terms
rather important in this Fourler series expression,

‘These are what are known as the general perturbations because they are
not restricted fo any interval of time. You can simply specify a time and
starting from there for that single time alone you can compute the position
of the satellite at any time in the future, using the pumerical integration
method. For use on the electronic computer, this is also a very powerful
method.

PROBLEMS TO BU SOLYED

I want to mention one other thing along these same lines and it is still a
reasonably unsolved problem. The method by which it can be done has
been pointed out more than a century ago by a mathematician and astrono-
mer named Delaunay. This is an even more powerful approach in which
you solve the orbit once and for all, and when you get finished you will have
elaborate formulae in which the quantity A appears, the quantity E (the
eccentricity) appears, the quantity J (the inclination) appears, and you
simply substitute the values for whatever particular orbit you have.

There are little technical difficulties in the numerical integration method,
such as getting small divisors when you integrate, which present difficultics
for this method in special cases. Those difficulties are overcome in Delau-
nay’s method, and in the case of Jupiter 6, as I mentioned to you before,
it was pointed out that the methods were inadequate beeause of the large
incluation,

We are now back to that same point. Because of the high inclination
satellites, we are presented with the problem of developing Delaunay’s
method in such a way that it is not restrieted by the high inclination. This
can be done. It is just a picce of work that has to be done. Tt hasu't been
done yet.

There are several other problems in Celestial Mechanics. One of the
most challenging is to try to express the motions of the major planets, par-
ticularly Jupiter and Saturn, as they go around the sun, for exceedingly
long intervals of time such as 100,000 years or more, At the present time
no one has succeeded in doing this, The orbits which we have for the
major planets are good in terms of a century or two or three centuries, but
not for thousands and hundreds of thousands of years. Ilere, then, is a
challenging problem which certainly must take off from the methods which
are known now,

1 have tried to give you some kind of a panoramic array of some of the
details of Celestial Mcchanics at this very minute, and some of the broad
challenging problems that face us for the future.
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THE EXPLORER
THE EXPLORER STORY AND THE TEMPERATURE CONTROL OF THE SATELLITE PACKAGE

BY
GERHARD HELLER!

This series would not be complete without the story of the U. S.
Satellite, Explorer I, this country’s first “step into space.”

The last time [ talked on the Army satellite was about a year ago at
a secret meeting of the Army Science Symposium. Now that the
situation has improved, and we can tell the story publicly, I will give
you a description of the missile, its payload, and some of the obtained
resuits.

It is needless to say that the Explorer started the space age for the
United States. We no longer discuss whether we should explore space or
whether we should have manned space vehicles and eventually manned
space flight, for everyone has accepted this as a matter of fact. It is
definitely not something for a future generation. Ve are in the space
age now.

it is generally accepted now that the exploration of space by man
is an objective in itself. e do not need any more explanation or
justification than this.

Space science is advancing so rapidly that science fiction writers are
having quite a bit of trouble. The best thing for them to do is to find
a new field because science has now caught up with them.

STEPS OF SPACE EXPLORATION

Before going into the detailed story of Explorer I, I would like to
say a few words about the stages of space exploration as I secit.  First,
we will use ballistic missiles with a high degree of reliability and proven
recovery techniques that have been successfully applied for several
years, both for instruments and, eventuatly, man.

The next step will be manned flight over great distance, say a
thousand or more miles, and only after manned flights in rockets have
been made and a high chance of survival has been realized should we
proceed to flights with orbital speed and maneuvers in space. Only
after gaining sufficient experience and learning cnough from these
flights, can we think of establishing a space platform. Proceeding
simultancously with activities directly associated with manned flights,
there will be many instrumented flights for the purpose of perfecting

3 Deputy Director, Restarch Projects Lat v, Us S Army Ordnance Missile C
Redstone Arsenal, Ak,
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both vehicles and recovery techniques, as well as obtaining measurements
of the space environment.  Eventually, ther. will be manned exploration
of our solar system with landings on other celestial bodies.

