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FOREWORD

The Franklin Institute has for mnany years been deeply conicernedl with
missiles, Earth satellites and space travel. Its Laboratories for Research
andl( Development have been steadily engaged inl vital tasks which helped
produce workinig mechanisms for rockets. Inl 1956 it sponsored a syln-
positm onl "Earth Satellites as Research Vehicles," which, inl published formi,
is one of the two or three authoritative, pre-Spntnik books onl the subject.
Onl a popular level, the staff of the Planetarium has op)erated onl the prmise
that man would eventually travel inl space. We have offered planetarium
dlemntstrations which, by taking advantage of the plantetariutmt illtsioni tech-
niques.-served to alter our sense of space andI time and permiittedl is to mlove
ahead into the future. Such demonstrations have iniclmld ''trips'" to thle
moon, to Mars and to Saturn. Thus, the Institute has kept abreast of latest
dhevelopmtents inl the rocket and mtissile field.

With the advenit of the eintently successful V-2 rocket, the inclatuisan
was available which could uiltimtately be used by mnt for the expllorationi of
space. Little by little, the necessary steps to acltie~e tis~ goalf were taketn.
Fittally, ott the fourth (lay of October, 1957, the launchlinig of tile first Earth
satellite fired the imuaginatin of ani unprepared world. Those of its who
had been involved iii sotte facet of this advetutre were called upon to expulaint
the avalaniche of fast-mocvinug eveiits ocurritng at that tiu. Scientce fuctioti
had studdenuly becomte scientific fact-aud everyone wanted to kntow soitte-
thinig about rockets, satellites andu space travel,

Againtst this backgrotund. the Itnstitute, seekin~g to serve etugincer.s anid
zscietitists of tile Phtiladelphia area. spotnsored a series of te:it eini-techtnieal
lectures on astrontautics, inl the sprinig of this year. Ratnkinig workers inl the
space travel field were inivited to thes tistititte to lecture otn their specialties,
'[le Dl~ofi!lger'.\lahot Fotutdationi iiade it fintancially possible for these
outstaniditig speakers to travel to Philadelphia frotlit ll harts of the United
States. The Institute wcishtes putblicly to ackntowledge its gratitude, bo~th to
thle mhen who took their valuable titte to lecture, attd to tlte rotiuldatioti, with-
out whlose help thie series could nt have been carried out,

'het lecture course provedl so successful thtat it was decided to publish
the series as a JOURCNAL Monograph, iii oruder that a aither audiente

muight be rmachtcd. 'Tle presenit volume represenuts essenttially thus verbatiuti
V



remarks of the lecturers-condensed slightly and edited to make the material
suitable for written rather than oral presentation. It is our hope that Ten
Steps ito 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 in
the astronautics field.

The Franklin Institute may have similar Astronautics Series in thle
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 thianks.

1. AL LEvTT
October 15, 1958
Phtiladelphia, Pa.
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THE LONG HISTORY OF SPACE TRAVEL

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 tile 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 I gave roughly a week
ago, in which I casually said that of course the men are tired now of just
orLting 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, tile newspaperman looked at mie and said, "Who made up
all these new words?"

I said, "These nev words were made up by tite astronomers quite a
number of years ago and especially those words which are bandied around
in tile daily press these days were, for the most part. coined by Johannes
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 scientlist, preferably a modern scientist, sat down and said, "Now, if we
wanted to fly into space, what would we have to (to?" 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 additio-al side
issues crop up, for example, things such as "can you receive a radio signal,"
or less important things such as "will tile pilot become unconscious or not ?"
Ythis is what I call the history.

The pre-history begins with the idea itself, and the idea (and, again, this
is a straight steal from the astronomers) of space travel naturally presup-
posed the idea of other bodies in space. As long as you don't know that
lawaii 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 entirely different problem, but not even the-wish could come

ISpace Ilistorian, Jackson tleight, N. Y.



2 WILLY LEY

up or the concept couldn't start unless you knew that there is a place at
which von cou( concei~ably arrive.

This means, of course, that space travel actually began more or less at
the moment whin the people who %%ere interested in what is 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. Tite oldest astronomers were
not interested in what we now take for granted; in theqnature of the heavenly
bodies which they observed. They N% ere interested in their location, in their
appearance, disappearance and reappearance-in short, it. their positions

It was only, let u~s say, at about the time of Christ (this fits pretty nicely
although there is no direct conection) when tile 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
Plutarch who died in 120; and only a-few decades later the first science fie-
tion story was'written; of course, it was a story about a flight to the moon
Flight in) this case is to be taken literally.

I might add that the aerodynamics were awful. Not only was the at-
mosphere of the earth supposed to reach to thie 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 lie made a flight to the moon. And then the gods
took his wiigs away.

In any eveit, thie mian 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
10 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 awftilly careful about your semantics because all of you who at
ote time or another studied philosophy will remember, it is hoped, that there
was for a long time a controversy on the so-called plurality of the worlds.
That was ais entirely different thing.

This pluraiity of the worlds concept in philosophy had nothing at all to
(do with thie fact whether the moon should be considerel a light in the sky
or a silver shield iii the sky, as Pliny reported as aii old belief, or whether
it was a solid body. That was sit entirely different thing having to do *'ith
Ptolemaic ideas about the construction of the world. It is of noother than
historical interest to us~now and doesn't have to concerwus in this lecture.
The reason I brought it tin) is that that is not tile same.

It1 the later Middle Ages this old philosophical fight was revived on
theological grounds, this time meaning a world like, say, thie io0. These
people always talked about the moon, You have to remneuber that this
was before the invention of thie telescope and only tihe moon is largeetnough,
not counting the sunt, to appear as a visible disk in the sky, while everything
else needs a telescope to look different from a piipoint.

14 _________
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IIxsTORY OF SPACE TRAVEL

But before tle philosophical theological discussion could go too far.
namely, in 1277, the Bishop of Paris said, with authority by the Pope, that
it woul be wrong to think that there can be only one inhabited world tor
theological reasons, So the stage now was set. The stage was set for the
astronomical discoveries which hinged partly on a better mathematical ftm-
derstandtng of what was going on, and partly on the invention of the instru-
inent which we now call the telescope.

THE PERIOD FROM 1543 TO 1750

The mathematical understatding of what went on was given by two
boks: by Copernicus' original work De Revolutionibus Orbium Coelsticam
(Oil the Revolutions of the Celestial Bodies) published in 1543; atd Jo-
hannes Kepler's Nova Astrononia (The New Astronomy) which had the
very interesting subtitle of De Motibus Stellae Martis (Ott the Motions of
Mars) (interesting to ts because that is where Kepler got his new astrott-
only), which was publtshed in 1609. Then Galileo Galilei's Siderhis Nun-
ems appeared in 1610. on his telescopic discoveries And here you have
one of these very importat psychological differences.

I have often said (a few dozen times at the very least since October 4
of last year) that Sputtk I mainly had the purpose to prove to everybody
that it could be done. Of course, all astronomers, most mathematicians
and a good rtatny engineers knew that before, but the ones who were not
astronomers and not mathematicians and not engineers tad to be showt.

Back in 1610 its the astronomical field we had the same story, The
Greek philosopher Anaxagoras bad suspected that there tight be noun-
tains ott tle moon. Plttarch itt 100 A.D. had logically proved that there
should be, but Galileoin 1608 could say "I saw thetn." Atd that mtade tile
difference.

Tte next book dealing with a trip to tile tmtoon cattle after Galilei. In
this whole interval front Lukian of Sanosata in about 160 A.D. to the next
one in 1634 there is just one mnitor item. You all know about Ariosto's
famnous poem Orlando Furioso which was finisled in 1516 after some tell
years of writing it.' (I nay add here as all aside that this book is also
very interesting for the history of technology in various aspects). Tile
Orlando Purioso contains one slort story about a trip to tile moon by some-
body else. ''his is tile only item between Luklan of Santosata in 160 and
tile next one in 1634, Kepler's Solnniln.

This \va,not only tle tinte when the telescope was invented, but it w\'as
also tie time when tle printing press had been invented, and Lukian's book
bad been reprinted on tlse newly invented printing press. The reprints of
tle original Greek editions were in 1496, 1303, 1522, 1526 atd 1535. That
iseans five reprints of the original Greek its forty years. For those people
who were not well educated there were Latin editions. The Latin editiots

2First publication %Nas in 1516, but thi NNas not the complete work, which appeared in
13,32.

. ..
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appeared in 1475, 1493, 1543 and' 1549, A little later 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 all English editio'n in 1634.

This started something. In the first place, Johannes Kepler, the man
who iscovered the laws of planetary motion, wrote a book which falls into
this general theme, Its title is Somnnidum (Sleep), meaning deean in this
case, and it is actually a kind of philosophy and geography of the ioon. It
contains two things which were new. One-was that he gives tile 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 all atmosphere, these two atmospheres
do not touch. There is empty space in between. And lie makes one more
remark which I find very charming, and that is tile following. (Inci-
dentally, it is factuallywrong, btt shows thinking in tile right direction,)
He says that you must all have observed how a spider when it is chased
froit its web drops down and pulls its legs to its body. This way, Kepler
said, a traveler in space between Earth and the moon will have his arns and
legs folded up against his body because the larger part attracts the smaller
parts.

This was .jlowed (and I ain skimping now a little bit in my list) by
a book by Dr. Francis Godwini of England first published in 1638-The Man
in the Moone-of course, a mlan who goes there. This is done by the very
simple-not too simple, but let ts say non-technical.nethod of inagining
a race of birds called ganzas which migrate to the moone every winter and
they take the traveler along.

The interesting point is that Dr. Godwin did not even have to invent
the ganas, or at least lie saw something that was his model for it. Tile
extinct 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, amid
the second one is that the bird that was exhlibited in London as a dodo at the
time, and presumably seen by Dr. Godwvin, happened not to be a dodo 10Ilt a
solitary.

But let us miit go into these complications of,history. Let us jtm-pont
ott that Dr. Godwin's book was very successful, Between 1638 and 1768
it was published or printed twenty-five times itt four different langtages:
English original, French edition, German edition and aLatin edition.

By that time, when it cai out last, the moon had slowly begun to fall
into disgrace. In about 1650, aind this is the earliest (late I have been
able to find, ant Italian by the niame of Giovannia Battista Riecioli wrote a
book which was called .llmnagestns Novitin-straight astrolomy. It is this
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book which contains I believe for the first time (I wouldn't swear to it in
court) the statement that there arq 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 verylittle, if any, air.

I made myself a small note here which might amuse you as it amused
Inc. 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 i this poem he ex-
pected his muse to itspire him with poetic thoughts which "are soaring in
high Pindaric stanzas, above Goiszales and his gatizas."

The next mail in literary history is a mail who is often thought not to
be a real character, but lie was one, namely, the Frenchman Cyrano de
Bergerac. His Voyage dins 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 later by ait anonymous Frenchman who
makes things a little more modern sounding. His hero goes to the moon
by rocket and returns by paraclte. The re-entry problem isn't quite that
simple, I am afraid, but I am just reporting now on what other people wrote
it) the past.

Then, of course, we have one English story lprinted in 1728 by a mani
whose namne we don't know, but lie put the pen i ame of Murtagh McDer-
mott ott the cover. Well, I wouldn't say lie foresaw the stage or step prin-
ciple, but his ship consists of tell hulls inside each other, in case something
goes wrong. And that sonething might go wrong is shown by the fact
that lie is propelled to the moon by placing that ship ott top of a mie shaft,
in which 7,000 kegs of gunpowder are going to be ignited.

You will see that by this tiue a number of ideas had already been
vaguely thrown at the public, but this ended 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 point of view of history of science there is some
very early scientific thinking precisely in about this interval, all at about
the year 1820.

5,ARLY SCINNTIIIC THINKING

First comes a man, whose nationality I do not know, who wrote in very
difficult professorial German, but whose vane sottids Dutch-it was Franz
von Paula Groithuisen. Professor Gruithuisen, in the first place, thought
lie had discovered a ruin ott the moon. It is one of the cases where you
can see this rtuin quite clearly with a small telescope if you know what to
look for, but it doesn't show up in a big onel And I msean this seriously.
I have seen it myself in a 4-in. telescope.

In the second place,,Gruithuisen was convinced that the planct Venus

-- - -



6 WILLY LsY

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

In the meantime, a man who is really one of the great ones in science,
a 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 mathemuatics,
Two plus two must be four on Mars too, no matter what you call tile figures.

And so it was Karl Friedrich Gauss who evolved the idea of producing
a giant mathematical symbol, tile right angled triangle with the three squares
attached to it, Gauss, looking for a sufficiently large blackboard to write
it on for tile Martians to see, thought of tite Siberian tundra. What lie
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
east 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 all unchanging symbol and lie wanted changing
symbols which lie wanted to produce by taking a desert (he said tile Sahara,
but that was just a name used) itt which lie wouid dig trenches forming
figures fifty miles in diameter. The trenches would be filled with water,
of course, and then he would float kerosene oil top of the water and ignite
this to send signals into space.

EAILY SCeF.ce rICTION
These were, I wish to poittt out, scientific ideas. They did not originate

in the circles of people who wrote stories. The story writers came to tile
fore in 1865, a year in which fournovels all about trips into space were
published. One of them is unimportant even though it was by Dtnnas, and
the other three managed to exhaust all possible ideas.

One of the three, whiclt I would like to disctss quickly, was Jules
Vernc's famous story De l Terre a la Ltne (From the Earth to the
Moon), itt which, as you know, escape velocity is produced by a catnion
shot from a gigantic cannon in Florida imbedded in a solid stone mountain.
I might add here that Jules Verne moved, for the sak't of the story, Stone
Mouttain near Atlanta to Florida. lie knew it wasn't there, but lie moved
it there for story purposes. I don't know whether the story which is now
being told in Atlanta existed then; I doubt it. (Tite story which they now
tell in ' nta is that Stone Mounmait was one day thrown by California at
Florida, out missed.) So Verne did move it to Florida for story pur-
poses,

The cannon shot was one idea. The second idea cattle fronm an atony-

* I _ _ _
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mous Englishman whose book has the very simple title History of a Voyage
to the Moon. This anonymous 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, let us say, built of oak-
wood, lined 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 mal 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 thie first time that this has ever been mentioned.

The third idea of that year (all in the same year, strangely enough,
1865) came from a Frenclunan by the name of Achille Eyraud, and his
book is very simply called Voyage a Vbnus (Voyage to Venus). He uses
a reaction motor, a reaction motor which runs on solar energyand uses
water as the reaction mass. He then ruins the whole story, and his faime
with it, by the idea of catching the reaction mass and feeding it back into
the fuel tank. But lie 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 tile 19th century, if not earlier: the
weightless substance, which then became especially famous through 11. G.
Wells, written in 1899; the reaction propulsion, which is the staple now;
and the cannoni slot, which has been-discontiued for literary purposes.

I hta~e to mention two more things here. One is that 1877 was the
year whenA 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 send out tie 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 ty tlhen, to the platet Mars.

The masterpiece, of cotrse, was the thing ttat happened aromd 1902,
also in France, where a very rich lady with enormous amounts of money
put down the necessary money for a prize of 100,000 francs in gold to be
paih to the man who started communication with another heaseily body,
except the platet Mars. The planet Mars seemed to be too simple, but the
French astronomer Camille Fla!nttario, whose book about Mars (La
I'Ia;te Mars) was responsible for the prize in the first place, withdrew in
horror and said this is thie "tite ide bizarre" to rule out the one plaiet
which seems to be in a position to participate. Btt you see the enormous
optimism that was arottd lthen.

1 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
tlis novel was a scientist himself. He was a professional mathematician.

DEVELOPIMENT OF5 SPACEl TRAVEI THIEORY

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 Hermat Ganswindt.
I knew old Ganswindt who was in his late 70's at the tine ad tie told me
that his ideas wsent back to 1870. Whether tsis is trte I have no way of
judging. I can't say that lie told me a story. He was an oM( man. Past
events tend to coalesce in retrospect. But. I can say this much, that I went
through his documents and lie could prove to me by printed programs that
in the spring of 1891 lie had delivered a lecture in which lie declared that
the new century would bring both aviation and space travel. As we now
know, Ganswindt was right. However, Ganswindt himself, although lie
talked a lot about it, talked in public and for publication, did not prodsce
what you might call a scientific paper,

The first scietific paper on space travel/was produced by a Russian
by the name of Konslantin Eduardovitch Ziolkovsky. I know from others,
not front Ziolkovsky himself (although I had correspondence with him).
that lie wrote his paper in 1898 atsd lie sent it to a journal, now defunct,
which w:,s quite similar to our Scientific Monthly, which is defunct too
nnfortuuat.,

' 
It is also a matter of record that the editor needed five years

before lie made tsp his msind whether this shoul be published or not.
We know this because other scientists were asked what they thought of

tlse manuscrilpt and they apparetly couldn't find anything wrong with it
and so it was published it 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 twotte.n-Ganswindt ansd Ziolkovsky-
are early forerunners. You can say that the next matt in the scientific field
was the America,,, 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 lie could get the patent because
the step principle had beets patented about three' years earlier in Belgium.
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There must have been a legal technicahty, 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,oi the title- page, but actually re-
leased in January, 1920.

It 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, all unmanned
shot to lie moon. But all his life, and in all of his publications, lie was
concerned with rocket research which, of course, is as closely related 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 ally rate, Professor Goddard had his first rocket motor for liquid
fuels running on November 1, 1923 aid there was no earlier one. The first
flight of a liquid fuel rocket of Professor Goddard's design was on March
16, 1926, antd, again, there was no earlier one. So his position is abso.
lutely secure.

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

This book covers, as you call see in retrospect much better than you
could see then (although I read it then) an amazing variety of subjects.
It.is not only rocket motor computations, It is not only ascent coniptita-
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 call find a forecast of what hap-
pened to the second Vanguard that failed. le has a discussion that lasts
for one and a half pages (and mostly mathematical) on tile fact that if a
rocket is very tall and thin all the aerodynamic 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 lie did not forecast the titt-
manned artificial satellite, The reason is a strange one. He wrote the
book, or the actual writing, I 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 thie subject,

For example, Obertli, iii all seriousness, in his book his a lost expedi-
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tion ask the space station by means of signals by haud 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 in four flashlight
batteries But it is interesting that lie doesn't mention radio at all, because
what:radio.there was was long wa~e stuff, needing enormous stations, and
whatever research may have been going on was lot known to him; and
telemetering was not invented until three years later.

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

The interesting.poit 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 (lie died
during the war in a bombitg raid), by letter before the war started whether
lie had had any ideas on construction. He wrote that lie had tried to think
of conistruction, bit lie could tiot find anything that as an engiteer lie would
undertake to develop. But by just assunming thtrust of the necessary order
he could as early as 1925 work out most of the things that we are tiow on
the verge of doing.

This completes what yot might call the history of the idea. By the end
of 1925 the idea was complete. What has been contributed to the theory
since was either in engineering oti how to calculate the exhaust iozzle of
a rocket motor, or it was refinement of certain thitgs because obviously the
men who calculate the re.entry problem with a slide rutle and somebody else
who has ain IBM machline-well, the matl with the IBM machitie is likely
to be better off atid to be able to offer a greater variety of possibilities. But
still I feel that by 1925 the story of the idea was complete. What coties
after that is the story of building,

CONSTiUeTION O TilE ROCKET

The story of building, which most of you have read somewhere, I have
no doubt, is sotethilng which can be shortly described in the following way.
I told you that Dr. Goddard made his first liquid fuel rocket take off the
groind in March, 1926. The first liquid fuel rockets in Europe followed
in 1931. Six years later, there was a neck-to-,eck race, which nobody
knew existed.

The Germtan Army, in 1936, got two liquid-fuel rockets to a height of
about 6500 ft. each. Professor Goddard in this country had aceomlished
7500 ft. in 1935. Attul it 1936, prestinably somewhat ahead of the Ger-
tuais since they fired in the middle of December, thue 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 politically 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 a 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 wKere-authorized,
and some work has been done that way once in a while. In this use 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 vertically 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
ntext job to be done, all scientists were agreed upon, was not to shoot higher
into space bt to put something into space to stay there, al artificial satel-
lite.