I would like to emphasize the fact that we should use highly reliable
ballistic missiles at first. This is specifically important if we think of
entrusting the lives of men to such vehicles.

EARLY HISTORY OF THE EXPLORER

The story of the Explorer is onc of a dream that came true.

In 1953, a few space enthusiasts got together and said,; “We have
many reports, many ideas and projects about space flight.  Is there any
chance that we can do something about it in the near future, or.is it
still a dream of ten or twesty years?”

At this meeting the Eaplorer idea, or “Project Orbiter™ as it was
called at that time, was born. Dr. Wernher von Braun presented his
idea to combine the Redstone vehicle, which was in the advanced
research and development stage, with existing solid propeliant rockets.
The first project that came out of this proposal was very modest—to
put five pounds of satellite into an orbit, using available hardware,
just to prove the idea and to do it as cheaply as possible.

This idea found general acceptance among space enthusiasts,
including, at that time, members of all three Armed Services. [t was
planned as a joint undertaking, and was started as such, each branch
having its role in the undertaking. The project got under way using a
Redstone as the first stage booster with three upper stages of solid
propellants,

At the end of 1954, the original booster and upper stage performance
were improved to the extent that the payload weight went up to 15
pounds. After this promising start the project was suddenly dis-
continued as an active satellite project.

During 1933, however, the Army was assigned the development work
on the Jupiter IRBM. One of the difficult problems was the re-entry
of the warhead into the atmosphere at supersonic speeds after traveling
the full range of the missile. For this task, the original four-stage
vehicle found an immediate application, although, as it turned out,
only three stages were nceded. Still, the basic work done on the
Explorer prior to 1955 could be utilized for the Jupiter IRBM.

In 1956, such a Jupiter-C missile went over a range of 3600 nautical
miles. The configuration of this vehicle was similar to that of the
original “Orbiter,” even to the inclusion of a dummy fourth stage.
The charge was taken out of this stage because it was to be a re-entry
vehicle, not an orbiting one.  Thercfore, the 1956 model, essentially a
three-stage vehicle, was actually a test vehicle for the later Jupiter-C
flights with simulated nose cones, fired over the full range of the IRBM.

Several of these re-entry: flights were completed successfully prior to
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October, 1957, when the first Russian satellite was put into orbit. In
November, the Army Ballistic Missile Agency was assigned the task
of dusting off the Jupiter-C and modifying it to carry a scientific
IGY satellite. It took only 84 days from the date of the assignment to
the successful firing at the end of January, 1958.% The complete vehicle,
which has a total length of 68} feet, is shown in Fig. 1. The Redstone

AEXP LORER T}
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Fi6. 1.

booster, with a diameter of 3 feet 10 inches, has been clongated to
provide additional tank space for both oxygen and fuel. In this case the
fuelused was a high performance propellant called Hydine that increased
the specific impulse considerably.

The instrument compartment contains control cquipment and
measuring instruments necessary for the flight performance and quite a
number of instruments that are necessary for flight safety purposes.

At the forward end of the instrument compartment is the rotational
launcher which is spun up by two clectric motors located inside the
instrument compartment. The rotational launcher or “tub’” contains
the three high speed stages of the solid propellant cluster,  The second
stage of the vehicle is a cluster of eleven Sergeants inside of which the
third stage (three Sergeants) is telescoped.  The fourth stage (a singie
Sergeant located above the tub) is topped by the 184-pound payload.

[
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The fourth stage, 80 inches long and 6} inches in diameter, weighs
30.8 pounds and has a perigee velocity of 18.400 miles per hour. The
perigee altitude is 225 (statute) miles, and the apogee altitude is 1594
(statute) miles. The initjal period is 114.78 minutes, and the inclina-
tion to the equator is 33.3°.

TRAJECTORY

The missile takes off vertically from the firing table and is then
tilted toward the flight direction. It follows a ballistic trajectory
during the 2} minutes of powered flight. The cut-off pre. edes the
separation of the instrument compartment from the booster'by a few
seconds. \Within the following one-half minute, the instrument
compartment is tilted into the correct firing position. This is accom-
plished by four pairs of supersonic air jets, whose nozzles are attached to

the rearward end of the instrument compartment. The thrust char-
acteristic of these nozzles is proportional to the linear displacement of
centrally-located control needles. The firing position, about 95° from
the vertical, compensates for the curvature of the Earth and leaves
the velocity vector after the fourth-stage burn-out parallel to the surface
of the Earth. Total free-coasting time froin cut-off to upper stage
ignition is -4 minutes 10 seconds. The upper stages are ignited about
15 seconds before the apex of the booster trajectory is reached by means
of a manually-operated computation device and a command link, [t
uses the weighted results of the following measurements as input:

1. Cut-off velocity obtained through booster telemetry;

2. C-band radar evaluation of velocity vector at two points of the
free-coasting trajectory

. S-band radar data, cvaluated by an IBM 704 computation
program, the computation being performed during the flight; and

. Doppler frequencies of Dovap transposuder of booster.
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The three solid propellant stages are fired in a rapid sequence, the
third and fourth stages being ignited by an automatic timer. Burning
time is approximately 6 seconds for each stage, with an $-second
interval between the ignition of the stages to allow for complete burn-out
of each stage and for temperature dependency of burning time. The
solid propellant stages are stabilized by spin that is imparted prior to
the launching and then increased from 450 to 750 rpm during the
boosting flight. A dispersion analysis showed that with this method the
angular deviation of the cluster will not exceed 1.5° circular probable
error in 95.5 per cent of all cases (2 sigma value).

The error angle of Explorer was less than 1°, well within the

. prediction.

The trajectory of the Explorer is shown in Fig, 2.

LAUNCHING THE EXPLORER

The Explorer undertaking turned out to be a combined three-Service

! affair, almost as it was originally visualized. The-vehicle itself was

) developed by the Army combining the capabilities of ABMA and the

Jet Propulsion "Laboratory~~the latter working specifically on the

: upper stages. It was launched from the Missile Test Center, Cape

: Canaveral, Florida, The Navy tracking facilities and computation
) centers, set up for the IGY, were utilized.

The loading of the booster into a C-124 Globemaster for transporta-

' tion from the AMBA to the Missile Test Center is shown in Fig. 3.

Figure 4 was taken at the Center as the booster and instrument compart-
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: F16. 3. Booster of Jupiter-C ready. for loading into’ C-124 Globemaster for shipping to the
Missile Test Center, Cape Canaveral, Florida,

; ment were being checked out i a hangar, In Fig. 5 the two sections
are suspended and ready to be bolted together. Figure 6 shows the
fourth stage being checked out on a spin balancing rig.  The missile,
surrounded by working platforms,is erected on the launching site in
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Fi6. 4. Instrument compartment and booster being cheehed out in hangar at the
Missile Test Center, Cape Canaveral, Florjda,

F16. 5. Assembly of instrument compartment to booster,
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Fic, 6, Jupiter-C on launching site,

F16. 8, Spin launcher and sccond, thirdand
fourth stages of Explorer I checked out in dy-
namic balancing rig.

N e P
F16. 7. Explorer vehicle spin launcher
and solid propellant upper stages arc mounted
on booster.

s s 2 = s ey
F16. 9. Explorer I on upper platform of

senvicing  tower, fourth stage ready for
mounting.
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F16. 10. Jupiter-C Missile (Explorer) on launching pad at the Missile Test Center,
Cape Canaveral, Florida.
]
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' j
B R F16. 11, Jupiter-C missile Fi6. 12, Jupiter-C misuile
i {Explorer) at takcoff, (Explorer) on its way,
i
i
3 i vt i = vt e e meann e W e - - B et




Tue EXPLORER 97

Fig. 7. Figure 8 was taken as the spin launcher and the three solid
propellant stages are checked out in a dynamic balancing rig, and
Fig. 9 shows the enclosed upper platform with the fourth stage ready
to be mounted on the missile. Figure 10 shows the Explorer on the
launching pad at the Missile Test Center.