As a matter of fact, aside from a Jupiter C shot which went higher than
250 ,iiles, but in the process of traveling 3,000 miles horizontally, the first
shot higher than Project Bumper was one that happened by mistake. I ant)
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 lat
they can turn around and come down to simulate a re entry, but dey
wouldn't come down fast enough to simulate really so the second aid third
stage fire upside down to push the measurement itnstrtments its 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 somethltg they didn't ex-
pect, but calculations indicate that it must have reached a height of 1,000
miiles. This was early last year.

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

Then, of course, came the age of the satellites. The next events are
easy to lrophesy since we know what technological capability there is: a
shot to the moon within a year, a flight to a hundred miles or thereabouts
in the X.15, aid several years from now the first orbital flight by man.

All this is easy to prophesy, I have used this phrase before, but I think
it is most apt if you remember everything I have said tonight. It is easy
to prophesy the future because it is a future which begat quite some time
ago.



THE ROCKET AND THE REACTION PRINCIPLE

BY

KURT ST]EHLING

INTRODUCTION

Everyone is talking about space flight these days; the papers are ful
of it. This evening, thlen, 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" are used interchangeably and
widely, but they don't always mean the same thing. The traditional rocket
is perhaps nothing more 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.

I want to talk about the rocket and how it works, and how a rocket en-
gine behaves. In the short time we have available, I will deal with the
rocket engine. That, after all, makes the vehicle go--sometimles, and not
always up, either !

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, including some of the subtleties of rocket engines.

THF. ROCHIe*r EINGINIF

The rocket is the thing that makes the vehicle go. It is tite power
plant, and when the power plant doesn't work well, the rocket doesn't work
well, either. The same is true in all airplane or a motor car. If the power
plant stops, drastic 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 call be lumped together in a very large body of
jet propulsion engines. The turbo jet, the ram jet, the ram rocket, the
hybrid engines and the rocket itself and devices that use the momentum
principle of the jet which is exhausted through an orifice in tle rear of some
conbuster or other device which generates high velocity particles of gases.

Figure 1 is a drawing of a very elementary propulsion system which
would apply, I dare say, to any space vehicle or any~rocket vehicle. I shall
pick out little points in this figure and try to explain wha.t the functions are
and what they mean.

A Head, Vanguard Rocktt Division. Naval Research Laboratory, WVashington, D. C.

12
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A rocket missile thiese days is, of course, to be written with a capital
"R" for Rocket ard a small "in" for missile, because the rocket missilcis
largely tanks and engines, Only -a very-sinall fraction of a rocket missile
today (and of a space ship iII the futuire) is devoted to payload or guidance
and control and any ancillary devices that-have to do with the rocket func-
tints

The engine, which I call the rocket-thrust chamber, the pumips, tanks,
j etc., makes up perhtaps 60 or 70 per cctt of the total vehicle weight. Any

power plant that I know of reqtiires sonic fuel, so we nmtst htave a place to
store the fuel to ruts the powver plant. It doesn't matter whether the power
plant is a nuclear power plaint or a chemical power plant or anl ion powver
phant-sonsiethuiig titust be done to a working flutid so tuat it itt tttrn may

prodtice work. Then, on one end of the ftiel (propellant) taiik, is the
rocket thsrust chiamber.

People have recogntized for a long tinte that tile rocket powr' pilantt is thle
first step towards space flight. The early rocket socleties itt the 1920's and
1930's realized that a rocket engine has the untiqute ability to operate itt a
vactnit-'-althotglt somse people still doit't realize it!

ROJ1 PRO t U.AAT5 i EKE
THRUST PUMPS COTAINtING
CHAMBER DIVENs BY PsE~SiR %ZING

GAS TUKBINt GAS
FIe. I.

'[liTe early' rocKet societies also recogntized that space tlight calt ottly be
aheved with a device such as the rocket eniginte whtich is indepettdett of

atmosphere, becatuse tltere is a poinit beyond which there is ito atmtosphtere.
Therefore, if you want to get beyontd the atmtosphere, you can't use all
ordinary gas eniginte, which nteetds atmtosphtere to function;, yott musttt use
somethming thtat carries its own oxygen for its combiusiout process.

Various scientists long ago recognized this. Dr. Robert Ii. Goddard
* in this country wrote somie very goodtl reatises oin rocket enginies and for

mniy years, practically untsupiported, lie developed a lot of the eleenmts of
the rocket proptilsiont system and worked out the theory of soitie of the
rocket conmbustion ptrocesses. 'Tle Europeanis, ntotably the Germians, dill
a lot of work, too. Professor H ermuann Oberth worked out a schtemie of
propulsion cven before Goddard, although Goddard dub a lot of piractical
work.

Thme rocket propulsion system (shown in Fig. 1) is tlte critical dlevice
that separates the spatce ship mniu froi t e ordiniary Eartht-breathing boys.
The rocket cht'nbr wi thl its propell'ant taniks permits space flight to occur,
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because the rocket engine can transcend beyond the atmosphere and, in
fact, it works better out of the atmiosphere than in the atmosphere. (In
our own Vanguard project we found that the performance of the rocket
engine in vacuum was better than we had anticipated.)

LIQUID ROCKF.T FUELS

It 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 elements, 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 "fueL"
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 tile
rocket chamber carry fuel and all oxidizer, respectively, and there are many
fuels and many oxidizers.

Hydrocarbons

One type of ftel is the hlydrocarbon. Kerosene and gasoline are the
two major ones. aml there are also jet fuels which are related to the ones
aboe. These are ordinary common garden variety of hydrocarbons which
the early rocket societies used. whlch Dr. Goddard used in his work, and
which perforn very well.

TIte reason for using them is largely logistic. The Military in this
country are still the largest buyers of missiles and they don't want to be
botlhered by carrying exotic propellant combinations all 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 easily 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.

Alcohol

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

Ambles

The anrines are interesting propellants because they have little or no
carbon in their molccnle. When a fuel has little or no carbon in it, it be.
comes a more efficient fuel because the exhaust which comes out of tile rocket
engine has a lighter molecular weight aut also the carbon does not eat 1ip
useless energy in the rocket engine.

One of these interesting amiines is ordinary amnionia. It is fairly cheap,i __ _ -j.-77 ..- -
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a little hard to store. but readily available. Aniother one is hydrazine. which
is a derivative of ammonia. Then there are so'calleil substitues of hydra-
Arles, one of which, called dimazine, is used in our second stage in the Vati-
guard. It is avery energetic liquid, very nice material to use, and it gives
more energy than the hydrocarbons. We are using amines because the)
give more energy per pound of propellant weight.

OxuIlIERiS

In theoxidizer class, the normal oxidizer is air, bitt chlorine or fluorine
cats be used. The favorite these days for rocket systems is oxygen in liquid
form. One reason for its wide use is that it is easy to liquefy oxygen-
perhaps I shtouln't say easy to liquefy oxygen, hot it is easy to obtain
liqutid oxygen by building a big liquefaction apparattus cotnsistitng of huge
mtachines that pnutp day and ntightt producitng liquid oxygent, and break
dlowni just before yott want to ttse them!

Liquid gases have teir limitations, of course. Liquid gases are dif-
ficuilt thitngs to use. They are hard to pump and hard to store because tltey
tire so cold the valves freeze. They tend to react with mnaterials-sub-
statnces brought into cotntact with liquid oxygen will be set ott fire.

L-iqutid fluorine is a mtarveloutsly energetic mnaterial, bitt difficut to
htandile.

Of tlte three mtail% classes of oxidizers, chilorinte is oit for various rca-
soits; fluorinte is anl excitinig possibility for the oxidizer iii the rocket etngitie;
bitt oxygen is mtttch more widely used.

Antothier itnterestitng oxidizer that the Gertmatns first tried is 90 1pcr ceit
hydrogetn peroxide--not the bleachtintg variety! Attothier ntice otie is cotil-
cetttrated nitric acid. These two substances alonte are rather itasty liquids.
Anythting in the rocket buisintess is tnasty, bttt particularly the stubstances
otte titlst hanidle, such as the liquid piropellanits. Nitric aciid has otie ailvati-
tage that the liquid gases do tiot. It calt be stored for a long time (its
staintless steel drums for muotnths atid years).

The rocket chtamber lieriuuits piropulsioni to occur iii vacuum, which in
turn mtakes space flight possible. I kiiow this is the etti product we all
look for, bitt without such a device as the rocket taittber, we Catntot achieve
space flight in aity reasontable wvay. It is die otnly practical way whtich wvill
propel you in a1 vactuum.

Comubsustionz
Nowe, how (foes it do this? Let us assumte tliat we htavc sprayed tile twvo

liquids intto the chamber anicuy have begunt to burn. There are two wvays
in which they begin to burns. they can be igtnited with a sparkplug (as was
done in the X-l aircraft which used alcohol anud oxygeni); or, fluorine aiti
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ammonia, which ignite on contact, may be used There is no problem of
ignition-as soon as the liquids are spriyed into the chamber, they will
burn.

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

Combustion, then, has beesproduced 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 propellant (oxidizer)
in the other pipeboth travelling into the chamber by devious means which
I will describe 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 continues to burn-
you hope! The combustion in a rocket chamber is really ordinary burn-
ing, similar to a Bunsen burner. In fact. if a microphone is placed next to
a rough burning Bumsen 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 else 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 cail work at 300, 200 atd 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-lb. thrust chamber, be any length, depending on the pres-
sureof operation. If the pressure is very high, the chamber size shrinks.
If it is very low, the caimber size c.pands.

The gases move along at high temperature in the thrust chamber (a
50,000-lb. 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 expail to the outside into what we call the nozzle. The
nozzle has an interestitg fuictoi. 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 momentum with time, or a variatio of
mass flow with time, which produces a rate of chauge of momentutni 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 iu the chamber and the acceleration
is produced by the change of velocity and, later, the change in acceleration
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 thle throat, or en-
trance to the nozzle, where there is a very violent change in velocity, with
a later change in acceleration in the nozzle, which is also called a supersonic
diffuser.

Tile 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 is entirely a function of tile
size of the nozzle and the pressure ratio across the throat.

The Nozcle

The gases expand until they reach a pressure which is determined by
the length of the nozzle and the initial pressure ratio in the chanmbc. 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 tle nozzle would have to be of infinite
lengtht-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 tile expanding gases at the nozzle would be used if the nozzle were 20 or
30 times the length of the rocket chamber. This, of course, is not feasible.

There are limitations to the nozzle. The difficulty in desiguig 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 proluces a relatively
insignificant change in velocity or altitude, but a tretentdous change can be
made by simply hacking half the nozzle off. The designer, therefore, has
to compromise. lie says to himself: "I am converting chemical energy
into a thrust in the nozzle. I am doing it at a certain rate. Is it more
advantageous to use a lightweight chamber atd only convert a portion of it
and save that weight to put in something else, or not use it at all?"

- Usually the answer is in favor of a shorter nozzle. Another considera-
tion in n1Oz7le design is that rocket engines have a steering function on the
large rocket vehicles. The engine may he gimballed, as it is in Vanguard
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or the other'big rockets, and if it has tos steer back and forth, tip or down,
a large nozzle flopping tup and down puts a great strain onl the rocket chant-

b er. Big nozzles, then, are to be avoided if at all possible, where weight is
huotant.
The propellant has come down into the rocket chamber to produce this

effect of high pressure combustion and ex~hauistion through a filter where
the gas mnoves at sonic speed, provided this internal pressure is some definite
fraction above the external pressure,

THE~ rVELIVG PRtOCESS
P'ressure Method poeln , ,terce ,,mr

Let uts go back aiid see how the prplatrahdth oktcabr
The simplest thinig is to force the propellanit by pressure, This canl be doiie
by inucludinig a pressure tanik filled with helitum, which seems expensive and
wasteful, bitt it is done. Believe it or not, iii a large rocket it is oftein useful
to substitute helitun for nitrogenl. You wouldn't tiitk gases~weigt muitch.
bitt when you have a large sphere 6 feet in diamteter at 5000 psi. the differ-
ece betwveen nitrogen atnd hteliumi mtay mean quite a fewv pounds, Also.
helium is lnt easily absorbed itnto the liquids under pressure.

B~y releasitng hielitum gas, the fuiel taiik in the vertical rocket call be lpres-
sutrizedl. The pressitrizeil hieliumi acts like us pistoni oil one end. (Iii fact.
tanuks have been desigtied wiht pistotns in% thtemt, to take the place of htelitu
or gases.) The liqutid is titus forced inito the rocket chamber, bitt tile force
of this push has to lie higher thian the internal puressutre, othierwvise the pro-
pellatits wvon't sitter this chamtber.

'lThe pressutre required for forcittg the liqitids itito the rocket chiamtber
is so high that thie tanuks begini to look like battleships, with big heavy walls,
So, it is necessary to fitnd somte ot' er stratagetm for puttitig the liqttids inito
the rocket chtamiber. Pressure call be utsed to feed the propellantts itito very
sttall rockets such as the Aerobee I Ii, a high altitude rocket ttsedl by the
Naval Research Laboratory.

If there is tnot too mutchm pressitre drop in the lines, there wtll he a flowr
of liqid itnto the rocket chtamiber. This flowv is seif-cotupetisatitig, self-
conitrolled, becamse this throat acts as a little orifice. The somie flow it) this
chiamiber will allow otnly so uuelgas to flow at a given tinte. If you try to
pitt too imutch hpropellanit inl thme chmiber, this chambtler pressitre bitilds utp too
rapitly atiu the rocket chtambier tries to go back to anl eqiibrium. The
rocket cltatmber has to he tdesignted for a certain giveni anioitut of propellat
flowv per tints, with a certain area relationiship it this throat.

It is not possible to open tp the throat or (t0 utch with tie nozzle with-
out chmanging tlte critical balanmce in time chaimber, titat is, tie balance of the
interntal ptressure to the otttside pressttre.

he throat is just like a little valve which call be opetied by hianid, If
you set it at otis poinmt you mtuust leave it that way, sintce if you titnker wvith
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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 vill collapse in on them-
selves. Some of these giantintercontinental 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 mind that a driving device must be
tsed which is independent of the itmosphere. This is done in sonic rockets
by setting up a system with hydrogen pen 'xide inside of it.

Hydrogen peroxide has the nice propeity of not having to "hrn" with
anything. It is able to decompose withouthaving the benefit of reaction
with one of the hydrocarbons or the amines. This is done--in all tile 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 silver coated
with sonic chemiical (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 tile 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. It is all en-
closed. The gas turbine in turn is hooked tip to two centrifugal pumps, for
each propellant has to he pumped. of course.

In short, a separate external process pressurizes or drives a gas turbine
(just as is used iii a jet engine) at very high speed tip to 30,000 or 40,000
rin. Tie gas turbine then turns the pumll to pump the propellants.

lhat is the major schente as used in rockets today. It is a source of
much paini atn agony, since it is very hard to design goed propellant lnips
and good gas turbines. In fact, it is harder to do tha% to design tle chainl-
her. Using Iasic principles, one can design .a rocket clamber in half an
hour, The fun begins when yo try to design the injtctor at the end of
the rocket chamber and the pump. The pump design is difficult atd the
injector design is empirical, which is disconcerting in a scientific world,

Now, we've gotten the fuel 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 cats burn and lie all atomized into a fine mist. The
oxidizer has been pumped in, also. The two pulps have probably been
geared together and driven by a conmoi gas turbine.
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COOLIN-G Tliu BNOI.NE

r1

The oxidizer or the other liquid"ai be used its 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 walls of the chamber and back into

the rocket engine. This cools the engine.
All ordinary rocket engines with liquid propellants need to be cooled,

for an mucooled rocket engine is useless-with one exception which I will
describe later. I want to give you some idea of why cooling is necessary.

The usual combustion temperature at 500 psi. is between 5000 and
6000' F. for all ordinary propellant combbination such as kerosene and liquid
oxygen, For fluorine and ammnonia 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 12000 F, if it is that high,
so it is nmuch 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 thie 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 aii eighth of aii inch thick. Oil
one side there is a 5000' F. temperature; on the other side, there is the or-
dinary atmospheric temperature, say, 701 F. In fact, iii vacuum, there is
no temperature. Heat can't een get away, for the only way to liberate
heat in vacuum is to radiate it, and that is-5 very poor way to transfer beat.

The wall, then, must be kept cool. One of the big steps forward in the
last twenty years in rocket design was a niethod of regetiratively cooling
the chaniber-regeneratively 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
introdee? Stppose we didn't have this coolant, viat would happen?
Three or four seconds after the rocket engine started, several 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 layer oti the insile. This is one
exception to the need for cobling-a rocket clamber with a very thick
ceramic coating. 'The ceramic gradually erodes, but if the firing is for
thirty seconds or so, thie chamber call survive.

Without, a ceramic lhitig, we must do somethiug to protect thie wall.

- ----.----------..-------- - -
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The inside of the wall already has a certain self-protection in tile form of a
stagnant film of gas, a boundary layer, which is avery severe attenuator of
the heat flow. It is a quiescent layer of gas which (foes not have much
turbulence in it and which sexerely 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 tle gas film is destroyed by oscillation or turbulences,
in many cases the chaffitecewill burn out whether it is cooled or not. This,
tnfortunately, occr 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 tite
rocket wall as thi as possible, cotsistent with the internal pressure and
the structural strength of the rocket chamber.

Regenerative coolittg allows the wall to be kept cool enough so it doest't
burn or doesn't evaporate. This is the thing that allows tile rocket engine
to be a practical reality. Without it we wouldn't have anythitg unless we
used etormously thick walls. tremendous ceramic Ahells or, as I will tell
you later, solid rockets.

One of the most comnonly used oxidizers, nitric acid. is ai excellent
coolant. In Vanguard in the first stage xxe used the fuel (kerosene) as a
coolant, because liquid oxygen can't be used; it the second stage we used
the nitric acid (tile oxidi7er) 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 mst haxe 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 rocket chamber is a prime and necessary eletuett of the rocket
.agille complex.

ISJ VTION I-RoC s$

The net step is injection. The injector is a small elemett of the rocket
engine with little holes in a face plate (see Fig. 2). Thie liquid cottes utt)
behind it atd it looks just like a shower spray. It fact, sotue injectors are
called shower-ieads. The liquid is sprayed ott and is .tixed in fine drop-
lets. There is a vast body of theory ott how we should mix it atl what
the atoiization rates should be, bttt no one has yet worked ot a good theory
for the rocket designer. The fact is that there is nothig 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 combustiott

'I
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process to be comnpletedl. The more comubustion occurring near the injector
head, the more efficiently we use the volume of the chamber.

COMBUtSION INJECTOR BODY

ATOMIZATION ',,SMALL IMPINGING, STREAMS
AND IITIALor LIQUID ATOMIZE TO

COMBUSTION ZONE FORMA FINE SPRAY~
FIG, 2.

There are several types of intjectors. One type ltas twvo holes with a
liquid spraying out each one. The twso sprays impinge forming a little
flarne; this process catt be repeated all over tlte face of the injector. Att-
other type is a swirl no7zle which tuaKes a great big vaporized spray, very
munch like a honte oil burner nozzle.

Coolittg of a rocket chantber is mtost intportant and without it we coutld
itot exist witht rocket entgine,; however, the itnjector is the heart of tite sys-
ten. The rest of the contpontents catt vary considerably-for examtple, tite
nozzle can be ettt off or twisted arotund. In fact, any variation beyond the
injector doestt't bother the chantber ait all. Once the gas flowvs sonically
thtrought the thtroat, what happens beyond the injector has tto effect ott the
tttside, Thte sottic flow is a comtplete attd defittite ctutoff frottt tle outside
world for the ittsitde eltatber.

SOLID ROCKUTS

Although I have said a good deal abotut liqttid rockets, dont't let me give
yott tte impression tltat liqutid rockets are the raissn sl'are of space flight.
Tlterc~are othter things. I tmentiotted liqtuids because they arc the tuore
comtplicatetd, antd because they still have contsiderably greater application
thatn the others. Mlost of tlte big rockets which arc fired from the variotts
ttissile ranlges are liqiit rockets, WVe htave yet to learn howe to east attd
mold amtd sqttez'e out tlte propellattts for large solid rockets.

Generally, tlte rocket engine itt tlte liqutid rocket comnprises tlte chtamtber
attd tte ptutmps andt thte valves thtat go wvitht it, atid there tmay be hutdreds
atid httndreds of valves. On tlte othter htattd, tlte solid rocket is disgutsting
itt its simtplicity. It is nothing bttt a solid chtarge. To make it, att ordittary
mtetal or Fibserglas case is filled thtroutgh a spigot at one entd with sotme solid
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propellant material which could be several things. Solid, are not usually as
energetic as liquids, but they canl be.

Types of Solid Pro pellants

Thsere are two main divisions of solid propellants. One of them, fairly
widely used today, is the so-called double-base propellant whicht is thle tradi-
tional propellant made of explosive nitrocellulose or nitroglycerine tempered
with additives to decrease the burning rate, Nitroglycerine would make
a nice usono-propellant (a propellant which burns all by itself 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 tle thing to stay
limt, because thme explosiont wave would travel uip time pipes and into thle tank

Another type of solid propellanmt are thle synthectic rubber propellants,
usually called composite propellants. Tlsey are made of syntlmetic rubbers
witht some oxidizing umaterial such as ammnonium initrate or perchlorate
mixed with thmem. These two coumbinations are widely used, I think the
emlphasis 1mwescmtly is Onl the coumposites.

Specific lmmplidse

The specific impulse of these propellants, that is. tlte ratc of usage, is
not as hight as that of liquids. "Specific impulse" is a very treacherous
terml to ulse, by thle way, even though it is tused wimdely, We define specific
iitmpulse as thme thrust of the rocket divided by the prolellalit weighmt that is
burned thies thme gravitational constantt.

Speciic ipuls Thrust gSpci -imus lb/see propellantXg

Thmis is att itmportanmt factor and mdoes tell you that for a given amount of
thrust atnd for a giveti propcllattt burning per secontd, you get a certaitn
aimtountt of thrust, or vice versa,

Amothier term that has been tised widely imi rocket practice is "exhaust
Nelocity." Exmatst velocity is thle velocity of time gas comng out of time
rocket: thle higher that is, thme more efficient tile rocket velticle is and the
htigher the tiltitmate velocity of thle rocket vehicle will be.

If the exhaust velocity is divided by the giavitational constamt, tile
ausm r is thme same thing as imptulse. T[le specific impulse dlefiniitionm is
somcwetelmtanomalous becauise it dlepetnds onl thrttst, and thruist is a bard thiiig
to measttre inl a rocket etigine. Of all umeasuirements to itmake, thrttst is the
umost diffictult becatise thle whole large rocket engine atnd all its parts imust
be tmadle to ptisht against a sprittg scale or hydratulic or electric indicator of
somme kind. We catl set the unit onl a big pivotittg test standm; bitt all the
piples that go with it andm all thme valves have to mtove with it. also. If they
dlon't move with it, you have to accounmt for the flexure inl the lines. Thme
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whole complex thing has to be calibrated, and so it is very difficult to incas-
tire thrust.

Thrust is also a function of the size of the nozzle. rhte bigger thle nozzle
andl( the higher the altitude of the rocket inl vacuum, the more thrust is de.
veloped for a given pound of p~ropellants bturned, So thrust is a variable
thing in a rocket engine.

Our Vattguard rocket engine starts at 28,000 pounds at sea level and
probably goes to about 29,000, althought otir nozzle isn't really lotig enotugh
to make full use of that thrust capability. Our second stage engine has anl
8000-lb, thrust inl vacuttut, bttt only about 5000-lb. thrttst at sea level be-
cause the nozzle is tnt being used fttlly, When the gases of our second
stage engine are burned at sea level, tlte gases begin to separate and break
away fron the weall. They expatid to atmospheric pressure, 15 psi., so the
big nozzle does tto good at all at sea level. We call tltts anl over-expattded
nozzle when tlte nozzle is a bigger size than canl be used fully by the gases,

Combustion Efficiency

A tmore interesting figure is the so-called comtbustion efficiency or chiar-
acteristic exhattst velocity. It is a function of the thtroat area of thle rocket
entgine and the weight of propellant. It is a tuore complicated relationshtip.
Comtbustion efficiency is a mtore fundatmental paramteter widi describes
how we burn the propellants. This is more of anl app~lication factor. Such
as horsepower ott anl ordinary muotor car instead of giving the pressttre-
volunme relationshtips of tite piston or the dlisplacetmentt of the ettgille or.
better yet, thie entropy of the gasoline or even the cotubustion tentperatttre inl
the cylinders.

Desng of Solid P'ropellant Rockets

The solid rocLsets are masterpieces of simp~licity by their very natttre.
Suppose we take a large shell and we pour itt a liquid whticht becotues a
solid. What the designer tusttally does is to cast the solid propellant so that
it burns evettly ott the itnside. Ile (foes this by ttsintg a trick the Chintese
ttsed two thousand )cars ago-lie putts a star psattertil tt le inside of some
kittd. Then lie ptuts anl igniiter down the ceitter of tlte rocket, a lottg igtniter
whtich ignites antd sprays otmt flamte at tlte "start." Tile propellant thlte
bturns outwards, witht a pressure rise itp to somte tertminal valute wehicht tmay
be 1000 psi. 'rTe pressttre thett stays at this level ttntil decay at the end,
wheit aill the solitd propellattts bttrn ott Without this leveling off of thle
ptressutre cttrve, thie rocket cttgitte would putlse at a trctmendotts rate atid tear
itself to pieces. It is ttot efficietit to htave a hight thrtust. It is better to taper
ottt the thirttst.

Yoti can tdesign a solid charge with special layers to actually taper tile
thtrtust otttwards. The pressture attd thritst cturves wottld be simtilar. The
thrtist follows the pressttre very closely, Thte thtrust, inl fact, is very de-
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pendent on the chamber pressure, So, you call 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 milliseconds. The pressure
then rises, stays up and then conies down.

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

LIQUID VERsus SOLID PROPELLANTS

Because the solid propellant eliminates all the valves and liups required
for a liquid rocket engine, this weight reduction is useful in nedium-size
rocket vehicles. Very small rockets can use either liquids or solids, at-
though when they are only a few feet high they are usually best made of
solids. Then comes all 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 hlas been
poured, it has to be pit ii ai oven and baked, There is nothing quite so
precise as baking a solid rocket! At any rate. the solids have to be baked
or cooked or cured under very precise coiditions of temperature, humidity,
etc. 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-
niqmes are beiig learned.

I mentioned that the chamber pressure iii 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 call 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 needs a certain high chamber pressure for maintaining its burn-
ing rate. If the chamber pressure is too low, the fire may be unstable aud
may die out. There is a critical pressure region which is %ery important.

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

If tile chamber pressure is a thousand ponds, it is seen that even though
thie propellant contributes something to thie strengthi (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 ratio 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 uass ratio that I know of for a large liquid rocket gives about
0.85. This factor is of extreme Importance. It tells you how much of tile
iocket 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 liquid, you
have just a big "popsicle" of propellant because there would be im skin-
nothing-no structure weiglt. It would all be propellaut, This is the
ideal rocket, but it still is not possible, If we had a locket of 0.97 mass
ratio (97 per cent of the propellant weight available for energy). )ou could
reach the mnoon ill oue stage with auy given payload, This, then, is a very
powerfil 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 iass ratio (or it cait be produced), while
with liquid propellants it is almost impossible to better the mass ratio of 0 85
with the propellants we now have.

Since burning ill the solid rockets progresses outwards, it is self-healing
and no cooling is required. Tie throat is the hottest part of tile rocket and
is very critical ill either a liquid or solid rocket, because tile gases impinge
on it, exchange .nomentum with the walls and give up energy, so we have
total temperatures of rather high levels,

Thus. the solid rocket now has moved in oit tile liquid field because of
the simplicity. We can also change the exhaust gases so they don't oxidize
the \alls. We call have a reduciig gas. We can use molybdenun metal
throats which are easily oxidized, but not at all reduced. We can use car-
boi and we could build solid rockets whilch will burn from a lower level
of nothing at all to tip to a burning tile of 60 or 70 seconds, which was
utheard of before; this nueans that now we have aill uncooled rocket engine
or-rocket chaniber which can last for 70 seconds.

That contradicts a bit what I said before-which was that one couldn't
have uncooled chambers. In a solid, because the solid material helps to in-
sulate, this call be done. The solid propellant now acts as all insulator while
the liquid does not have that advantage. although ill sonie cases liquids cat
le sprayed along the inside of thie chamber thus forming a liquid flint along
the wall; but that is a poorly understood technique and not widely used.

The question now is: Where do %%e go with the solids? Do they have
aly mncaning ill this picture? What is the point ill disetissing them? I
say they do have utealling, indeed. As you know, our third stage Vaiu-
guard is a solid rocket. The reason it is used is that it is easy to ignite in
vacuum; it has a closure iin the front so that air stays trapped on the inside;
it is ignited, the fire comes out and once the fire is started the solid will keep
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onl burning. A liquid canl be ignited this way, too, bill a solid is a mnore
reliable device,

The Explorer 11, the Army satellite, did not igniite its fourth stage,
whichi was a solid rocket. Usually when the electrical signal gets into a
sohid rocket and starts ignititig. the solids will burn regardless of what is
otiie-vacunti or no. It is a reliable device, since there are no valves
to start and stop it.

Another interesting problem is what can be dotte 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 etigi, if one svants to vary the thrust, several things
ust be done. It is possible to clsatge the throat and adjust this thrust that

way, by adjusting the chianber pressure. Otis way to do that is to put a
little egg-like body itito time throat atid move it in and oit. In this way the
throat area chiaiige.s wcithout physically chtatigitng thle throat itself. This canl
atid has beeni dome in a liquid rocket. It is anl easy thitig to talk about. butt
almiost impossible to do becatuse the "egg" burrts til quickly.

Oine cats chuange the flowc rate in a liquid rocket. The trouble is that
as one chaniges the cianiber pressitre in a liquid rocket, the stability of the
chatmber chianges atid becotmes violently mnstable atid (foles not waiit to burn
any more. The tire goes out, or at least otne wishes it haul gone out!I

so, little cain be donue to change the thrust. IHowever. a liquid crngiie
calliat least be shut off by shiuttitig any otne of the valves; tils is impossible
in a solid rocket, for once it is lit, it burns to tile endl.

It is possible to stich a pipe with a valxe in the sidle of the chamber of a
solid rock~et anitus tile solid burtns, otis cani suddenly openi this valve or blow
a hole itn the siide of the chamiber. All thle gas will vent out the sidle amid the
chaniber pressuire will droll below a critical vahie and tile fire wcill go ouit
that wcay. This is possible. Bitt to program the thritst level of a liquid
or solidl rocket etigines, or evein to stop a soliud whten otis wants to stop it is
very difficult iridecd atnd, again, very little tised. (Tile British have soein
throttling liqidu rocket etigitics used itt rocket aircraft.)

Today we call say that liquid rockets are mostly uised for very large
itntercontitietital tuissiles, certaitn high altittide rockets sitch as Vatigiuard.
atid rocket aircraft. Thme solid. despite its sitip~licity, lacks, controllability
anid you would not watnt to tise a soliud rocket ini a rocket aircraft sitch as
the X- 15 or thme formier X-2, because wchetn the pilot pushes his butttomn. lie is
away wehethier or not hie wvatmts to bi-a very untcertain situatiomn for him.
Therefore, liqidi piropelants are tuseid; they tmay be a little tumors datngeroits
atnd hardler to bitilul, hut at atny rate, the pilot can coitrol this liqitid rocket
-lie call sbutt it off or vary thme thrust to some ex\tent by havitig a tittmnher of
chamibers or adjustinig the injector fhowe wcithitn small litmits.

Thie solid rocket h)is cotlie alotng qihmte rapidly sitce time war. It is oc-
cumpyinlg hpresenttly about 30 per remit of tie prcoplsionI spctrum ill termts 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 talk in the newspapers about anti-ballistic
missiles: these could be budt using solid propellant engines because a solid
rocket can be stored any place and it is only necessary to push a button to
fire it. There is some truth in this talk, although it would have to be stored
at certain temperatures and certain environmental conditions because the
solids are temperamental this way.

S5UM9AR

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

The first big step for~yard in rocket engines was the controlled burning
of liquids through the use of valves. The second step was the discovery of
new liquid propellants such as liquid oxygen and atninc., The third great
break-through was lightweight chambers, manifest it ceveral ways: one is
the ceramic chamber; another is the self-cooled or regeneratively cooled
chamber; another is the use of light alloys of aluminum and even magnesitun.

Other advances include: the use of pumps (centrifugal pumps have made
an enormous difference); a better understanding of no/zle 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 ginballing the chamber and tsing 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 theses have been written;
and millions of dollars have been spent in att attempt to understand such
things as combustion process, temperature reactions, etc.

Mainly, the use and tnderstanding of the nozzle theory, the use of pumps
and good cooling processes and att 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 advances which will probably lead us to space
flight.
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It is interestitng and stimulating to talk about mian inl space-what hap-
pis to him ill tile absence of gravity and how lie dodges tile mecteors; bilt
behind it all we still have that old piroblent of how to get him upl thecre.

I happeit to be one of the fortunate or unfortuniate people faced with the
problem of mtakinig rockets that work, and moy lecture tonight is probably
the most tinglamorous one of the series; the subect is rocket fuels. It repre-
sents thle real spade and shovel work of the space travel field.

Making rockets to get a man into space by coniveittional mtethtods is not
an% easy task. bttt I hope to point out, however, how easy it mnight be by
the exercise of htuttan intgenuity, involvitg new and usiconventional methods
for accomiplishing tlte task.

III talking of rocket fuels, I have sotte spadework to do first to set the
record straight. When you dri~e upl to a filling station and say "fill tip
miy tatik with gasoline" youz probably think you are gettinig fuel;, howeever,
you are onlly getting about a tenth of the total fttel you bun-the free por-
tion is air. A rocKet is not fortunate enough to have free air available.

1%21,%T sUtIt. IS

I would like to start off by defining what we tteatn by futel in% the field
of rocketry. Whten you drite ttl) to a gasoline station, you fill your tank
with hydrocarbons. The first line of Tablc I shotws that the hecat of coni-
bustion of alt ordinary paraffin hydrocarbon is Somiething over 18,000 Bttts
per- pon of fuel.

'rmut 1.-Heat of Comnbustioni.

Paraffin Ilydrocirbon (Gasoline).......... -........ 18,600 Bttt/lh
Paraffin I lydrecarhon + Oxygen.......... .... 4,200 Btu/lb)
I part I lydrocarbon + 3.43 parts O'.ygeu -~ 4.43 parts Combustion products

Th'Iis is the tray we metasutre the energy cotent of the fuel that yott hilt
itt your gasoline laik. What you buy whieit you btay a super-grade futel
(antI tltis is very imtportant antd we wrill dratw ott it ma enmtore inl talking

* abotit rocketry) is not extra Bltu's per poutdu; instead, you are buying sonic-
thtittg that canl be bturned inl yottr etnginue to give you nmore energy ouput-in
other words, the realizatiust of muore of thtose Bltuts as you dhrive dotwn thle
highway.

'vice Presdent, Tiiotlot CtlimucaI Corporation, ttuntsmitlr, Ala.
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* How about the other compoileot of this fuel? it a locket engine we
are not talking only about the hydrocarbon coumponent, which is called thle
ieducing component of the file) or the reductant. fin rocketry, ail oxidizing

comiponent ust be added to thec reductant. If this had to be done lin ordi-
nary automobile fuel, the heating value per pound of total mixtuire Ns ould
be reduced to about 4200 B~tu's per pound, or thereabouts lIn other words,
the energy content per pounld goes down tiirifically when the mixture in-
cludes both the reducing comnponenit and the oxidizing component. rThis is
anl extremely imiiportanit factor i the hield of rocketry because, after all. we
are flying in outer space where there is no oxygeii and we must carry both
of these coniponeiits aloiig with us,

How does thle ratio of these two coimponenits compare sveighbt-wise for the
paraffin hydrocarboni? Onue plart by weight of paraffin hmydrocarbonm aind
3.43 parts of weight of oxygen are niecessary to give the muost efficienit coin-
biustioni mixture, and, of course, this results in about 4.5 pacts by weight of
comibustiomi products. lIn oilier %%ords, you would have to hiase a gasolinie
tanik four or five times, larger thian the oure )ol liaxe nuow to get anl equiva.
lenit aiuti of mtileage, if you had to buy both comnponetse.

lit talkinig of a rocket fuel. then, I mutst cover both of these components
and the termi "filel" coiver, boith the reducing component or reductatit, and
the oxidizing comnponet or oi~xdizer.

Iwatit yoo to remember this figure of 4200 I9tiis ler pounid while we
consider te Icolcm of providinig ettergy to get its ito spuace. What kindi
of energy coniversionis are we talkinug about? What dto we need to get ouit
stile the Earth's gravitational field?

For the sake of aidinug our imiagination, Fig, I is a drawinig of wehat I
call the Earth's gravitational hill. Thle cetitral circle is supposed to repre.
setit the Earth, and startitig ltl from this Earth there is a hill that looks
jike thue bell of a trumpet. For every raduts of thle lEarth that we travel till
tile hill, the hill becomtes half as steep. The hill extetids ott out for anl
inulcltite distance, for all puractical I irposes, gettitig less andh less steel) as
it goes, but it never stopls completely, at least ntot until we run into a 11iuch
steeper hill belonginig to thle sil or somie oilier astral body.

Although tis hill tiever stops, we call calculate what wvould happenl if
somebody started a marble rollitig at the loll of the hill atnd that marble
was allowedi to roll dhowni the hill uintil it struck the Earth's surface. That
mtarble would hiave a certaini amuntt of energy. That aimoutit of enlergy
is rchlreed by its velocity atnd that velocity, without thur effect of friction
or anty oilier adverse or coiifusinig effects, is about 37,000 feet per secondl.
This replresenits the energy that a body would have rollitig from ati itifittite
distance or fromt far, far away, dowvn this hill indi strikitng thme siteface oif the
Earth,

We calt itmagitie setidinig that marble hack till to where it origitusily was.
Smrrotndiig the Earth's surface anid suroiudinig its, of course, there is a

rlatively thin layer of very, very thini mtaterial that we know as tile atiluos-
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pltere. It acts like sorgloitt nmolasses to the type of vehicle we are speaking
of now, w~hen it hits at that speed. And, except for that sorghumt molasses.
if we started this body rolling l-ack tip the hill, at 37,000 feet per second,
it wotuld toll comtpletely back tup the hill and end tip eventually where it
originally startedl.

This is wvhat we nmean by escape velocity. it is a mteasure of the energy
conttentt of a body that canl leave the Earthts surface and go onl otut against
the Earth's gravitational hill coastintg tip and tip and til forever and ever
until it is eventtually lost in ou~ter space.

tir. 1. The irtis gra' iattiml 161t1.

It is trtte that if we Crawl lip this htill a little at a lttle we ievee have
to achtieve quttie this 37,000 feet per secoitti, bttt tat doesn't help, anly inl
reduitng tlte total etnergy siteded for escape. Therefore, to get this body
back til into space, we have to put inuto it tile samne aimont of energy it had
wheni it catte dowen, which is represetei by the velocity of 37,000 feet per
secoitd. H~prcssiiig this kinetic entergy in terms of hteat, this comies out
to abot 27,500 Bltu's pe potuntd of object, which is about six timies the
eniergy cotntaiited in the nmixtuire of paraffin hydrocarbon or gasolinie antd
oxygen listed ini Table I.