Figure 11, taken at X minus zero, shows the flame spreading out from
the.base of the missile as it takes off. In Fig. 12 the missile is on its
own heading for space.

During the launching of the satellite T was in the telemeter room
with Dr. E. Stuhlinger. Ve followed the booster flight by looking at
the telemeter data that were recorded and displayed on instruments
These were exciting minutes, any slight movement of the instrument
needles was followed with apprehension. The missile worked perfectly.
After cut-off of the Jupiter-C main stage, we obtained the separation
signal, that indicated that the instrument compartment had separated
from the booster. There followed four busy minutes in which data
obtained from the C-band radar station were obtained and evaluated
for apex prediction. This was one of the input data used for the apex
prediction and the determination of the firing time. Then followed
the ignition and the confirmation that the signal had come through and
the upper stages were burning. We knew that 22 seconds after the
ignition signal the first U, S. satellite would be in orbit, provided that
everything worked all right. A rapid evaluation of tracking data
received at Cape Canaveral and the Antigua station was made to de-
termine the initial conditions, and after one hour the confirmation came
that Explorer I was in orbit.

INSTRUMLNTATION

Figure 13 shows the details of the instrumentation of Explorer 1,
which consists of the empty fourth stage motor case and the payload
proper. The stainless steel shell is shaped like a cylinder and topped

F16. 13, Exploter 1 cut-away
of instzumentation.

F16. 14, Antenna array of Microlock station.
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by a rounded cone. This shape has been chosen in order to fulfil design
requirements for easy packaging as well as temperature requirements
during both the orbiting and the boosting phases of the vehicle.

The instrumentation consists of: (a¢) a high power transmitter
located at the rear of the payload (with a continuous transmitting
power of 60 milliwatts); (b) a low power transmitter inside the nose
cone, operating at 10 milliwatts; (Both are Microlock transmitters
developed by the Jet Propulsion Laboratory of the California Institute
of Technology) (¢) the main measuring device, a Geiger tube for cosmit
ray counts, located at the rear of the Cosmic Ray and Micrometcorite
package, developed and built by Dr. van Alfen of the State Uni- esity
of Iowa (each of these instruments has an independent battery package) ;
(d) a nose cone temperature probe; (e) an external temperature gauge
located at the Fiberglas ring between cone and ¢ylinder; (f) a tempera-
ture gauge on the low power transmitter (not shown); (g) an external
temperature gauge located at the Fiberglas ring between the payload
and the Sergeant motor; (%) an internal temperature gauge located on
the high power transmitter; (£) a micrometeorite erosion gauge located
behind the rearward stiffening ring of the motor; and (j) a micro-
meteorite impact microphone located on the cylinder.

The antenna arrangement consists of : (%) a Fiberglas ring between
the cone and the cylinder as a dipole gap for the low power transmitter;
and (§) four turnstile antcnnas consisting of steel wire with a steel
ball at the end mounted on a Fiberglas ring between the payload and
the motor. The transmitters operate at 108 and 108.03 megacycles,
respectively, and serve for both telemetry and tracking purposes.
Signals can be received both by the Minitrack network established for
IGY and by the IGY-Microlock stations such as the one shown in
Fig. 14.  Telemetry is accomplished by using phase modulation.