It otlier words, if we cotuld convert all tlte heat einergy in a pountd of
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gasoline into mechanical e.:ergy (which, of course; can't be done because
according to the sccond law of thermodynamics only about a third of the
heat energy canl be converted) and if we had a sky hook up there in space
with a cable over it and a wich, that one pound of gasoline we burn on
the Earth's surface has the energy content to lift about a sixth of a pound
of mass out into outer space outside the ECarth's gravitational field.

This is the problem we have facing us.

ProVU1islox FRILNCJFL

The hard core of tltis situation is the question of what is involved its
burning this, fuel in order to get a.n object uip into outer space. Thse hill in
Fig. 1 is strictly a fictitiouts one because there is no surface, slippery or
otherwise, that we call use to get traction. Whtatever object we use miust
be able to propel itself by Somethting other thatn frictional contact with the
surface; and thtis, of cottrse, is where the rocket engine cotnies in. It must
carry its own fulel, both the oxidizing and redttcittg comtponents, and it mttst
not be elrivenvby wheels, by cables or clsaina or pttlleys. It inst be drivett
by some special force whtichs is differetnt frotm those we tnorntally etncotuter
in everyday life.

,PRESSUE SHELL /-NOZZL.E THROAT

NOZ. 
E EPAN04NG

I'm. 2. Nagrama ot a rocket egine conibu~tiou ctambter.

We have to rely onl tlte third law of Newvton itt order to ptropel an object
into ottter Space. If it \ eren't for tltis law, we cotuld cottnt ott six pottnds
of fttel to carry a poutnde of payloatd to escape velocity or otttside the Earth's
gravitational field; bttt thtings are not qtuite thtat simtple!I

Fzigttre 2 is anl otttline of a rocket ettgine cotmbttstion chamtber. Insitde,
gas is acting tttder pressttre antt pressing otit against all tlte walls. You catt
intagitte for jttst a mtomtent a plttg in tlte nozzle thtroat, separating thle cotnl-
bttstion chtamtber frotm tlte nozzle expantsion conec. With stuch a pig, all
tlte pressttre forces in tlte chtamtber would be eqttal in every direction agaittst
the walls, and this object wottld go nowhtere at all.

Tlte mtottentt we take shte plttg out of that htole, tile situation chtantges,
Most of tlte rentaining uttbalantced forces of pressure are actintg otl tite for-
wcard entl of thte comnbustion chtautber. Thte gas ott tlte inside, whtich is
pressintg agaitnst the forward ettd of tlte cotutstiotn chtamtber of the rocket,
is not qtuite all expantded whlent tlte lutg is takent ottt. Also, sonme adtditiottal
forces are reacting Otl tlte nozzle expansion cotne.
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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
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 until
the pressure goes down to zero, when it quits ptshing against itself. That
is where the trouble conies in.

We can calculate how much stress acts on the rocket as follows:

f PsiOdA =Cs (1)

which says that the thrust force, F, is equal to the integral of all the pressure
forces, 1', around all the surfaces with appropriate correction for direction.
(8 is the angle between surface increment and hiorizontal axis.) F is also
equal to the velocity at which the jet comes out of the nozzle titmes tile mass
rate of flow in slugs per second or pounds per second divided by 32 2. In
other words, the thrust force is equal to effective easust velocity, C. titmes
the mass rate of flow of gas through the nozzle opening, Yh.

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

SOtID FUEL ROCKET

F/EL& OXIDIZER & *R$S HERr

HIRr MOLECUZES IMI h9 #RRY
FIa. 3.

LI1QUID A ND] SOLID I'I|O10,PULANTS

There are two ways of attacking the problem of keeping fuel in the
chan ber" (I) using solil propellants and (2) using liquid propellants. The
top diagram of Fig. 3 shows a liqui propellant rocket, with its tanks of
reductant and oxidant. The fuel is pumpd into the combustion chamber
where it burns under pressure and the pressure forces act against tile Cotm-
bustion ehanber atid thue gas escapes out through the nozzle. As long as

I___
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we don't run out of fuel and as long as the pumps and other apparatus work
according-to design antI calculation, we wvill have a thrust force and thle
rocket will continue to accelerate ottt intto outer space.

Otte advatntage of this type of rocket is that the fuel canl be packaged in
lowV pressutre tanks, since the tanks only htave to stand the hydrostatic pres-
sure of thle fttel itself. Thte pumpstP develop tle pressutre to get the ftuel into
tlte contbutstion chtatmher. Thle systemt, however, is comtplicated hecattse of
tle ptumps and valses attd teeltanical dlrives utsedl to drive them. It is a
hard systemt to start and, if yott have read the tnewspapecs to date, yot mtight
conclttde that it is ttotably tttreliable.

The solid propellattt systemn (shioti in tlte lowvet diagram of Fig. 3)
itnvolves a charge, which ordintarily hurnis frotm the itnside towards tlte otit-

ROOKC /s' A I-1EA 7-T N V

*6 ~ CIAtA N -ANS 674SEXPAA'DSclahewih

P4/rH,-S F#1r7ON 1'S/lES /7T$eLr

k1OA-K-1 X A'ACC~- RArlo0Wx L2sAA-e
Fxo, 4. Tbe rocket as a h~eat esigine.

sitde, getterating hot gas wvhicht escapes ottt throught tlte nozzle, Thte solid
propellatnt is already in the cotmthtstiotn chtamber, prepackaged. so tltere is
tro trouble with pttttps and ittjecting mtechtanismts. It is a very simtple dle-
vice ready to go ott ani instanit's ntotice. hut it has one disadvattage-the
etttire fttl chtarge muttst lbe packagedthi h obsio hme hc
itnvolves tlte addition of certaint intert weightt cottpottcttts. Titat is a very'
great dlisadvanttage for certain space applicatiotts, or at least thteoretically it
is a very great tdisadvantage.

Figture 4 points ottt thtat a rocket is a hteat entgine, atid, like all other
hteat enines, it cotnvert., tlte entergy of a chtemtical combthtstiotn process hy tle
ex\pantsiont of htot gas into mtchantical enrergy itt otre formn or antothter. In
tlte pistotn enginte (shtown onl the left) this pressture force presses dowen
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against the piston producing rotation of tile shaft and power is taken out
ais shaft energy. I hie artist has pilt this inl very simple teruts-he says that
tnl a rocket the gas ex.pands and putshes itself, and the work equals mass
times acceleration timtes distance. Mass times acceleration is equal to force,
and it canl he force onl thle piston or it call be force onl the gas element itself
coming out of the gas jet.

To compare a rocket enigine with ani Ordinary internal combustion enl-
gite. \Ne fintd that power is taken out as shaft power in the ordinary engine.
while in% the rocket, thc power contes out as kinetic energy of flow of thle
exhaust jet. Like all othter engines, the fuel efficiency of the rocket ettgine
depends tupon its e~paxtsion ratio. The satue eqtuations are used to deter.
ittit tlte expansioni ratio inl the internal comtbttstion etngine and inl tlte
rocket engine.

]ESC.WX5 VELOCITY

If we look at whitt is reqtuired to make a good rocKet engine for space
travel, we get back Otnce more to tlte Earth's gravitationtal ltill. To sentd a
mtissile into Outer space, ettotugh stages of rocket nust be stacked otte ott top
of anothter to add ttp to sottethtitig o~er 37,000 feet per secotnd total velocity
departing fromt tlte Earth's surface.

H~ow mttch velocity do we get front a stage of rocket p~roputlsioni? With-
Otut thle effect of a gravitational field anud withtout the effect of the HEartlts
atioshere, the atmtospheric (drag, this is a very easy thing to calculate.
using the followig equtatiotn:

V& g I.,log(') (2)

where
g m gravitatiotnal constant 32.2 ft./sec.2

I., - propellant specific iilse, l.sc/
AfI-ittitial ttass of mtissile
Illt ass of tmissile at bunotit.

'qttation 2 says that thle velocity Obtainted frotm bttrnittg of a stage of
rocketry, inl feet per second, is equal to acceleratiotn of gravity timtes tlte
p~ropellantts specific imiptulse, which is related to tite lltti cotttettt inl ai rather
secotndary way, timecs the log to the base e of the ratio of this initial miass of
tlte object divitded by thle Iltass after tlte futch is bttritcd oitt This equtatiotn
apphlies to all moving objects developing their force by thle reaction type of
liroptilsini force, whlere it is necessary to squirt mtatter itt a backwcards
direction.

Thtere are ontly twro ways of increasiitg the velocity, V'. OneC of thomn is
to itrease tite specific imtpttlse of the propellatit, anttl e other is to increase
tie ratio wh.le ~lich is tie initial mass of thle object divided by tie mass
of the object after tlte futeh is bttrned. I shtall discuss ittcreasiitg tlte specific
imtpttlse later, becatise it is related primtarily to fttel energy.
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Increashig the Ratio Mx/M 2-

In regard to the second irethod ox..nereasing the velocity, there is only
one way to increase the ratio'Ma/Mz, and that is to makemore 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 Af/MA 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 tie rocket missile
system For instance: How light call you make those tanks that have to
contain the fuel? How light can you make the pinups? How light can
you make the nozzle? How high a ratio of fuel to inert components mass
call 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 melthing 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 flon in the rocket system.

In Eq. 2, the velocity of a rocket was seen to be linear with specific
impulse; in other words, a I per cent inprovement in specific inpulse gives
I per cent inprovement in velocity.

4.0

3.0

> ttoS2.0

0
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Fie. . Percentage increase of burned velocity for I per cent increase of |'/If'. by
reduction of inert component tselght ad addition of propellant to maintain a fixed total
engine eight 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 r'atio of fuel mass to engine mass. for varying
engine-to-load ratios Referring to the top curve in Fig. 5, you notice that
a I 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 atio between usefil
contents and inert components (comprising the packaging). I should like
to mention some things that you encounter its everyday life aud give you
their Mi/3a ratios.

A can of beer is 81.4 per cent payload and the rest of it is inert com-
ponents, the call 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, Nxe wouldn't think of making a
rocket 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 tip its the rocket 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. I am not going to
tell you how well we are doing because that is classified information, but
I 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 pressure 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 ns get back to the specific impulse idea now. Remnember, a rocket
is a heat engine and those of yon who have studied thermodynamics know
that yot call convert heat or combustion into energy it the proper kind of
engine. The energy obtained is expressed by

" c 2(h,.- Ir). (3)

g g

This says that the specific impulse is equal to the effective exhaust velocity

t-
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divided by the acceleration of gravity In terms of the energy contained
in the fuel's components themselves, thuis is equal to the square root of 2 timecs
the heat (enthalpy) in the combustion chamber, If,, minus the heat at the

edof the nozzle e.pansion cone, He
The heat in the combustion chamber mintus the heat coittained in the

materials at the end of the e.pausion conse represents the aniount of comt-
bastion enthalpy that is converted into floss' work in the rocket. I suant to
make this point especially emphatic at this time, because later we are going
to talk about atomic-posereh rockets. If a working fluid that expands out
through the nuzzle is used, it doesn't make any difference wshere this enthalpy
comes from, whether it is coming fronm the heat of an atonic pile or fromn
the heat of a match, or whether it is formed by a chemical combustion
process.

Equationi 3 is based on tlne first and second laws of thiermodyitamics,
The calculatioins are niot extremely difficult, aitd if you are interested in) iowv
the calculations are miade, refer to ainy standard book on thermsodynamiics.
The samne equation holds for steami tutrbines. In fact, the saine priniciple
holds for this internal comtbuistiotn enigine in your car.

For thse rocket etigine, we use the following equationt:

I,-9.8 t41 ~ j (4)

where P', is piressuire at tite eid of thle expansiotn cone. P, is the pressure in
the comtbustioii chamube. y is the specific heat ratio, Tr is cotmbustion chamtber
temtpleratulre, aitd 11L is this molecular wseight of the cdiustioit products,

The expansion ratio (P,/P,) in Eq. 4 depends upoit how the fuel is utsed
-how far the coimbtistion producets are expanded, what the chamber p~ressurce
is, what this oiutsidhe pressure is, what this specific lieat ratio is, aiid whiethier
the nozzle is optitum. These latter factors are coiitrolledl by the rocket
dhesignter and are ntot inherent itt this fitcl itself. Thte specific lt~at ratio, ott
the other hiand, is inhereiut itt the fuel, but ths performiance of the fuel is not
too senisitive to it.

The really important factor in lq. 4 is the ratio VY',1/M1 which' (foes
ntot depenid uponl htow the futeh obtains its heait or where the enthialpy cotmes
from. These facts are as imuttable as Newtotn's laws aiid this laws of
thierniodyitamnics.

For conveiie i., this rocket field thte factors that are pertinenit to tite
fuel characteristics thtemiselves (for examiple, this comustioit chtamber tenm-
peratuire antd the mtolecutlar %%,eight of this cottbutstionu proucutts) are desig-
nated C* in Eq. 5, which is a slightly dhifferenit equationt for specific imtptulse.

c*CPCvi 5

C*, ftuel entergy, is usually mteasuired in feet per secotid; Cy~ represenlts this
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nozzle thrust coefficient which varies with the expansion ratio; CD 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. CF can be estimated from Pe/P, in Eq. 4; C* can be esti-
tiated if use know T/M,. The gamma doesn't make too much difference
because we can probably guess that. Thu, 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 calculate tie two terms C' and Cr. This
involves using a very., very complex set of equations that depend upon the
knowledge of the high temperature thermochemistry of some extremely hot
gases; obtaining expel mental information on these gases is an extremely
difficult matter. The constants themselves are 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 atnount of effort to decipher. Because of this, there is only a
limited amount of accuracy in calculating these two terms,

Tile accuracy of Eq. 5 depends also upon knowing how these things
behave in tile expansion process, in which there is a temperature drop in
the nozzle, the velocity of the flow is 7000 to 10,000 feet per secotd, and the
nozzle is oudy a few feet long. IIn this temperature drop we have to convert
some of these chemical components to achieve equilibriwnn-at least we hope
to achieve it to some degree as thie material goes down the nozzle and cools,

There are three ways in which molecules impart energy: (1) in the
translational state, the molecules bouce back and forth;. (2) in the rota.
tional state. the molecules spin; and (3) in the vibrational state, the mole-
cules vibrate in atd out between their various compolents. If these equa-
tions are to hold in absolute degree, then all of these three states must achieve
equilibriumn to a known degree during the fraction of a nuhisecond that tile
gas is traveling down the nozzle of the rocket. For this reason, the cor-
rection CD is included in the equation.

Effect of Nozzle Area Ratio

Figure 6 shows how Cs., the thrust coefficient of the nozzle, varies with
the expansion ratio. Values of CF (when y = 1.25) are plotted against
nozzle area ratio, which is the ratio of the area of the expansion colic to that
of tie nozzle throat. For example. with a nozzle area ratio of 4, an optimumu
expansion ratio of about 25 to I is obtained;, in other words, the chamber
pressure is ?5 times the outside pressure. And at that particular point. C),
in Eq. 5 is about 1.45.

What happens if we take that same rocket and fly it to high altitude?
The pressure oil the inside of the rocket is kept the same, the satte nozzle
is tised, but, as we go to high altitude, the outside pressure diminishes.
By following the line for the nozzle area of 4 up to P,/' wz, we find that

. - ~ -t
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CP is about, 1.63. So, as we follow this nozzle up out of the Earth's at-
mosphere and eventually get into hard vacuum where the outside pressure
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
25 to 1.

17 .........
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Ftc. 6. Variation of the thrust coefflcent of the nozzle with the expansion ratio.

Fuel Energy
Let us consider the factor C*, fuel energy, to see what it is anditoWv far

we calt go to improve specific inpulse through changing fuel etergy. Re-
metmber 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 efficiency of a fuel in terms of specific impulse,

HH
I IH-G--H+50s0 .-. 20=0=0+3H-0"-H+-68 KeaI.

H H
Fme. 7. Combustion and bond energy.
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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? Tihe 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 h)drogen,
between the carbon and the carbon, and between the oxygen and tile oxygen.
In carrying out this reaction, energy must be furnished from some source
to split tip these bonds into their components, so they can form new bonds-
oxygen to carbon, and hydrogen to oxygen. Tile energy resulting from
the formation of these bonds furnisbes 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 woulk have free-
radical propellants 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 alnmost the
problem we are faced with in the free-radical chenistry of fuels.

TABLE If.
C-H 80 C-0 256
C-C 137 H-0 103
0-0 117 N-N 225
C-N 129 H-F 134
N-lI 85 C-F 106
F-F 36

* N-0 ISO
Hl-H 103

InI Table II, Column 2 gives the nuuer of kilo-calories needed to break
the bonds of the comnntoti fuel materials shown in Colhnit 1. Colunin 3
lists the common combustiou products and Coluntn 4 gives the kilo-calories
per mole obtained from tihe formiation of these bonds.

By breaking ult tile bonds of the original fuel to form new bonds, energy
is released in a combustion mechanism, In other words, one configuration
of atoms locked it certain molecules is changed to a more stable, lower
energy configuration of atoits locked 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 itt Colunun I standard fuel compoents, but this
is not quite true because hydrogen is alt excellent candidate for a free-radical
fuel. In other words, if hydrogen, iti a monatoinie form, were allowed to

J t
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react to form diatomsic hydrogen, 103 kilo-calories of eniergy would be ob-
tained for each mnole of hydroeno formed. It would have a molecular weight
of 2 and would form a very high flatneteusperature. From the standpoint
of specific itmpulse, hydrogen is the highest specific inmputlse candidate that
we have today as far as all the chemical fuels are concerned. By chemical
fuels I tnean those things tltat involve certain molecular rearrangements to
a lower energy form as has been represented by Fig. 7 atnd Table 11.

As far as these rearrangements arc concerned, carbon has an atomic
weighot of 12 atod it has four electron bonds that can be rearranged to-form
carbon dioxide. Hydrogen, witht an atomsic weight of 1, has otnly one such
bond. Sotlfotr, on tite other hiand, hias ato atomic %%eight of 32 and btas only
two or four bonds thtat can be rearrangcd to forms 112S or S02, Since the
tntmber of bonds per uttit weightt is not as large with soolfuor as it is with
thiese other omaterials, it is presumoably a poor fotel candidate.
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Frood Redooclion
lin Fig. 8 the hteat of comtbtustion it Iltit's per pottno for variotus elemonts

is plte against atotolec weight. This graph illuostrates the fact that thie
nutmober of bonods or electroti contfigutratins rearranged dfoes ntot increase as
the weighit goes til anod, therefore, we find thtat for a rock-et fuel, the light
chenoents are the nmaterials whicht will have htigho energy conotent per poundot.

The dotted lite ino Fig. 8 represenots Bltu's per poundot of total fuel mituttre,
counting the oxidattt atod the redooctatot together atol utsinog oxygen as the

oxidanot. Notice that on thtis curve htydrogent isnt't as good as somte of thoe
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other light metallic elements, such as beryllitu and boron. A glance at the
peaks of both curves in Fig 8 will explain why most of the jet fuels are taken
front the lighter elements, in thle range of atomic weighlt fromt 0 to 12. These
lighter elements, including their hydrides and other comp~onds in their low
molecular weighlt form, are the backbone of our high energy rocket fuel
systemts.

TABLPE 111.-Rationalized Specific Impulse of Rocket Fuels.

specific I"npatwC
tuel Component at 1000 P~i

Redneing D0,dulng and Sea Le~et

Polysulfide rubber N- 4001. 235
Paraffin NH 4C104 250
Paraffin NI-1 4N0 210
Gasoline li20t 240
Gasoline HIN0 t 250
Gasoline 01 270
Hydrazine 0, 285
H2' 02 350
Hydrazine F, 330

F::1- 370

Specific Imnpulse of Rocket Fuels

Table IIl cotaints guiesses as to the imlpu~lse that might be obtainui.froill
variouls filel mixtures, The origintal calculations were batsed ott "'iozell
flow" eqtlilillrium-t-Iat is, ito rearrangement of imolectules in the i-,ozzle.
The calculated values were then corrected by experience antI itttuitio. Somte
are qute accurate antd somte of tlte exotic mlixtures mlay be 10 byr centt it
error, pterhaps onl the op~timlistic sitde.

Although the table shows thtat tlte use of polystilfitle rubbers as'a redutcitg
atnt bintler comlponent with amutottiunt perelilorate as the oxitdant gives a
pleak specific iulse of Donly abotut 23i pounttd secottds per potundt (whtich is
lotw), my company Itas utsed tis cotmbination itt solid ptrop~ellantts for years,
with relia-ble results, 'l'lt: reason: why~ the polysulfide rtubbers are n~ot
particularly good as the redtictamtt components of fuels is Itat they have a
stulftur conttenlt of abotut 37 per ceint, whtich, as I intentionetd previously, is ntot
good. However, othter ptroperties of these mtaterials 1teriiit mtakintg rockets
tat operate fairly reliably-a point that u~sually is of mtore ptractical fill-

portance thatn impulse.
rThe pztraflbt hydrocarboits with annntoniitutnt percltlorate shottld dlevelop

abotut 250 poundtt seconds pler pounid. The paraffit hydrocarbonts with lit-
mitlimlt nitrate (antother comtton solitd oxidizer) do not mtake a, very powe-
fill comtbination becatise it takes a lot of its own oxygeit to burn itself.

T1hie rest of the table gives figures oit gasolinte andl hydrogent peroxitde,
240; gasoline and nitric acid, 250; gasoline and oxygen. 270; hydrazinle aind
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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 I did not include ozone, although it is a possible oxidizer
if it could be stabilized. Hydrogen and ozone should give a higher specific
impulse than hydrogen and fluorine,

As an example of fuels based onl materials other than the carbon or
nitrogen hydride fuels. I 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 inpulses listed in Table Ill.
The question mark indicates that I don't know what the specific unpulse of
these fuels is. The calculated high temperature equilibrium conistant 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 chemical fuels listed in Table III,
it looks as though, based oil the specifications of a 1000-psi. chamber pres.
sure, sea level external pressure, and am optimum tozzle, there is am outside
absolute tipper limit somewhere on the order of 400 pound seconds per pound,
while somewhere aromd 300 is probably the upper practical limit for the
materials now used in existing rockets,
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t~UTRONIUM

"Combustion" Chm e

Ftc. 10. Schematic of true nuclear rocket.

NCLE.AR ROCKETS

There is much talk about getting into space with anl atotic-powercd
rocket. Figure 9 is a schematic dlrawing of such a rocket. Sice N~e have
to push agaiuist something, we, have to have a wvorking fluid; therefore. we
carry alonig a tank of wvorking fluid, which could be water or liquid hydrogen
or almost anything )ott want to carry. This fluid is pipedl aroutid to an
atomnic pile containing the fulel elemients to heat tup the wvorkcing flulid which
squirts out through thc exhaust.

Tiis looks goodl on ptaper, but if we d10 get anl atotnic rocket that works
like thuis, will we get ottt through Space? Remember that thie specific impttlse
equtations (EqIs. 3, 4 antd 5) are dependenit ttpon thle way tlte wvorkintg fluid
is used in tile expansion process, and what we get int termis of specific impulse
is still a function-a sqtuare root, actually-of thle combustion ehattiber
tempteratture divided by tile ttxolecttlar weight.

Hlow a.re we going to mtake this mtaterial wvork better, let tts say, tbati a
hydrogen-oxygeit mixture? Aie we going to get itiore 0out of it thati we
do otut of the hydrogen-oxygett mixttre in the Atlaa or tile Tlhor? May
we assui that whent tile working flutid bas piassed thtrough thle fitel clettettts
itt tlte atomtic ptile it will be htotter than thle exhaust froin a moleettlat -powered
rocket? We mutst remtemtber dial' our presetnt chetmically fuclc,' rockets
are alreadly workitng at flattte tetmperattures above thle ttteltittg poittt d~ known
structttril materials. What, thtetn, are we gointg to ttse as strtuctttral ma-
terials for tile nutclear ftle] eleintnts? llThese eletetits are htotter onl the
inside than tile workitng fluid is ott the outtside becatuse of the terrific heat



46 11. NV, Rrccnex

transfer rate (on she order of 20 Btu's per square inch per second) needed
to develop eniough thrutst to lift the rocket's own wveight,

Until someonie solves this problem, the atomic-powered rocket wvill not
utilize working fluid any more efficienitly than the chenmical rocket.

Frankly, this type of atomic-powered rockect is not appreciably better
(in fact, it might cx en be xx otse) titan the best we can do xwith chemical
fuiels. Granted that it would have the energy, the xvorking fluid htas to be
carried alonig and xwhat xve get out of this system is strictly a function of
the ratio of the xworking fluid miass to total rocket wxeight That uteans xve
have to get enough extra energy to pay for thle extra xweight of the atomic
p~ile in order to make osmr rocket more efficient, than a chemical rocket,

There is another xway of uttilizing nuclear energy in a rocket. Figure 10
is a draxwing representing an idea of umine, xwhicht of course is inmpractical
int light of today's knoxwleedge. In titis system, 'necuteonium' is a comdensed

FIC. 11. Field Propustsiml.

forum of nemtrons. A plutoniumt xwire feeds um throtugh some rolls into thle
conmbustiont chmamber. Each tinme liquid neutrons drip onto time plutonliunt
xwire. xwe have fission, xwhicht gener-tes an extrenmely htight temuperature. A
xvery htighm velocity xeomkig fltuid expands otut trought thle exhaust jet. Thmis
is a true ulecar rocket in xwhich xwe canl really get somtething out of our fuel
and xwe call travel out tiuromigit space, as I weill shoxw you in a mintite.

Thlere are only a fewv little problems hmere. One of thmem is getting thle
conmiensedi ettrous anmd time other, of course, is lite materials in time coml-
struction of time conmimstion chamber. Tihe tenmperatmures generated by titis
kintd of reaction are about tenl million degreesCentigrade. and xwe have to
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have a combuistion chamber that wvon't melt down. But let tis not weorry
about that. because science canl do anything. according to popular belief.

FttRL. icBoruxsiox

There might be another way of doing it if we canl get around thtis re-
quirentent for an exhaust jet by the use of fields. We might be able to do
thIl in a touch more simple and direct wvay by breaking the laws of Newton,
or at least betnding themi to our wvill. to the point where we don't have to
squirt a working fluid backwards to make a force.

To show yott that it could be done. its Fig. It I htave drawn a pictutre
of the Earth attd its miagnsetic field, with a flyitng saticer, This flyitng saucer
Itas a coil of wire around the outside of it atnd it sends a terrifically htight
cutrrent thsrough that coil of wire and generates a current slieet. Some of
tlte Eartlt's vertical componetits iii the mtagttetic field are trapped by thtat
cturrcent shieet, creatitng a force that tenids to lift the saucer away fromi tlte
Earth.

Yost cant imagitte such a thting, bitt tlte execution of it becottes extrettely
difficult. I ttetntiott thtis tmerely to illtistrate that it is possible to getnerate
a-ior-ce without sqttirtittg an exhaust jet backwards.

GttULitTV U.I~~

The idea of a gravity tntllifier is ats itttriguing one. atid its ty owts
opittins tltis is the thtitig wee are really waititng for ttt order to take advatntage
of tlte tremendous etiergy available froit tiuclear sottrces. If yeol look at
what we already kntow today, we see loses-is other words, gravitational
fields inti he forms of electroits. protoits atid nieutrons whtich atihlilate eacht
other to give off particles tat are essetttially butrsts of electromtagnetic
radiatiots, It looks as thtoutght we are ott the verge of tutderstattditg elec-
tricity, electric fields, ttuagtietic fields atit electrotmagtietic fields well enoutght
to begitt to cottnect these with what little we ktnow abottt the other type of
fielid, attd tltis is the gravitationtal field sttrroutnditng msass or ttatter. Th'lere
are ittdicatiotts thtat, withtitt tte tnot too tdistatnt ftture. we will begits to
ttttierstantd fieldls well ettottght to hearts how to apply the forces of electricity
antd m'agtietisttt itt sttch a mntatter thtat we catn tdevelop a proputlsiont force that
will totunter the Earth's gravitational field. If we call do thtat. thetn we cats
pitt to weork its a trite wray the psower of the atoiss or the tuctleuts itt the fortt
of a piroplsiott device, attd] -,pace travel will really becotte tnot Ottly a thing of
possibility, bitt a mtatter of cotnvettietice aned pleasttre.

Itt Fig. 12 1 have repsreseted twro thitngs that are itmportanst its rocket
liropulsiot-tlie specific irtipitlse' of the propellatnt atutl the tltrust-to-veiglt
ratio, it tlte solid propellatnt rockets the specific impustlse of arountid 2350
is the best we can (do, alstl we catt dto a little better with liqttid rockets. Itt
tuir solid rockets we cats develop thrttst-to-weight ratios of betwveetn 6 to I
ands 100 to 1. Tltis is a ratnge itt whtich we cats weork. With the liqttid
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rockets, the good ones, we are doing well to get a thrust that is equal to 1.2
times the weight. Somewhere around 1.2 times the weight to 10 tunes 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 them. Theoretically we can cal-
culate a specific impulse of around 1500, if we could stabilize atotnic 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 weldingtorch.

1TL T NUCLE R~CKE otl l t I t lI I

- IJC Al J3l KE32I
I!

2 1 0 . . 2  . i .4 t - 2 3 4 5 6

THRUST/WEIGHT SPECIFIC IMPULSE
RATIO (IN POWERS OFTEN)

Fi. Compara, of several types of rockets for thrust-to-%N eight ratio
and specific smpulse.

The nuclcar, rocket u',sg the ctenicalworking fluid we illustrated a
while ago can produce enough thrust to take it off the ground against its
own weight, if we are smart enough designers. However, I would guess
that we are probably far from that stage at the present tinme. What we can
achieve in the way of specific impulse is doubtfuil. It is quite doubtful, in
my own mind at least, whether we will be able to do as well as we would

t .- ~-
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withh te free-radical hydrogen. So tSe 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 call get specific impulses up in the 10,000 range or better by
a very high acceleration of these particles in all electrical field and keeping
them isolated by electrical and rmagnetic fields so we do not have to handle
the extremely high temperatures tlnit 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 tle imag-
inary design shown in Fig. 10 has not yet been tested.

There is soume very excellent work being done at the present time in the
field of magneto-hydrodynamies, 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.

TAIS IV, -Esape Velocity Missile.

Stage load ratio 1/4 1/4 1/200
IV/V, 0.92 0.92 0.99
M/,11 3.8 3.8 66
1, equivalent 250 290' 290 1 X10

value at 1000 psi
Take-off mass 625 125 200 1.00125

to payload mass
No. stages 4 3 1 1

E S EV VEI OCITV

We have considered many types of propulsion systemts and their inherent
capabilities. Now let us apply these to space travel in the form of an escape-
velocity vehicle. Table IV is a calculation of escape velocities of various
vehicles to give you sotue feeling for what we might encounter in going out
into space, These are calculated on a stage-load ratio of I to 4. Iu otlter
words, tile rocket that is burning and propelling the stage weighs four times
as mullch as everything it carries ol top of it.

The propellant mass ratio-the weight of propellant divided by total
engine weight-is 0.92 for the first two coltnns. The 1 to 4 load ratio
and the 0.92 factor can be combined to show that the ntass ratio in the missile
itself is 3.8-iin other words, initial nmass divided by the final mass in each
stage after the fuel is burned is 3.8.

i_
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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 kinetic 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 escape velocity. This gives
an ideal velocity of about 39,000 or 40,000 feet per second because we must
make certain allowances 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 I to get to escape velocity.

I mentioned a while ago that if we could make the rocket consist of a
high percentage of filel. as we have in tite third column where the engine is
99 per cent fuel, and Mi/M- becomes 66, Nse could achieve escape Nelocity
with a one-stage missile. That is quite 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 pound of payload is actually higher with this one-stage rocket than
with the three-stage vehicle.

flow about atomic fuel? If we cant make the trte atomtic-powered rocket
work, with a specific impulse of about a million or better, we get into a very
favorable situation. It only takes Il/ pounds of fuel for a thousand pounds
of take-off mass, 21/. , pounds per ton, which would permit travel out itt
space in comfort and splendor. And if the latding field on the moon is
fogged in when we get there, we calt come back to ain alternate landing field
at LaGuardlia! Under these condlitios, space travel becomes an extremely
simple matter. All we have to have is a gravity nullifier or a structural
material that will contain materials at temperatures in time 10,000,000 degree
range.

In time mieatine, we calm get vehicles into space with chemical rockets.
'The larger loads will require larger rockets in the ratios previously dis-
cussed, and the rockets will have to generate a thrust high enough to lift
these heavy loads at take-off.

I _



SATELLITE INSTRUMENTATION-RESULTS FOR THE IGY

BY

SFRED SINGER'

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

It was really Newton who Invented satellites, so that all of uts today are
Johnny-comec-latelies. What Newvton did two htundred years ago was to
establisht the fundaniental physical laws which govern all satellites, whether
they are natural satellites or mnan-miade ones. What we are really doing
today is practicinig experimental celestial mechanics for thle first toime, by
making tip satellites to suit our owit fancy istead of relying onl satellites,
such as the moon, which have been provided for uts.

It took three hnidred )ears to develop thle necessary techmologies to put
these satellites inito opteratiotn. I anm thinking particularly of two develop.
nIents I ) the rockets which are the only dlevices knowin to produtce thle
high velocities necessary for launlclitig the satellites; and (2) the electrontic
inistrumietationt necessary for operating thle satellites.

Newton, ini formitlatitig his third law, really laid ti,c groundwork for
* ~~rockets, alhtotigh I ant, perhtaps, giving Newton more credit thiain lie htimi-

self would take. I lowever, I don't thinik Newvton could have foreseen elec-
tronic instrtitietation. In this field we have definitely adlvanced over
hinm. ItI fact. I don't think Newton or anyone else at few years ago could
have conceived of all the scienitific applications which satellites will p~rovide
atnd are providinig for its already.

Basically, of course, thle sceneitific value of the satellite derives fromti(tie
fact that it operates above the attmospihere for long periods of time. unlike
high altitude rockets which tmerely go iII and come downt againt. IHaying
worked wcitlt high altitude rockets, includinig tise V-2, the Aerobee anid,
more reenttly, our own sittall rockets Trerrapini andt Oriole, I feel very pos-
sessive about rockets. I would like to dlefend temt against satellites by
sayinig that rockets atnd satellites comtplemtet each othxer. While satellites
study the evenits which take place outside the Farth's attmosphere, particut-
larly the incominig extra-terrestrial radliationts, rockets sttudy thle structure
of thuc atmtosphtere itself, which varies with altitude.

Thonight I shahl discuss three tmaitn topics: (1) what cant be leartned from
thle buehavior of uttittstrttttctited satellites; (2) what calt be mecasutred itt a
simhphle s atellite carryitng a miinunt of inistrumtets (represetnted by the

Department of thsics, Uniivcrity of Nfarytand, Cottege Park, d
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Sputnik series, the Explorer series and the Vanguard series) ; and (3) what
instrunihents were used in the satellites that have been launched, and how the
Sputnik instrumentations compare with those of our satellites.

UNINSTRUASNETED SATELLITES

First of all, what call be done without instrumentation? Even though
a satellite 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 satellite
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 scientific point of view, but which has
not yet been achieved; or whether it will go in ai inclined orbit, that is, an
orbit inclined to the equatorial plane of the Earth.

N I POSITION OF
EARTH DURING
SPRING 8 FALL

EQUATOR
ORBIT INCLI T

ORBIT
SUN

-POLAR ORBIT
S

Fim. 1. Posible satclite orbit.

Tite factors which dictate tile choice of the orbit are very many, and I
don't want 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 ai 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. Considering the cost of the
launchihg station and equipment in Florida, it would have been perhaps
unwise for us to have insisted oit a polar orbit, even though we are con-
vinced that it is more useful scientifically. The Russians, by reason of N
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geograpshy, have used anl orbit whtich is much more steeply inclinued to the
equator than ours-theirs is about 65 degrees as compared to our 40 degrees.

Fcigure 2 is a trace of the projection of our satellite onto the Earth. Re-
miember that the orbit remains fixed in space, while the Earth turns under-
neath it. The orbit eatl be thought of as a ring, if you like, which stays
fixed in space with the Earth turning onl its axis underneath that ring. As
shown its the figures, the U. S. satellite covers the range of latitudes from
about pius 40 to msinus 40 degrees. The Russian satellite covers the ratnge
from plnus 65 to msinus 65 degrees, whsich means that it eatn be seen over a
weider region of the Earths and, iiitrn. thne satellite itself eats observe a larger
regioss of the Earths underneath it.

*Were the satellite in a polar orbit, we would indeed be able to cover all
of the Earth, atid this has very itupoctaint applications, Att obvious one, of

* course, is wceather research, withs all of the Earth tinder observatiotn.

to ,o' o 40

Fie, 2. Trace ef an hiedrberit natelitc ever the Earth's surface,

in order to bave anl equatorial orbtt, tine satellite must be lantched at the
equator. Ani equtatorial orbtt Ias certain adv antages, perhtaps for comunui-
cation satellites, but for scientific satellites by and large we wotild prefer
ati orbit which is very mtuch inclined to thne equator, preferably 90 dlegrees.

I mtenttioned that the orbit stays fixedl in space, that is, the rling (if you
eats think of the orbit as a ring) wvill reimain fixed in space whtile thle Earth
tturits uniderneaths it; antI as the Earth moves aroutnd tle atil, it carries this
ring along with it.

Nowe, in fact, thte rinig (toes isot stay fixed iii space attd the reasoni is qtiite
simtple. Think, of the satellite runining along this rinig aisd think, of thne rinsg,
therefore, as rotatiing abonut its axis. It acts its esseince as a gyro whseel aisd
as sunch, :,wouldh keep its orienstations its space forever, if it weren't for the

fact that thie equatorial bnulge of thne E arth produces a very simall torqtie ott this
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gyro. (The Earth is not a perfect sphere. The equator bulges out soie-
what because of the rapid spin of the Earth, and tis smai! bulge actinlg 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 ill a satellite orbit-the orbital plane of tile satellite precesses, We can
measure the rate of precession of the plane quite picisely by watching the

satellite orbit, and from this we can immediately deduce the amiount of bulg-
ing of the Earth's equator. Therefore, we call get very inportant infor-
mation about the exact shape of the Earth, Again, I want to point out
that this call be done without any instrumentation whatever on the satellite

Up to now I have talked about the orbital plane. Let us for a moment
consider the actual shape of tile orbit within the orbital plane. According
to the plaietary laws of Kepler and Newton's explanation of them. the nor-
mal orbit of any satellite is ain 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 nearly circular; the eccentricity is quite slight. But to be
quite correct, all orbits we' know of are ellipses, and the artificial satellite
is no exception.

All of the artificial satellites to date Live been launched into elliptic or-
bits; however, the orbit of the satellite doesn't remain fixed with time. At
the beginning, the satellite moves ill all ellipse, from a point of closest ap-
proach which we call the perigee, to tile point of furthest approach which
N e call the apogee. This elliptical orbit would exist for all time if it weren't
for the Earth's atmosphere, which decreases ill density with altitude until
finally it blends imperceptibly into the interplanetary gas. There i6 no real
vacumn ill the solar systemi-there is always a small density of gas ap-
pareltly persisting.

At the normal sort of perigee we are talkinig about, perhaps a couple of
hundred miles or perhaps only a Iudred miles tip, the density is very, very
small. Ill fact, the density is less than the density ill the best vaciuun we
can obtain here ill our laboratories, but it isn't good enough because the
satellite goes through the perigee many, many times ad at very high speed.
Even the few lolecules amlld atoms which are present will take some of tile
energy from thie satellite just due to collislilos. So, aerodynamic drag (aero-
dynamic friction) has a small but steady effect oil the satellite. This fric-
lion, however, takes energy from tile satellite only at tile perigee, because
during the rest of the orbit, tile ,atellite is traveliig at such high altitudes
(with correspondingly decrease(] density) that there is lit enough atillos-
plhere to cause friction.