TEMPERATURE CONTROL

The instrumentation of Explorer I operates, properly only in the
particular temperature range for which it is designed. The lower limit,
0° C,, is determined by the efficiency of the mercury batteries, which
decreases rapidly if the temperature drops below this mark. The
upper limit of the temperature is set at 4065° C. by the transistors of
the electronic equipment. However, in the evaluation of the tempera-
ture control problem, the upper and lower limits were not considered
cqually important. No permanent damage is incurred if the tempera-
ture drops below the lower limit and then rises agaw, for the power
output would decrease or drop out only until the temperature rises’
again. The upper limit is .more serious, because, if it is exceeded’
considerably, permanent damage is incurred.  ‘The desired temperaturé
was, therefore, set at about 20° C., with foresecable deviations not
eapected to exceed =:25° C. This choice would guarantee functioning
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for an cxtended time even if the deviations enceed =£25° C. The
problem of temperature control and the measured results are treated
in some detail in this paper, because the author worked on these prob-
lems. It was part of the missile assignment to provide the proper
temperature range for the functioning of the scientific equipment flown
under IGY auspices in the first U. S. satellite.

Environment of Salellite

The temperature of a satellite is mainly determined By a radiation
cquilibrium. In most cases acrodynamic heating is negligible. This
can be shown by Table I, if the heat flux of the last column is compared
to the solar constant:of 1200 Kcal/m?h.

TasLe L

Density Heat Flus by Average Heat Flua
(Smithsonian) Acrodynamic by Aerodynamic
(hg sect) Heating Heating for Orbit
Altitude mh Keal/mth with Eccentricity
Circular orbit e=0.13
100 8X10-3 170,000 17,000
150 6X10-1¢ 1,360 130
200 7.5X10-8 60 16
250 1.8X 10~ 39 3.9
300 7X10~1 15 1.5
350 3.3X10-% 74 0.7
400 1.7X10-¢ 3.7 0.4
450 1.0X10-# 2.2 0.2
560 6X10-3 1.2 0.1

For eccentric satellites with a perigee of 250 km or higher, the heat-
ing effect of the interaction of the satellite with air molecules can be
neglected. ‘The thermal environment is determined by radiation com-
ing from the sun and the Earth. Figure 135 illustrates the radiation
houschold of the Earth. The incoming radiation from the sun, or solar
constant, is 100 per cent.  However, 36 per cent of this radiation leaves
the atmosphere because of reflection and scattering.  ‘This percentage of
the radiation called the albedo of the planet Earth, has basically the
same spectral distribution as the incoming radiation.  Since the albedo
varies with the cloud cover, land and sea areas, a variation between 24
per cent and 54 per cent has been used for temperature considerations.
Using the average value of the albedo (36 per cent) we find that 64 per
cent of the solar radiation has been absorbed by the atmosphere and
the Eartl’s surface. This energy is re-radiated as infrared light, 17
per cent being radiated directly from the Earth and 47 per cent from
the atmosphere. There are slight differences in the spectral distribu-
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tion of these infrared radiations due to day and night, latitude, and
seasons ; however, they are close enough together to allow us to use the
spectral distributions of a black body at 255°K. as a mean vaiue.
Summarizing: The satellite temperature is determined by four
modes of radiation~-{a) direct radiation from the sun; (b) reflected
solar radiation; {¢) infrared radiation from Earth; and (d) infrared
radiat.on from the skin of the satellite. We have to place the satellite
within this given envircnment and operate it for two or three months
without exceeding the temperature limits imposed by the instrumenta-

Fi16. 15 Radiation equilibrium of Earth and atmosphere.

tion. Maximum temperatures that could occur in this environment are
400 to 450°K. and minimum temperatures of about 200°K. can be
expectedt.  ‘The problem is to find out whether this range can be
reduced to meet the instrument’requirements.

In order to do this, a study has heen made of all parameters that
influence the temperatures and the variations of these parameters that
can be expected during the two or three months of orbiting time.

First we have to consider the orbital characteristics which can be
expressed by the parameters (in equatorial spherical coordinates) :

= inclination of orbit to equatorial plane,
e = excentricity of orbit, .
R, = radius of perigee,
« = argument of periges,
2 = right ascension of ascending node, and
M = mean anomaly from injection point of satellite to initial
perigec.

i
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The inclination, 7, is determined by the firing azimuth and the
geocentric Jatitude of the firing site (which for the Missile Test Center
is 28.45°). The azimuth was 110° from true north. Variations of the
inclination are due to angular dispersion in yaw of the.high speed stages,
errors in booster trajectory and cut-off flight direction, and changes in
final velocity.

{t turned out that the variations of £ are important in the determina-
tion of the time the satellite is in sunlight.

The eccentricity e is determined mainly by the altitude of the
booster apex, the injection velocity after fourth stage burn-out, the
crror angle in pitch due to timing error of upper stage ignition and
cluster dispersion in pitch. The eccentricity is also dependent on
time after launching because the friction caused by interaction with
air molecules at perigee of each revolution decreases the eccentricity.

The radius of perigee is equal to the booster apex velocity for zero
error angle in pitch. Any error angle decreases the perigee altitude.
The effect of various perigee altitudes on the long time temperature
balance was studied. The argument o of the perigee is the spherical
angle measured from the ascending node to perigee in the orbital plane.
For a given set of booster characteristics and upper stage performance,
w is a constant if the pitch error angle is zero. The influence of varia-
tions of w has been studied in connection with simultancous changes of
eand R,. The right ascension € of the ascending node, a function of
the day and hour of the launching, is an important factor because it
determines the plane of the orbit in space and thus its inclination to
the ccliptic and.the angular distance to the position of the sun within
theecliptic. Changes of  through 360° have been studied.  In addition
to the variation of the initial values of w and @, it has to be considered
that these angles are time dependent. The change of «, called the
progression of the line of apsides, is 6.41° per day for Explorer 1. The
change of w or the regression of the nodes is —4.27° per day.

‘The mean anomaly Af from injection point of the satellite to the
perigee of the first revolution is proporticnal to the time difference
between injection point and perigee. For zero error angle in pitch,
M is zero.

In addition to the orbital characteristics described above, the
position of the sun also has to be considered. This position can be
expressed in equatorial spherical coordinates by the inclination angle
of the ecliptic to the equator and the right ascension of the sun.

Properties of the satellite itself that have an effect on the temperature
equilibrium are: (¢) cmissivity of satellite skin with respect to solar
light; (b) emissivity of satellite skin with respect to infrared radiation;
(¢) heat capacity of skinj (d) heat capacity of instrumentation; (e)
cocflicients of heat conduction between skin and instruments; (f)
cocflicients of radiative heat transfer between skin and instruments;
(g) internal heat release of instruments; and (%) shape of satellite.
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The nose cone and cylinder of the satellite are separated by an
insulating ring, and must be considered individually because of their
differing shapes and instrumentation. The layout was made so that
only small temperature differences would develop between the two
parts of the payload.

The parameters (¢), (¢) and () are determined by design considera-
tions and the functions of the payload, and were varied only until the
final payload design was chosen.

The radiation cquilibrium can be influenced by the proper selection
of the emisstvities (a) and (§). For example, if a polished aluminum
surface is selected, the average instrument temperature would be 400

6 207 30 350
1~utm|nv;mvu»mnbu»uoct!wwn'«a U N )

F16, 16. Time an sunhight for satellites as a function of day of fiting
and hour of firing, Maximum values at date of firing.

to 450°K., and if a white paint on titanium dioxide or a similar white
oxide base is used, the average skin temperature would be near 200°K.

By using sondblasted stecl, the temperatures would be between 280
and 380°K., the exact value depending on a combination of the other
influencing parameters. Materials not subject to change by environ-
mental conditions for a period of three months were selected for the out-
side surfaces for Eaplorer [, Since rough surfaces were expected to give
the most constant emissivity value, the selection fell on a combination
of sandblasted stainless steel with a special coating of aluminum oxide
called Rokide A, applied in lengthwise strips. :Due to the spin of the
satellite the heat flux to and from the surface is equalized and no
lateral temperature gradient.(in the shell) can develep.  The aluminum
oxide strips effect a decrease in the average temperatures.