The result of this energy loss is quite shple to evaluate. If one as-
sunles that all of the loss takes place right at the perigee, it call immediately
be shown by the simple law of conservation of angular lomellentlm that tile
apogee has to move ill (see Fig. 3). While tile perigee stays relatively
fixed, time apogee will love in steadily, until finally tile orbit begins to all-

ttwl i
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proach that of a circle;, and then, of course, the energy loss takes place
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 layers 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 ideas of what the atmospheric
density might be at 200 miles up, There have been some measurements
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 E APOGEE

Fic. 3. D"rcaie of mccnricty of ellptical orbit due to drag at perigee.

One word of caution (this is a %ery special point): we are not one
hundred per cent sure that we are really measuring the attmospteric density
because there may be other effects which have not yet been evaluated com-
pletely. If the satellite acquires an electric charge in its travel aroutd the
Earth, then other forces may enter in, Nshich 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, how much of a charge, and what influ-
ence this charge will have ott the drag.

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

You have now seen two very important applications for a satellite which
carries no instrumentation, but I forgot to ntentioone thing-yott must be
able to see time satellite! At least, yot mustb able to establish its orbit
somehow, and by-far the most convenient method is to see it optically.

____________ - - -.---.---.---.
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This is not very easy, as imany of you may have found out, since the
physical conditions have to be just right. Clear weather is by no means
the oply requisite. Let ic illustrate for you, since this is of some scientific
importance, the physical conditions which have to be satisfied before you
canl see the satellite.

Since the satellite catn be seen only by virtue of reflected sunllight, it
cannot bse observed when it is in the Earth's shadow. Figure 4 shows the
sunl onl tle left, with the satellite onl the edge of the region of the Earth's
shadow. As sooin as the satellite hits the Earth's shadow it becomes dark,

In Fig. 4, the satellite is shown at the place where the probabiltty for
seeing it is highest. There are two reasons why this is so. In the first
pilace, the phase of the satellite is good, since the whole disk is illtuinated.
If the satellite were onl the other side of the observer, lie wvould be looking
ait the titillutubtatesl back side of the satellite and so, at best, lie would see

Fio- 4.Otclv-iilt fmdic

onvacrset-flecol eslei. Olth terhniftesaelt

onlyh agreset-if liek ckrolve. It (oen' the o hasvei the satellite
ilclustnatle totelftofhr it is stl ayih.Yo ant Fige 4, your mih te ale

to mthe horvr hi yoter hs bti usworl otical ouient atda

Ah secolds ctrsuitiot selimt e fiflli httestlienitb

Under the conditionis s hinin Fig. 41, tme atmosphere above the observer
is in the Earth's shadow. Ini other weords, for the observer the sun hias al
ready set (or hias inot yet risen) and lie is it darkness and so is the atilnos-
phiere absoe him. Therefore, whien lie looks up, the sky, will appear to Ise
dark, andI under those condhition,; the satellite will be visible.
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This explains. incidentally, why there are only certainx regions on the
Earth where the satellite can be seen at any particular time. It has to be
at about local twilight, just after sunset or just before sunrise.

UsES FOR INSTBU3SZENTEJ4 5.lTEa,.1TRS

To discuss comp[rehensively what can be measured in a simple satellite,
we should really kniow a little about extra.ttrrestrial radiations, someC of
wich cani be mteasutredl by satellites and others by different methods.

"Radiation" is a very general word. As you know, there are two typies
of radiation comntg from outer space: (1) electromagnetic wvaves havitig
no mass (essentially a form or variation of light or radlio waves) ; and (2)
corpuscular radiations (particutlate matter), havitng a mass.

E lecromfwqnelic 11"421's
Let its look first of all at cectrotiaguetie, waves, Figure 5 is a graph of

* electromiagtnetic waves as we ktnow them, raiging all the way fronm the very
long weaves which are hundreds of meters long, down to wvaves of the order
of a few centimeters, mijllimeters, microns. aitd fitially wvaves which are Only
a few Aingstrotis in wrave length. In other wvords, we are goitig front long
radio wvaves, to short radio waves to extremiely short radio weaves (the so-
called microwaves or millimneter waves) to the infra-red radiation throuigh
the visible radiation to the ultraviolet and itnto X-rays. This covers tlte
whole spetrum of electromiagitetic wcaves.

XineYS RADIOarne WtErt' iop~r o etoonie~AVES.

VISIBL

00%~- -- --



58 S. FRED SINGER

Heavenly -bodies, such as the sun and any other radiant body in space,
send out all 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 in Fig. 5) only in 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 front
the fact that the atmosphere is traisparent If the atmosphere were not
transparent in the visible, we woud isoi be able to see the sun, the stars or
the moon, and we would never know of their existence in all likelihood.
We wouldhave to hypothesize them as we hypothesize the inside of atoms
now.

4But 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-
catse then we would still be in darkness. However, it so happens that the
atmosphere is transparent in the visible and our eyes are sensitive in the
visible region, and this is the region in which the sun puts out most of its
radiant energy. This fortunate combination of circumstances makes it
possible for us actually to see and to use the sun as a iseftl'source of light.
And, as I mentioned previously, all of our knowledge of the universe tip until
recently had been derived through visual observations,

In the last decade, a new science has arisen because of our advances in
radio technology, and we call now observe the universe I, the radio region,
through the radio window. Large radio telescopes are beiig constructed
all over the world. A tremendous radio telescope has been constructed ill
England recently, aiid the United States is now constructing its largest radio
telescope in West Virginia. Some of the most difficult engineering prob-
leiis 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 iii these other regions of the spectrum which
are now completely inaccessible to us. For example. we cannot see aiiy of
tile iifra-red radiation beig produced in space and coming towards the
Earth because molecules in the Earth's atmosphere absorb the radiation be-
fore it call reach us. This inra-red region cai be partially explored by
going tip in balloons to a height above most of the 1120, C02 and iuoi't 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 ionosphere, which exists at an altitude of about a hundred
miles. The ionosphere, incidentally, acts as a reflecting layer in both direc-

- i
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tions, so that long radio waves cannot escape front the Earth because they
arc bounced back by this layer.

Perhaps the most iteresting region for us to observe would be the ultra-
violet region. Already we have had some very tantalizing glinpses at the
still, which is ont' nearest and therefore our mnost important star. By using
rockets equipped with specially designed detectors, wve have learned qiuite a
lot about tlte sil, in the ultraviolet.

W~e have founod out, for examuple, that during certaitn periods wheni the
sitt gets very excited, its output of utltraviolet increases by as much as
a factor of 10,000. So, contrary to our ustial inmpressiotn of the stilt as beinig
qiuite a nsormal and fixed star (fixed in the senise of having a constanit out-
put), we finid that in thle utltraviolet region tse sitt is ati extremtely variable
star, perhaps somnething like the flare stars iii the visible region.

If we coitld onily observe the sunl in the ultraviolet continuoutsly, we
would discover much tiore aboitt the processes wvhich take place in the solar
atniosphsere, and we would learn mtore about solar physics and the way stars
operate. Incidentally, we would also be able to interpret mnuch better howv
this ultraviolet radiatiott from the siu affects its by affectitng the Earth's
atmosphere.

The ultraviolet radiation is all absorbed in the upper atniosphere and
thereby produces tie iotiosphiere, which is extretiely vital to its for long
distance radio comniticationl. Chaniges are taking lilacs in the ionosphere
almuost contintuoitsly, atid these becomte very pronotunced whe~n tile stll acts
ilt), Therefore, we wvould like to be itp there to look at the sit so we canl
correlate what we see cominig from the sti dlirectly with what we observe
itidircctly as htappenting in the iontoshere.

Corpuscidar R~adiationi

Let uts turn nowe to corptuscutlar radiationt, which is coniposed'uf particit-
late miatter. ItI Fig. 6, corpusciular radiation is plotted as a futnctioni of
entergy, exptressedl ill untits of the electrotn volt. Corputscutlar radiation
ranges front I electroln volt, (just aboult thtermtal eniergy) to a billion btilliolt
electron volts,(possessed only by this extremtehy high energy cosmic rays).

Cosmic rays, which cover the energy range fromi about a billiont electroit
volts oil upl, are this mtost energetic phlentomienion we kntow of iln natulre. Pri-
miary costmic rayb are hydrogent abts, with somse heliumt antd heavier atns.
Tlhey are really nleie that have lost their electroits, molvinlg with nearly tile

speedl of light. These partices slaitn downu int the atniosphere and piroduce
ntuclear disintegrations whose enii effects we call filnally observe at sea level.

As you plxtbly know, tile twork of the Ilartol Research Foutndation
during manyit years now his beeni concerned with studies of tle cosmtic raidia-
tiont, both of this secoitiary radiation antd pine experimenczts wvith Ite pri-
mtary radiationt using balloonts which get fairly close to thle top of tie atitilos-
plice from tilte pointt of view of cosmtic rays.
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Rockets or satellites are really needed only to study low energy cosnoic
rays, which cannot pucetrate below the 100,000-ft. altitude (typical balloon
altitude). We don't even% knose iw hether these lowv energy cosmnic rays ac-
tually exist, Perhaps they exist only at certain times. Perhaps they are
p~roduicedl by the sunl and exist only whien the sun produces flares.

Particles of even lower energies, of the order of a million electron volts.
aire attroral particles wich catise the attrora borealis, the northern lights
attd] the southern lights. These atroral particles are probably protoris
which crue front the sttll with lowv energies and whichi are thelt sotnechow
accelerated in thle vicinity of the Earth (by a utechianisin which we don't as

t CORPUSCULAR ? AURORALI ? [-COSMIC RAYS -

STREAMS (IONS) PARTICLES, Primaories: 85%/ pretens
EXOSPHERE protons? I5H ncehit#Leow energy -V* heasier

*I ll cutofftot
(Magnetic field Irar .

30- vriations) lcosmic toys
(Knee)

200 PF layer
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AURORAL ~
IONOSPHERE DISPLAYS Lumnu n

otayen l
One STRATOSPHERE ~ :Ncea daistegrnesj

ENERGY PER PARTICLE - electron-volts
tie. 6. l'eeetration of parxticles ito the atnustphrre.

yet iderstaand) tilil thley hlave etnergy etottglt to snlan itnto the attmosphere
atnd ptroducte the beauttiful displays whtich tttany of you. I attt sutre. have sceen.

lin going to even lower energies we ltac gas clouds, corltisettlar itrealts
MelIMh are shlot ouit fromt the Sttll, again wvhen tlte stilt berotis very excited.
Matty (If yott tttay htave seenl thle protttberanres in pictures of the solar coronta.
Whent thle still is qIltite actis e, p~artictularly durintg the htight spot of the sutl-
sll cycle, these gas clottls aire shot off very oftet. As they applroacht tlte
Earth, they donl't even hitl thle attuoSlere because they are sttpdilillty
thousands of iles ot Ib the Hartlt's itagitetic fieltd. When they hit thle
Hartlt's magnetic field, they p~roduce qute violnllt changes whtich We call
inagltetic storins.
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Measuremencits of Cosnde Pheznomena by Satellites

Perhaps it would help if I described a typical series of events which fol-
lows a large solar flare, so you call see how complex the situationi really is,
how many different phenomena take place, ami( wehat we interplanetary
physicists are upI against, what we have to explain and how tlhe satellites canl
help Us ex~plain all these facts.

Figure 7 is a sbhematic drawing of a typical series of events following
a solar flare It looks compilicated in the drawing, hutl it is mucht more
compIlicated in practice,

VISUtAL SOLAR FLARE S
UtiV 8 X-RAY EMISSION)

JIONOSPHERE INITIAL PHASe ~
FADEOUT 

P
oPRE-SO

OCCASIONAL-
\/SOLAR FLARE
,\ NCREASE

~ (SIS) FRBUSSFIYP

Floe 7, Magnetic asit consie ray ,ariatiosn follom~ing a solar tiare.

'The process starts wiht a big solar flare onl tlte still. Tlhese flares onl the
Sttl canl be seen throngil anl If Alpha Nionoebrometer, anl instrument wehich
filters out all of the radiation except the type which is etitted duritig flares.

During thte visual flare there is inttentse emtissioit of ttltraviolet and X-rays
front the so wehichl ittniediately gives a fade-out of radlio signmals in the
iotnsphiere.

The Earthl's mtagntetic field reacts very slighttly to the flare bctuse thle
Ultraviolet radiationt fromt the stil is absorbed in tile inOSpltere, affecting
ionospheric conductivity atnd iotnosphieric cuirrenlts. Every tine there ts a
ehaitge itt the inosphteric cutrrett there is aI corresponditng eltatige inl tile
magnetic field, so tltat the Earthi's mtagnmetic field is slightly d1epressed. a So.
ralled crocltet

About a (lay later thittgs begin to happen, Suddenly the tiagaietie field
Strenigtht at -ea level over the wcorld ott both sides of the globe, day side
atid night side, rises by a large am~outnt, stays tul for Several hours, theti d~e-
creases by a large alotutt, anid thent stays lowe for several dlays. This is a
result of thme imipact of tile Solar gas, bitt it is a very controversial subject-
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the problem of just how tile 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 contains 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 ill-
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 sil. This increase lasts for several hours and then the cosmic
ray intensity returns to nornial However, when the magnetic 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 vital. If we want to understand what really
goes on in interplanetary space, we need to understand the magnetic condi-
tions which exist out there. We are handicapped by not having sufficiently
good data, but we think that the satellite will be able to give us adequate
data to shed more light oil these phenomena.

How do we measure these many phenlomena that I have described?
Many instrunents call be cramnmed into a satellite, since some of the iistriu-
insits are quite small. weighing only ounces or a fraction of ait ounce its
some cases.

Figure 8 is a schematic diagram of a satellite which I designed a fev
years ago. It has a feature that satellites really ought to have-some means
for keeping their orientation in space. For example, if the suml 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 lie pointed towards the Earth.
It does no good to have the detector pointing in other directions,
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Fir. S. Diagram of gyroscopic stabilization scherne, solar po%\er supply and
aitrophysiea instrumentation for Mouse sattltie.
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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
in 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 teleinetering
transmitter, or some means of conveying the data back to the Earth. This
requires a power supply to power the transmitter and the instrumentation.
The power supply may be regular batteries, but they are relatively 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 suit.

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
a receiver, the transmitter is turned on by means of a radar beacon and the
satellite spews forth all of the accumulated information.

Although these refinements are not it satellites now, I feel that even-
tually these features will be incorporated, The solar batteries 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
satellite.

Instrutents to Use in Satellites

Now let its talk about the scientific instrtments. Ilow 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 aiode wire. These Geiger
counmters. particularly ifthey are thtiu-walled ones, will count cosmimic rays
and also auroral particles, Specialized types of Geiger counters call also
be used to count ganna rays aitdl the heavy componet of the primary cos-
tie rays.

floiy do you measure the stui? The most direct-way is with a photon
counter, a special type of Geiger counter which call be used both ii the ultra-
violet and for the X-ray regions. Both counters have wuindows which face
the sti (see Fig. 8).

The impacts of micrometeors call be measured by meias of iicromicteor-
ite detectors. One such detector might he a microphone which simply
counts the inpacts; there are other more sophisticated types of detectors
which I will discuss later.

A imore difficult task is that of measuring the Earth's magnetic field at
high altitudes above the ionosphere. The best instrumuent which we have
developed tip to now is a so-called proton precession imagietotueter, vhich
I won't describe here since it is described adeqtately in time literature.



64 S. FRED ISIzNGER

Let I's nowe consider more direct measurements in the satellite. I tink
micrometers are of sonic interest. A simple method has been devised to
measure the impacts of uticrotneteors on the satellite, atid it tmay have sonc
practical importance for space flight.

Every time a meteor hits the satellite it blasts out a small crater. in the
saire way that a meteorite impacting on the Earth produces a crater, The
physical processes are very similar, except that u lien little dust particles
smaller than grains of sand hit the satellite the craters. of couese, are Nery.
very small. Nevertheless, the skini of the satellite will become eroded atid
evettually it will be worn completely throughi, leavinig a hole in the satellite.

In order to measure how rapidly this skin abrasion takes place. we have
dlevised the followinig experinient. We coat the outside of the skimn with
somec radioactive material atid themn inside. within time satellite anid at sonie
separationi from the skini, we have a specially designied Geiger counter wih
a scalinig circuit. It is quite obvious that as the skin disappears the radijo-

li 5. 9. Minltiurizeot %orsiso of itrumnept to teeourc Ati;A atbeasloi.
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F i., 1O. Meteomogist ' Olcpt of ml'at the North Atnericaln coottoclt %Ontd
-~NA tok a,~ a fro1m a 40W-wili, astiltsot.

* actiVity disapp~ears With it anld at thle samie time. therefore. the countitng rate
- of this mtonitor counter decreases BY teleCxlCtering to grounid tis couinting

rate, tile amiount of Aitn still reittaillttg Catl be imediately deternunled.
Jettelated into practice, thle inotruttlent is extremuely simleIC Figure 9

shows a Ininiaturiced Version which has beenl prepared for a satellite ex-
pecriment. It shows the special counter which is smaller than a quarter. a
pre-amplifier, a scaling circuit and ai high voltage supply. TIbis high volt-
age supptly is smtaller than my thumbail and stipptlies 700 volts to the Geiger
couniter.

Meorological Applirtians
perhaps otte of thle most itntriguing things to mneasutre, anti certaitnly otne

of the most imtportant from an ecotnotmic poit of view, is the so-called alhedo
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of the Earth. By measuring 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 going
to be mich affected by tle intensity of cosmic rays and by what we call learn
about micrometeorites. But the weather affects all of us and the satellite,
in my opinion, is an invaluable tool 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 oil 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 ain average albedo of only 15 per cent, while
the oceans, with an average albedo of only 4 per cent, appear to be quite
black.

Tile satellite television camera call pick tip these cloud patterns very
easily, and tile meteorologist cal immediately recognize the type of weather
pattern which they represent. For example, Fig. 10 shows a three-member
c)clonic 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. Ihutrricanes are very
difficult to spot because the cloud patterns associated with them are not very
prominent; but if you kntow that there isn't it island where a white blob
shows, you suspect a hiurricaue, particularly iii tie hurricane season.

Little cuniuhts, clouds show throughout tile United States; also spe-
cial types of lenticular clouds (lute to moist air being raised when it comes
over the Rockies. Als., 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 mieh more accurate short-range predictions over
several (lays; more than that, by studying the circulation of the atmosphere
in this way, the meteorologist catn learn how to make very reliable long-
range predictions for such things s fdry winters, wet summers and hot
spells, over particular regions of the world.

This information, of course, is of tremendous ecotuotiic importance and
that is why I think that this particular application of the satellite 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 llanets. It is a means whereby
thie space-flight business call pay its own way right now. The economic
advantages of this type of knowledge are just tremendous. I think no one
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right now could estimate hoi much can be added to our national income
by more accurate weather prediction. It probably runs into tile billions.

PRUESENT iATELLITE INSTRUMENTATION

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

Let us discuss tle Russian satellites first, We were all very impressed
by their great size and heavy weight, but tile mail 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 reliable,
too But instruuentally-and this is what I am mainly concerned with-
they indicate that tle science of miniaturization of instrtnnts hasn't ad-
vanced very much, at least ill a comparative way,

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

But how do you remove heat in a vamun? You can't do it very easily.
Therefore, a forced circilation 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 skitn had to be quite
thick to withstand the atmospheric pressure of the intdrnal air, or nitrogen.

You see how otie difficulty leads to auother and why it was necessary,
therefore, 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. Tile solarbatteries are certainly a great
advance and I feel that both we aid the Russians will probably go to tliemt.
However, if the instrtmentation isn't transistorized, not much will be gained
fron tsing solar batteries because the power consumption would be so high
that solar batteries would only add a little to the available power. Oi the
other hand, if the instrunents are transistorized, the solar batteries call
supply all tile power.