In order to keep the temperature fluctuations of the instruments
small, the instruments are insulated from the skin, but the great
variation in temperature between the time the satellite is in the shadow
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of the Earth and in sunlight will still affect them. For this reason, the
relative time in sunlight is an important factor for thermal equilibrium.

The variations of all these parameters and their influence on the
temperature of the Explorer was set up as a computation progran: in an
IBM 704 electronic computer. Since each of the parameters was
considered as an independent variable, the complete analysis cannot be
illustrated in graphical form. However, some of the more important
effects can be shown if only two parameters are considered at a time.
The paramneters that are used in the diagrams, the hours of firing H,
the firing day D, and the ratios of emissivities are the ones that could
be most freely isolated.

Figure 16 shows the percentage of time in sunlight at the day of
ﬁrmg in an #-D diagram. The percentages of time in sunhght are
given as contour lines similar to lines of constant altitude in maps.
The two maxima occur for firing at /=3 around the summer solstice
and at I7=15 around the winter solstice. This graph is typical for
the orbital characteristics listed, but for more eccentric orbits the
maxima will increase. The time in sunlight changes due to the regres-
sion of the nodes, the progression of the line of apsides, and the mean
motion of the sun and may reach 100 per cent even if the initial value is
near a minimum.  If the computation is eatended for an orbiting time
of 60 days with the maxima occumng at any time during this period,
all values increase, the maxima and minima interchange and thelvalues
of Fig. 17 result.

The influence of the eccentricity ¢ is shown in Figs. 18 and 19. In
this case all parameters are kept constant except the hour of firing 17
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F16. 17, Time in sunlight for satellite as a function of day and hour of firing.
Maximum values during first sixty days of orbiting,
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and the cccentricity e. Figure 18 gives maxima of time in sunlight
occurring during 30 days of orbiting and Fig. 19 shows the same for
90 days. For low eccentricity the time in sunlight barely exceeds
80 per cent at II=14 in both graphs. For the high cccentricitics,
80 per cent is always exceeded encept for the hours between I7=18 and
II'=3.5 on Fig. 18 and between II'=18 and II=22 on Fig. 19. The
ceccentricity of Explorer I turned out to be 0.1399 which is between the
upper two values of Figs. 18 and 19.

In order to study the influence of the emissivities « and ¢ on the
temperature, it has been found that it is more convenient to use the
ratio of a ovér ¢ as onc parameter and « as the other.

Figures 20 to 22 iflustrate the effects of the ratio a/e with the time in
sunlight as a parameter. ‘Fhree typical cases of environmental condi-
tions and of satellite attitude are shown here. Figure 20 shows the
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F16. 20. Temperature of orbiter as a function of ratio of emissivities
a/¢and time in the sunlight (T%).
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Fi16. 22. Temperature of orbiter as f of ratio of
a/fe and time in the sunlight (T5).

relations for a set of parameters that can be considered to be average.
Two simultancous differential equations have to be solved.

AlaSDl + llgaBSDz + AaéES - .‘IWET.‘ - C;/Pf -— C"l”. + Q =0
Coly = GUT = T 4 Co(T = T

wherein

Ay = projected area with respect to sun direction depending on the
attitude angle (it is different for cone and for cylinder due to
different geometry)

a = cmissivity for sunlight
S = radiative heat flux from sun per unit area and unit time
(solar constant)
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D, = step function (D;=1 for sunlight, D;=0 for shadow)
Ay = cffective area of satellite with respect to albedo radiation. It

depends on altitude of satellite and the attitude angle with
respect to the radius vector and on angle of sun to orbital planc
D; = step function (D;=1 for orbit in hemisphere :90° from sun
direction ; D, =0 for orbit 90° from opposite of sun direction)

As = effective arca of satellite with respect to Earth radiation
e = emissitity with respect to infrared

E = ratio of infrared heat flux radiation from Earth to S

4, = total surface area of satellite

o = Boltzman constant

T, = skin temperature

Cs = heat capacity of skin

7, = rate of temperature change of skin

Cs = heat capacity of instruments

T} = instrument temperature

P; = rate of temperature change of instruments

Q = heat release of instruments

Cr = heat transfer coefficient by conduction
Cy = heat transfer coefficient by radiation.

Figures 20 and 21 are the averages of instrument temperatures 7T,

obtained by integration of the above equations. The graphs show very

AY
ATTITUDE ANLEL 7 OF PAYLOAD RS3-29 TO SUN / / ’ 7 /
Y, -3 [T B X 1Y oo " 4 7L

22
(7 7
/
....... S— .y L, /
TTOC YO SN,
30 l
-

7

7 S P 7
ATDTVOL YO Sumy

> , ;
t 7 - /
NSRRI

-
o s e il st b Wrrnsior vt 4 sk ¢ o o e ot e o

|
° 2o w 240 30 0

o
F16. 24. Atutude angle of the axis of
the payload te the sun as a function of day
and time of missil¢ firing.

o Ran

- —

L.




L

i b A—————————————— v e el

THe EXPLORER 107

Sel1966

Ty ] Beday LI 1Y

Ok | ¥py 1300 Km =808 m: ddiid
460

s g
=

| | =

LAY
13713
o
s

\
A

0480
200 o, 81% S pman 82 O

Q100% SUNLIGHT G re0*
a 809 .

s

o]
=}

‘”y K] 56 7
,‘0. AREA/AREA WAX,

F16. 25. Instrument temperature
(average skin temperature).

clearly the wide range of temperatures that can be expected for a
satellite like the Explorer. Figure 22 shows the case in which the
projected area to the sun is zero, that is, when the cylinder is pointed
directly toward the sun. This is not the case for the cone, however,
because of its shape, For firing around H =7 and I = 19, the
attitude angle will be small but will never be zero, because it is not
possible to fire directly into the direction of the sun or away from the
direction of the sun with the given conditions of the Explorer [.  Thisis
illustrated by Fig. 23, which shows the attitude angle of the satellite
axis to the sun as a function of the hour II.  The smallest attitude angle,
5°, is reached at I = 7, whereas the greatest angle for the rearward sun
position is 130° at II = 19, These minima or maxima attitude angles
change throughout the year as shown on Fig., 24. ‘The shaded arcas
are those for which the attitude angle is smaller than 30° or higher than
150°, expressed on the graph also as =30 measured from a line away
from the sun. ‘The upper limits arc indicated by two lines which
indicate respectively the situation at the day of firing and the situation
during 60 days of orbiting (wider limits).

In order to illustrate the dependency of the temperature on the
area ratio of 4 to the maximum value of A,, it is necessary to plot this
relation for a number of typical cases where numerical values have been
fised for other parameters. In Fig. 25 the parameters chosen are
explained. The parameter f is the ratio of the arca A; to its maximum
value computed at sea level. The curves show three combinations of
the parameters:
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1. 100 per cent sunlight ¢ = 90°
2. 80 per cent sunlight 4 = 60°
3. 67 per cent sunlight g =0°

For cach of these combinations, two values of /¢ have been used.
The angle ¢ in this graph is the.angle between the sun direction and
orbital plane. Figures 16 through 25, described on the previous pages,
give an iflustration of the dependencies for certain sets of parameters,
The complete analysis has shown that temperatures of the instrumenta-
tion can be kept within the desirable limits by entirely passive control
which does not add to the missile complication, and even more impor-
tant, costs only little weight. The three parameters chosen were:

1. Time of firing II = 0 with a tolerance of 2 hours. This takes
care of the influence of the time in sunlight and the attitude to the sun.

2. Ratio of Rokide coating to sandblasted stainless steel (25 per
cent for cylinder, 30 per cent for cone).

3. Insulation such that the deviations of the instrument tempera-
tures from a mean value dur