From a scientific point of view, in all cases both the Sputniks and our
satellites hlaxe tried to measure internal aud skin temperatures, in order to
check ill ott the accuracy of the design. The temperature of tile satellite
depends primarily on the radliation properties of the skiii, because tile only
exchange of heat etergy is by nteans of the skin-radiation absorbed by the
skiit aid radiation emitted from the skin.

Ill addition, other scientific experiments have beeni conducted, tile most
unique of which certainly is the experiment conducted ott the (log. We

------------------
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cannot hope to match that utntil we have more payload, but in regard to ex-
perimients connected with physical radiations, we are in a very good posi-
tion in comparison with tlte Russians.

It was only on Sputnik It where, for example, tltey measured cosmic
rays. We are mteasuring cosmic rays on% Explorer 1. Figure I1I shows a
cosmic ray instruntentation actually built for the Farside vehicle which wsas
successfully fired last fall, It is very similar to the instrumentation which
has been floa n in Explorer I anid it conip~ises a specially designed Geiger
counter, a pottedl section contaitning a scaler to scale the cottnts front thle

PIm 11, ~Comnic ray stnstti built for lsr,'Idc Nvtilte.

Geiger countter and feed thtein tos the telcineserilig system, anid finally, a
htighi voltage supply to operate the Geiger coutnter. All of this wveighs per
a1ps a Cotuple of ounices and Cotnsumtes only 18 iuilhiuvatts of IKxaVer.

Figture 12 shows a Geiger counter scaler assembly built for a slighttly
differenit apl)ibcatiotl, butt it illustrates anttther type of initaturianito, int-
cltudinig potting. Potting cant lie dlone sutccessfully in transistorized Circtuits
because tile lieait developed is very snmall. The shorter instrument shown
in Fig. 12 is a little transtter buiilt for a rockiet applicationi. It fact, this
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whole assembly fits together inside a narrow pencil which formts one of outr
small rescarch; rockets, the Oriole. Tfhis snmall transmitter transmits an%
adequate amiotnt of power for communication over distances of several
hnndred tmiles.

A few nmore words now about tlte types of mcasniremenits which wvill be
tmade on future satellites. Of course, I can speak only about the Americant
satellites. The next Explorer will probably contain a more elaborate cos-

tuG. 12. \Minaturz" tantrumscsts for the Oriste roclet.

ti ray experimet, Te next Sptniik, by anntountcemenctt, will also con-
tain a more elaborate cosic ray ex'perimetnt. lit fact, I thtink the Rissialts
aire doig very wtell in their cosic ray experinments.

The first real Vanguard sphere will containi a solar radiation experimtent
to ilteasure ultraviolet radiation anid perltaps X-rays fromt the sim. mhe
Russian Sptnik 11 11a1 already flown a solar radiatioti experimti some-c
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what different front 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-
multiplier. InI front of the photo-cathode they placed a rotating filter wheel
wvhich carried As number of filter sections, and as it rotated, it allowed dif-
ferent parts ofithe solar radiation to enter into tite photo-inultiplier tube.

For thle (titure Vanguards, several types of experiments have been
planned, including one to fly a tuagnetometer to measure the magnetic fields
at high altitudes. The fourth Vanguard satellite is to carry the first in-
strumentation to try to measure the Earth's albedo (the light reflected front
the cloud systems) with asinuple photo-cell. At very low altitudes, fairly
adequate resolution can be obtained, giving a kind of fuzzy, out-of-focus
pictutre of the cloud pattern.

What are some of the future experiments? I don't want to go too far,
but I thitnk one of the importatnt experiments, certainly one of the interest-
ing ones that we are working on right nowy, is the charge of the satellite.
We wvoutld like to know what electric charge, if any, the satellite acquires,
whether it is positive or negative, andi how the charge changes as it moves
abotut the Eartht. This is a very difficult assignment and nmuch thought is
goitng into the desigtt work for this type of tmeasurintg itnstrumtent. WVe have
a proposal whticht we hope wuill work, bitt we will try it in the laboratory
before putting it into the satellite.

Finally, you ntay wonder where further informtitoit catt be obtained ott
this whole stubject. There are matty poputlar books ott satellites, bitt at the
preseitt titme, aside froit the few listed below, there are ito really serious
detailed booiks ott satellite scienitific ptroblemts atti instrutmenitation.

I hope that the puroceeditngs of this astronautics series will serve as a
meatns of putttinug ott record some of our preseint thoughts. It would be
interesting to see lio% they standup th against ftuttre developmienits.

BsR~EV1N1111Cst HanOe
EARTH SATELITuES AS RESEARCH VEHtILS, A sympeSiussn. 115 pages, diagran, 61h X 9%/

i.Piliadelptia, Ttse Frastisi Institute, 1956, Price, t2.$0 (paper). (Vditor's Note:
This. unftnsately, is eut of print.)

SCIENTIFtC USES OT EstIs SATITEnS, edted by jlames A. Van Attent. 316 pages, stia-
grants, 6%' x t0 ins. Ass .Arbor, tjsisersity et Miklsigan Press, 1956. P'rice, $10.00.

S. 1". SINER, "Gclptysical Researct i nut Artificial Esetti Sautites:' A chapter is "Ad-
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CELESTIAL MECHANICS-ORBITS OFe THE SATELLITES

PAUL HERGET,

INTRODUCTION~

Ladies and Gentlemen, I am overwhelmed by such a large audience. I
think it is probably correct to infer that you are hiere becauseof the Split-

Sniks; and, frankly, I am here for the same reason.
I was hesitant to accept the invitation to lecture. I have felt it was my

duty to turn down all invitations religiously and nlot play favorites with anly-
body, but I changed my mnind onl one occasion and I changed it again for
the same reason this evening. I gave a lecture to thle Graduate Physics
Senminar in our University because I feel it is important that somehow sonmc
young people (and I think we are missing a bet if we don't also include
somte who are not so yotmg anmy more) must be willing to face up to the
challenge.

It may wvell be that yom all came here to be entertained this evening, but
that is not wily I catme. I came for a serious purpose becatuse I think this
is a serious business, The thing that needs to be emphasized most of all
so far asJ, am concerned is thmat thme Americans have taken time tertm "com-
placency" too complacently. What vN e need to emphasize all through omtr
school systems is tlmat it is necessary to bring hard work to bear upon all of
omir educational system and this in general will improve science.

This is tnot a new idea to astronomers because astronomers lav b'ctj
engage(] in prodigious tasks of omie kind or another, at least thoseistrolno-
tmers in history who have stood out, and I shall give you a1 few' instatmces
beore thme evening ik over. There remain important tasks to be tackled in
adtdition to those that arc created by thme artificial satellites,

We are mtost forttunate to lbe able to live in this age when these things
aire being ([one, amtd I thtink I call highlight this for the younig peopl if
recall wvhat my mother told mie when I wsas about eight years olil. Site
said, "It's too bah you were born too late. All the wvotmterful improventts
have just been made antI yomt missed thein all.''

In Cintcitumati, where we have moure btills than you have Ilcrc; thley, mo
lottger htad cable cars. The ears ratt tip thme hills tinder the power~ of their
own electric tuotors, and my tmothecr when shte was young hmad ridlden inl time
horse ears onl tile streets of Cinmcinmati. We had ratdios. There were air-
phanmes in the sky. So shte thmomughit that everything hath been domno and it
was too bad for tilc. WVell, shte is anl old lady now antt site doesn't tunder-

I Staff Head of the Vanguard Comrputer Center, Washintons, D). C.; and Di!rector, Uni-
versity of Cincinnmati Obuiervatsry, Cincinnati, Oio.
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standall the things wve have in electronics, and so onl; and there is still nilore
to conme We make a sad mistake if we don't challenge our young people
to the best of their ability.

WHIAT CEILESTIAL 3Ii:431IANITS IS

The subject of Celestial Mechanics deals with the fundanientals of the
various aspects of the operationi of satellites In a manner of spIeaking,
there is no sharp) boundary to Celestial Mfechianics. There is a SbarI)
boundary to the plroblemis that have been tackled ini the plast, bilt this is juist
because everybody was so compartmentalized ini his own work. WVhen
sxe tase a project such as these missile ptrojects, people have to work together
onl teamis and people have to bring different competences to these teams. So
the Sharp boutidaries in technology are tnt gointg to remain so sharp as they
were.

I would like to emphllasie that there are various aspects of Celestial Me-
chaniics, even though I wontt be able to talk about all of them. First of all,
I would like to emtphasize that in order to deal wvith this field otne has to
depend tipoit thle use of the lawv of gravitation atid other physical Laws. This
is one aspect of the field of Celestial 'Mechantics.

Another asp~ect of this field is that one nmst be pireplaredl t) deal with
mathemtatical anialysis. You never canl knowv too muichl miathiemtatics for
sworking in this field, aind I wish I knewe a lot more tin I do.

Another aspect. in order to be fruitful, is somie consceptt of what is inl-
volved in the Use of observationi. A great many pleop~le evetually finid
thenmselves otut oin somte distant linib where they dont't like to be simply be-
cause you have to be more thtit a theoretical physicist. Observationts are
anl importanit plart of what you have to dleal with in this field.

There are two other items whlicht are somtewhlat less specific, bitt I thitik
both of them are imptlortanit. It is ntecessary to have some kill([ of a prac-
tical benit event thouigh thle astrotnonmer, dhealinig with thle plantets anid the
comtets and te satellites of thle solar systemt antd the double stars of the utii
verse, is someionle you Autigmi think impilractical; nonetheless. there is the
necessity for a piractical coiteeptior. ,sf what tile ptroblemi is about andi for
arriving at somte reatsoniable antswer.

I-ittally, there is a requiiremtent for a kimnd of imntellectutal curiosity oIr
drive. andu I say this because there is a treneidouis aioumit of drudgery that
goes ott in order to obtain the soltutiotn to problems ini thle field of Celestial
Mechianics. It one semnse I aiti glad I wvasnt't born any earlier because nowe
we have electroic comtipnmg machtines aitd this is a treien' idotis lift to tine
whole field of clestial Mlechaiiiics, I shall liase soite exanmples of this as
we go ahonig.

GIENERtAL I'itOBLZSIS IN' CLNtTIAi. sMECHANICS

Before I gem into the piarticuilar asplects of the subject, I would like to
give you somec pesetv of the whole field of Celestial Mechanics atid the
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ptroblemls inl this field. These are really not confined solely to %vial hias beenl
considered thle field of Celestial Mechanics lin the past. They btridge over
into the field of Astrophysics.

First, there is the problem of stellar structutre which consists nit studying
andI trying to formutlate and give teasonlably definite solutions to what thle
natture of the iterior of stars is; and this, of course, is tied itt very closely
with the whlole sublject of Astrophysics.

lin addition to studlying tite interiors of stars, thle study of stellar anld
planetary atmtospheres constittites a field of probletts ilt Celestial Mechaitics.

Classically or historically tlte pritncipal ptroblenm i Celestial Mechanics
as stich has beein the problem of dlealiing w~ith thle motions of thle platnets, and
this problemt goes all the way hack to attenit mythology and astrology.
People had various Systemts ilt whicht they tried to reconstrtuct what the
niatture of the uttiversec was iitofar as thle mtotions of the planets around the
stilt are cotteerned

Aniother aspect of Celestial Mechatnics very closely related to the motionts
of the( platiets is the mtotions of tlte comtets, atnd if the( occasion arises I tIse
t116 ias atl examiple of howe practical astrontonmy is because it is literally trtte
t(tat itt anciettt timies people almost became itisati iii their cotndtict jtist at
the appearattee of a comet. After it becatme kntownt wh~at the tnatture of tlte
orbtits of coitets really is, tltis N% hole foolishntess was dispelled. him a Itiattuer
of spliig. thteit, there are certaitn practical aspects to astroitontyv attd to
Celestial Mcltattcs.

Atn,'lber clossely allied field is the stubject of tile mnotioins of the satellites
aroutnd thle Itlaliets 'AinI, of cottese, in- astronomyt thle outstantdiitg System of
Satellites aroutid thle Itlattets is, tte System arotutd thle plattet Jupiter.

IThe necxt Itlatit htavinig a large niuttber of ttootts atid liavitig atn etntirely
dlifferettt set of eirctttistuties associated with thle mtoons is tlte Itlattet Satrn.
Otur own mooin arotttd the R arth offer mtany ptroblemts enttirely differemnt
from the ttoonsi of other lplattets.

Fimnally, wee come to the artificial satellites of tile last four or five itils,
wlti-Ii is, I assutme, tile subject ilt which )ott mtost interested atnd the oite
MlIcMI I shiall dweell tltx~i thle longest.

Now let ilte go letek to tie historical probulem of the tmotiotns of tile
platiets amid describpe to yout, if youi are nt already famtiliar witht it, a lprolb-
Icem ill Celestial Meebanics whlich was Solved tuatme ceturies aIgo by Kepler
biefore there were anty telescopes-before opttics had ever brett developed to
Such a State atnd before there weas anmythitng except geometry for itatctitatics

The EaIrth goes arotund the sti, swhich Kepler beclievcd'to be some kinid

Butt otte is nout able to tell went Mars routes to 20th attd Chtestntut or to
tite Stoplight at l8th Street anth Market or any other place itt ithe sky.

of aterycrua 
rit n u l iesk n alsetepac 

as
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There is no intersection, no crossroad, no way of marking a point there for
tile 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 tile planet Mars was on the opposite
side of the Earth from the sun, as shown in Fig. I at Ex and IM, then at a
later date they would be at E2 and M2, and the relative rate at which the
Earth overtakes Mars is represented by the angle HSM,. The rate of the
Earth's motion is shown by EiSE; and tile rate of Mars' motion is shovn
byMeSM,. Thus:

ELSEt = 'IlS + - '1SE, or +

where E = 1 year, S = the observed period of Mars front opposition to op-
position, and P is the actual period of Mars in its orbit, which cannot be
directly observed. Since S 2.135 years,

P 1.881 years.

CE

Kepler took observations, one of which was made at sone 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 Et. lie simply chose his observations,
paired them in such a way that they catte at this interval of time apart; autd
then of necessity Mars was at tile saite place, .1, in its own orbit even if
Kepler didn't know exactly where this place was in space. Then, yoit see,
if Mars is in the direction H.,! at one time anth E.,J at the second titte, they
intersect at 11 and lie has been able to locate tie position of Mars in space
only by assuming the explanation given above for finding .

Let me p int out one other thing. This is one pair of observations.
Let ts choose another pair of observations at 33, E,, and M, again sepa-
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rated by this period. Always the Earth goes around 1.88 thies and in this
way Kepler created a number of points onl thle orbit of Mars Bly plotting
these points (as many as hie could get by combining the observations that
were at his disposal) lie discovered that thle path in) space wich Mars fol-
lowvs in going around thle sunl was not a circle as the Greeks wvould have in-
sisted it must befor the sake of hiationy and purity and beauty, and so on1,
but it was actually anl ellipse.

There is an important point here to bear in mind: if, under the Sallie
circumnstanices, Kepler had successfully been studying the planet Venuis, it
just so happens that the orbit of Venius is almost exactly circular and lie

Fie;.2.

wvould have coime to tile coitcliision that tile Greeks were right. Butl it just
So hiappeits that lic studied the plantet Mars where the deviation froit the
circle is nearly 10 11cr ceit, nd witl ie mtethiods that lie used it was pos-
sibile to dliscertn this very distinctly, atnd so lie demtonstrated that the orbit
of 'Mars is not a circle. Futrthier thtan that, using the geomtetry at his dhis-
posal lie was able to establish that its path is at ellipse, with the stitl at tile
focus of the ellipse. Furthermore, htavitig this Clite to thie whole process
atnd applyitng it to tie other platiets, lie discoveredh that the period of atty
phatiet is proportionial to the 3/2 powuer of the distanice of that platuet frott
the suil, wh.t, "nucatus if yott arc goinig to countt periods in years andh if you
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-are going to count thle distance fronm tile Still to thle Ea-rth as thle utnit of
distance, then (lhe period of the Earth is on year because A"' is I ,but if
you have an% orbit \s hicli is four timtes as great as the Earth. thenl thle period
will be eight times as long as a year.

You call extend Kepler's third law to any object which is revolving freely
around the central body. You call also extendl this law to the period of a
satellite gointg aroutnd thle Earth as comupared to the period of thle moonl
wvhicht goes aroutd tile Earth. Tite period of the mnoon is 27.3 days-the
period l hvtich it takes thle ttoon to go Once around inl its orbtt throught
360 degrees. Thte length of tite ttontth is 29.53 days. but titat is becatuse
that is a little bit lotnger thatt ontce around for thle tmoon.

Ott thtis basis )ott will find titat if you want the pieriodl of the artificial
satellite to be one day or 24 hours, tteit taking ittto account the (distattce of
tite ttoott itt mtiles, if yott wish. or whlatever untits yott care to ttse. tite dis-
tattee of this satellite wvotld thent be sottethtittg like 26,000 mtiles. This satte
law Catl be applied.

Kepler discovered three laws and this is one of thle fitrst trittmtphts itt
Celestial Mcchiatics becattse these laws are rcasotuably' close to the trttth.
lIe discovered titat tile orbit of a lulatiet arotuth the stttt is att ellipse. lihe

discovered tltat the radius vector sweeps over qttal areas itt equal ittervak
of tittle, Itt Othter words. whtett thle plattet is ClO,(e to thte Stttl it tukoves tmore
rapiudly alottg its Orbtit. alnd whett it is far ay ~ it itoses tmore slowly.

Tii lie discovered this thtirdl law. that the pet -!, are hirohiortiotta to
tile 3/2 powver of the tteatt distanice.

M, uTiiVS MORtK ONx MOItTON A(ND (OtMiITY

All of Kepcller's work 'uas dotne before Newvtotts tite. Newtont. of
cottrse, is recogttied as having mtatde the Outtstatndintg conttribtutiott itt htistory
to tite fieltd of Celestial Mechtanics. atdith at Newtott ditl was to putt all oif
the ittforttatint iftih weas alreatdy itt Kepler's hows ittto tile fortm of cal-
cultus. N'ewton itivoited the Calctuhts tiuder tlte stittutltus of thle chtallettge
of the \cry probilett which I htave described to \ott whtich was solved itt a
descriptive sort of way, ttt agreeittt withi the knowti observations, Thtis
is the begititg of tite ntathiettatical attack uipotn Celestial Mcehtattics ati
is ettbodied itt Newtott's law of gravitatioti atII( N'ewtott's three lawes of mto-
tiotn which lie fortmutlated as axiotis. If yout adopt these as beittg trite, thtetn
the otlie tiitgs that you deduce catt lie derived tiathtetmatically ill sequitete.

There are tmanty prointentt tmathietmaticiatns who haime sorled ini tile field
of Celestial Mechtantics sitice thle tittle of Newtoti, such as h'oittcar , all tryinig
to Ilse the best athlemiatical attalysis andth igetuity wehichi they cotuld ~rihtg
to bear to pu inito oipe'ratiott thle laws wehich Newtoni haul set forth iii order
that they mtay lie used to portray by a mtatetmatical mtodel as acettratwly as
poissible the actal state of affairs itt thle solar systemt.

I ucalt to emiphtasize that thle law of gravitationi ettabiles tts to pirovidle a
mtathecmtatical mtodel which wee huope to brinig as closely as possible ini cotn-
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formiity withi tile actual State Of affairs, and the actual state of affairs is not
governed by the law 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, inl passing I may say that it was the astronomers who dis-
covered that fart it, advance of Einstein's theory. It was inpossible, by
using the nmatheniauical model that results fronm the law of gravitation to
describe the motion of the perihielion of-'Mercury. This swas known to thle
astronomers about three quiarters of a century before Minstein's theory was
first pironiounlced. I anm not sure that Einstein knew about this atnd it
doesnt make much difference, because lie was a theoretical physicist and lie
had aitl approach to reality which was niot the door the astronomers used.

Whiat tile astronomters tried to do. lacking Einstein's insight and perhaps
his niathemuatical ability. was to expterimnitt with the assunmption that the
law of gravity should be I over the distance not sqtuared, butl they wvere
going to putt about six or seven zeros and a oiie behind the decimal poitt
(2.0000001) and see if that would work, hopitig that it ssoild serve thle
purpose for Mercury and tnot have muichi of att itnfluence for Jupiter and the
rest of the pilaniets, It turned out that that svasnt so and it dlidtn't work.
butl this seas anl experimenct ill Celestial Meehtitlics. itt about 1880.

mmLF..m,sv, 1101o, OX CXTnSt~

Another imtportant persont itt liistor) is Edillitd I lalley. a colitteniporary
of Ncewtoit. li Icwas a genius and if lie had tnot lueci oittshone by Ncwtoit

* lie would haime beein one of the miost rcemarkale characters inl history. lieI
was the one who first piropoundedcu the ideca of havinig actuarial tabiles for
inisurancre. lie was the first to prove defintitely that the stars ace moinig,
that they are not all statintg still; anil, an tigolier thinigs. followinig ill thle
head that 'Newtoni had poinited wcith his lass of gravity, I lalley storked oit
the orbits (if twceity-four comets whlicht haul prev'iously beeni ob~sersedil h ithe
history oif astronomity. I le says. ili his ownt weords, that "by a prnsigioiis
aitoutit of labor"' lie arrivesd at these sohiutins. At the presettt tittle it swould
take less thtan a miuite, a fewe nilli-seconds masybe nit a htiglt-psered cec-
troii comuter, to dto wehat I lalley diid by, itt his (ownt wordhs. "a prodigious
amtinit of labor."

IHalley weas abile to ptrove that the tiotioub of the comects wvere iii atccorid.
if youl take a1 sumficiclittly geticral view, swith lKcpler's prnucmn about
the orbits of the plantets beinig elliluses. 'IThe orbtits otf the comtets, accorditig
to I lalley. \% erc liarabolas; atid lie dliscovered onie comect whlicht scceticd to be
ott the samte parabola at itervals of ,evenuty-fhse years, Ile saidl 'lhis is
lnot really a lltrabola. We cain't see tile whoule of it weell emnught fromt were
wee are. It iii a \cry clotugated ellipise.

I wrill give you some ideca hows chimigated it is. U ste imtaginec the dis-
tatice fromt the E arth to the stilt to be represenited bty I iie. so that tile Eartht
goes aroundulte stitl nit a circle oif 2 itichies inl iimiter, thuie IHalley's comiet
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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 tise 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 cause along tis track at intervals of
seventy-six years, Halley said that this comset 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 Englishman." I amn sorry that lse 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 law 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 conic 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 certaiu 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. For example, if a meteor from outer space
were to come past the earth and the sun, come by the solar systet, it would
be on a hyperbolic orbit. We do have examples of all of these cases.

NATURAL SATELL ,TS.

Now let us turn to the Juliter 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
knownt that the planet Jupiter has twelve satellites which have been observed
frbin the Earth.

Four of these satellites were discovered by Galileo-three of themti the
night that lie first looked at the planet in his first telescope. There are
actually four of theti that are easy to see. Most of you have probably seen
themt in the telescope already. They constitute a rather rapidly moving
group. The period of the iltermost one is li days; the period of the
outermost of these four is 16 days, which is about half of a mouth of our
moon. They lie practically il the plane of Jupiter's equator and they go
aroud practically in circular orbits.

There is one little odd ball in the collection 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 hour$. In this sense it is very similar to the arti-
ficial satellites except that it is practically in tle platte of the eqtator whereas
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our artificial satellites are highly itiined. at least tile ones we have had up
to-ilow.,

The necxt satellite discoveries-tle sixtht anld seventti-tltat wse mtade
for tile planet Jupiter camle in rather raptid succession itt 1904 and 1905.
Ultimtately in 1938 anotiher (tile tentht) satellite wxas discovered, whtich is
like tile sixth and seventh. in that thtese are onl orbits titat are very large
conmpared to tile first fouir. Titey take abont 260 days to go around tile
piattet Julpiter once. Titey are about seveit millionl tmiles frot tile planlet
and( they are all tilted tip at aboutt 30 degrees. Tlucy itmtmedliately presentted
a probleit, tnamtely, to be able to represent tlte itotioni of these plaitets whicit
ill, 1904 attd 1905 was fairly diffictilt mtainly because of tite rathter large
inclitatiotn of 30 degrees witicit tlteir orbits were tilted to tite equator of
Jttpiter.

lit 1908 tite eigiti satellite of Jupiter was discovered antd sincre titat titte
titere htave beett tltree oter ottes like it-tte ntinth, tite cleveitb andt tite
twelftht. These are ott orbits whicit are about twice as big as the group
comlprisiing tite sixtht, seventh and tenth. Thtey are abotit fifteeti imillion
itiles fromt tite stirface of Jttpiter, but titey ire exceedingly eccenitric.

lIt tile extremte case tite dlistaince of tite satellite fromt tite centter of its
orbit to the focus where Jupiter is, is fotir-teitis of tite total radius of tile
orbit. This is sit exceedingly high eccenutricity of 0.4. Thtere are now
fotur of titese satellites thtat htave beent discomered, and( the othter otttstanitlig
thing abotit them is that titey all go arotiud backwards, in tite seitse titat is
called retrograde miotioni which is contrary to tite revolution of tile ulatuets
arotuntd te stitl aitd the revoltutiotn of tite other satellites arotttd tite planuets.
Titey presenit anl exceedingly difficult problem which still htasnt't beeni solved
with aity htight degree of satisfactioni aind wich we are plattiing to wvork Ott
ait tlte Ciitcinntati Observatory if wee ever get aity timte off fromt tite Sptttitiks
and otiter artificial satellites

1 mtighit gi~e you this sidelighit. Abotit three or fotir years ago we
uindertook to inivestigate tite itith satellite of Jupiter, which is tile itewest
itemtber of tite itermiediate group. Frainkly, tite reasotn was that we itad
set olit to investigate the artificial satellite aitd imethtods by which its orbit
shtotild be worked ot. Not knowinig what the sectirity requtireitetnts of
tlte artificial satellite would lie-tte tenith satellite of Jiupiter had already
beent diseotered by astr~onmers before tlie security officers dliscovered it-
we were goinig to use tite teth satellite of Jitpiter as a kiitt of security blindl
if it was ilecessary.

Without trying to be facetious, the mlethodi which ite were briitgiitg to
bear ott tile tenth satellite of Jtipiter, whlich has tis large incliiation aitd
whtich has resisted a solution to tite probletm in prior years, is exactly tite
samte ttetliod that we wish to bring to bear uiponi the artificial satellites, be-
cause while tite Vatngtiard satellites are being fired at an aitgie of abotit 35
degrees ittclintation, the Rtussiain satellites were tilted at 65 (degrees antd titere
is interest ini satellites wehicht will go over tite Pole. So, we \valut(] to htave
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methods which weould be su~ffiCiently general and suifficienltly p~oserful that
we could dto a good job inl both cases; andl it turned out that this is NOWha

Onle p)oint I wouild like to get across is that inl ttiS sihoIe approach to
space problems it is nccessaty to recognize that these things are outside of
your nortmal expeietice. 'file tmain thing which goes onl inl your normal
experience as far as niecliical things8 are coucet ied, is friction; and out
inl emtpty space, there is no frctioii.

Out where the artificial satellites are thtere still is frictiotn atnt thtat is one
of the puirposes of the satellite experiment-to deterinte the denisity of the
atmosphere. Bitt the things I have beent tellitt you about whtich are as-
trotnomical are otutside the rantge of any atitosphere. There is no resistatnce,
and therefore the wltole itortial mtode of experience is differenit front anty-
ttimig'voti are aectistoitted to or are fatiiliar w'ttli.

I us td like to give you, therefore, seone kind of picture whitch will ell-
ale you to thtiitk inl teemns of emtpty space attd to utndterstatnd wh tlti:ugs
are az they are otat there.

S.'EO S1 *l0'T NMTLIY lljr

Stapst: hatwe hve ere ma,vboyMilFb.3whc l al

Sfuposie th"at we he Shere a atifal husttiit Fig. o Vi. cTis isu ct

liositieti vector of tlme saelie MiS, which simpihly says whlere flhe satellite
is inl Spuam
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SS' is intended to represent the velocity vector which the little particle
ait this point has whlen it is at this position. Sx, so that if there were 1no at-
traction to the center, if only the law of inertia were operating, thle particle
woixld move out along this velocity Nector. SxS, lBnt if .1 is thle center
of the Earth, then in addition to tile velocity along this velocity vector there
will he a certain amoonit of fall of ex~actly the same k.ind that takes lace
whlen I let go of this piece of chalk,

As soon as I let go, the attraction of the center of the Earth draws thle
chalk down. Until I let go it is not tie hypothetical piarticle we are talking
about and so far as we are coiicerned sitting here in this i oom this piece of
chalk bas nto velocity vector. The \elocity vector shtraiik to zero If we
xi ere to get out itt emlpty space and watcht the rotationi of the Earth, then
the chialk has a velocity of itearly a thousand miles ati hour. We are all1 a
great deal farther away fromt where Nse were when I started, except we
doii't realize it,

lIn thle sitall interval of lttne thalt Si would move froit S, to S' it would
also drolp an aiiotmt S'S, and these to things are goiiig Onl simtiltatieotisly.
so as it beginis to ittoe out along the velocity vector it also drop., down a
little hit; and as it moves out a little lit farther it drops dowit a little hit more.

T[le pon is that itistead of the piarticle witidiiig til at S'. it has xx onnd
oit t S as a result of a comiiatioit of thle law, of iniertia atid thle aiotinlt of
gravitationial pull that it had, Now, front the way I have draN it the figuire,
if the attraction ii xrc jtust inistanttaneotisly cut off at S' thenl thle paicele
would cotinue out alotig the velocity vector ST according to the law of
inertia. Bunt if the attraction is tnot imiisaitaneonslv cut off, %ithat iapieiis?
T[le attractiont i, toward the centter. as before: thie velocity is niowi ST inistead
of S, V', anid tile whole pirocess ittay he repecated.

I doii't tell yolu from t0ti diagram x lietlier tile 'Arc is a hyperhola, a
parabiola or ant clilise, hut it is a coniic sectiotn if on do it accordinug to the:
law of gravity.

0101ttTS OFI AUttn I. rtru,,.llLITI;,

Nowc I it goitig to drawe another figttre (Fig, 4) unider the samte set
ouf rules. but I ant gointg to start out with the velocity ecctor SiS' tnot bueing
quite so boug, lit other wvord.,. we are comisiueritig now a secondi case inl
whirl' -lie piarticle did not have a, muttch velocity tol start wcith as it didl in tile
first instance. Th'le attractioni is still the samte. so the amlotmt thlat it is
goitig to fall front S' to S is still the same anid the curve is goitng to be
steeper Th'is little the distatnce traxelleil ini the same length of ltme is less,
tnatmely StS, Also the restultinig velocity vector ST is shorter.

Wh'len (lots this cturve heconte a circle? Yeu have to have a very
delicate halance hetieen the amount of attraction, S towardlttle celitter of
the Earth (if wce wanit to contimie to talk ahouit artificial satellites). wchich
dlepenids oin htow far away it is fromt tile center of thle Harth, antil e \Clucity,
St5' which you have, such that the combiniationt of the two of themt is exactly
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an arc of a circle from Si to S. If this delicate balance has been achieved
and S5S is an arc of a circle, then when the process is repeated, beginning
again at S, it will continue to be an are of a circle.

This is the situation which one always faces at the launching of an)
artificial satellite. At the position which the missile has when the last
propellant is burned out, what is the length (and direction) of the velocity
vector? Is it too short, as iii Fig. 4? Is it exactly right for a circle? Or
is it too long?

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

SI

T

M

Ftc. 4.

the diagram, and back up again to St. MS% 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 1to attempt to balance the velocity. They
just shot for all they were worth, and that is what comes of it-such at
eccenitric orbit.

As a first crude approximtation, tie orbit of an artificial satellite is ait
ellipse around tie center. It is a crude approximation irimarily because
the whole attraction of the Earth cannot be considered to be the attraction at
a point. If the entire Earth were composed of material exactly synuitri-
cally located wvith respect to the center of tie Earth. then the entire Earth
could be considered to be the sante 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 loug as there is no friction, that is, so long as the orbit were
so big that it would be above the friction of the Earth's atmosphere.



CELESTIAL MECHANICS 83

However, that isn't thle state of affairs becautse the E~arth is turning oil
its axis and a point onl the equator goes at the rate of a thousand miles an
hour as the Earth turns on its axis, This is one thing that people are
comlpletely tunaccustomed to visualizing because you have spent your whole
life on this rotating Earth; you arc used to it and you don't feel it, but it is
going on., The Earth is Itot spherical. It bulges out at the equator such
that the dliamneter is 27 utileegreater than it is at the Poles. Tilis mneatns
that the mlass of material is not uniformly distrihuted, atnd this raises one
of the two principal problemts in connection with the artificial satellite.

PERTURBIATION
Oblaten'ees

If yott allow tie to drawv alt imuagintary axis thtrotugh tle Earth attd if
you allow nte to take out frotm the Earth all of the mnass which is symi-
mletrically distributed and contcetttrate it at the center, thett what we have
left is a kind of doughtttt-sltaped representation of excess mass around the
equator, known as the "equlatorial bulge" or eqluatorial p~rotuberantce. This
tmaterial produlces whtat in Celestial 'Mechtattics we call p~ertutrbations upon
thle sintple elliptic orbit. If anty simtple elliptic orbit N% ere iluttp ill tlte form
of an artificial satellite, it "ould remnaint fixed bilt because of this excess
mtass it is tltable to remtain fixeed because it is sttbjected ttot ontly to thle

attraction whticht is at tile focus of the ellipse. but also to this additiotnal
attractiont, whicht produces the oblateness pertttrbatiott.

rThose of yout who are intterested in mtathtemtatics attd who kntow somte-
thtitng about it Wottld write

P2: is the second Legemlre polynomtial. V is anl expanlsiont for the
Earth's potenttial ill sphterical hlarmnonics. Thte I is thle ptrincipal term which
would gise yott h/r

2
attractiott for simuple gravity. C1 is of thle order of

mtagttitttde of one ptart over 300, or 1/297 to be mlore exact. Thy remlain-
intg termt is represetntedl as the equlivalenlt of this equ~atorial protttberantce
or tlte mtass whlich catuses the mtotion of the orbit plattes. If thtis exptressiont
were putt equtal to zero, %%e wVould have a simple case, but itt practice this
doestt't stop htere. There cottld be a luts, and so oin. atd yott catt htave the
fourth spherical hlarmtontic and go as far as youtr observationls will give
yot atty ittfortmatiot.

Now several thtitngs htappen as a resttlt of the oblatettess. Itt Fig. .5 we
htave shtown otte octantt of thle rotatintg Eartht attd tle initial position of the
satellite orbit in space. The closest app~roach to tlte centter of the Earth is
asstuted to be at P. TIhe intersectiott of tlte orbit plane witht tle eqtuatorial
ptlane is called tlte node, Al. This pointt movesc westward so lonlg as the
intclittation of tlte orbit is less than 90'. fin thc-,ise of Explorer I thle tode
moves at the rate of abottt 41/" p dlay. S imilarly, tile perigee, 11, moves
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forward in the orbit planie so lonig as the inclination is less than 631/4',
Agaiin, for Explorer I this isf going o,-t at the rate of 61/4' per day. At this
rate in two weeks' tinte tlte perigee moves thtrough 9 0 '.

1 want to point O'tit 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, tlte control systeit in American satellites is to spin tile rockets
so that if they fire off to one side, if there is an uneven balaiiceiit tlte firinig
chtamtber. this gets rotated sufficiently rapidly that it averages ottt and edoesnt't
do any serious harmt.

T[le rockets are rather rapidly rotated or rifled, as they are shot otut.
There are no flis, for the assembly is rotating so rapidly that fits wouldn't
serve their usual purpose. As the rocket asseiibly goes arotid, the di.
rectioti in whlichi the mtissile itself-the satellite instrumentationt anld the

emiphty rocket ehuiber-points remtains parallel to itself as it goes arotuid.
It is highly rifledl andh goes ouit to whlier6 there is practically ito atmiosphlere
aind no resistance; theni it conies baik aind bullets its way thtrotugh thie dense
atnmosphecre wshten it gets tdown closest to the earth, about -220 muiles above
thie surface of tie earth.

In two weeks' time the orbit turns through 90', as a consequtence of
this perturbation. When the satellite goes throtigh the lowest atmuosphiere,
it is goiiig thirotugh broadhside andI so it piroduices or presents a miaximumti
[)roadside fare toward the resistance of the atmtoshere.

I have given you the twro exutetites-eheti it bullets throuigh aitd weheni
it goes through broadside. In ther meatiini the oirbit has breet slowly
turniiig; this broadhside effect has gradually been settinug ini andh so the renter
of gravity in the vehicle is foi ward (because the hack par is now thle empty
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rocket shell wshere the fuel was) and as it hits the low atniosphere broadside
it would tetnd to be ttumbled btackwardl. This low density x oliume at thle
hack would act as a fin. But because it is highly rifled it ;s niot going to
tumble this way itt response to that broadside hit, but it is going to precess.
So that the Explorer satellite has the mtost god-awful wobble you canl pos-
sibly imagine I

Yott may well laughi, bitt to tts this is a very serious btusiness because
it prevents uts front making reliable p~redictionts abouit the mtotion of thle
satellite, as we try to project it several weeks inito the ftutre, simtply because
it is impossible to observe what is goin~g onl. The satellite is ontly seven
feet long-too small to see-and you have iso way of kntowing what it is
doiing. You can't tell what the average broadside is that it presetits. so
you have no wvay of predictinig what the dlrag is goitng to he.

Drag

I have tried to show you descriptively that perturbation atiutzts to a
regressiotn of the node. It also aitoixtoiu at audvatice of the perigee, as
thle poinit closest to the centter of tile Earth is called, There is a force exerted
ott the vehicle iii addition to the force of gravity. It is the force which is
knowis as drag. atmtosphieric drag. anid it is providling a resistauce to thle
forward tiotioti of the satellite.

This resistance has less effect whtetn k. ittass is high, as it wcas inl the
Rttssiai satellites. It also has less effect if the cross-sectional area is smtall.
Bitt the reasont that the Vigitarul satellite is spherical is that ito mtatter how
it would ttumbtle atnd twist atid titrnt or be rifled, if it is a sphere it mtust
piresenit the samte cross-sectiontal area,

I emiphasize this poitit ntot becautse I ait associated] with thle Vanigutard
projct~. lThe mtaini problemt for which these satellites were ititetndedl to pro-

v'ide iniforttatiott is the density of the high atmtosphiere atnd with such a
pectiliarly-sliaped object as the Hlxplorcr satellite, you are just at a louss to
obutaintile itiforutatioti. Thbis is really the reasotn whly the Vangutard satel-
lite was idesignted to be spherical, aid dlespite all the difficuties enunstteresd
ill putting it tip I hope that there wcill ntot be so mtitch public acclaimi for the
success of putting ill) anty object at all, that we shall uiltimiately lose sight of
tile beniefit of the spherical satellite which will always liresetit tile samte cross-
scctioti to the atmosphere anid, therefore, it will not tumbtle aind it will per-
"lit its to determtinte somtethinig about the denisity of the atmtosphlere. I
dhotut very uich whether itnfornmationt about the atmosphiere wtill be deter-
inted uitiess we do get a sherical satellite,

I wattt to dhescribe otte otlier thinig to you iii sort of a ptictorial way.
Suppose we comte back to the state of affairs where the satellite is htuchedu
so that it goes out inl ait orbit which is very high ott the south side, with a
perigee of 220 iles aitulsi apogee of 1600 mtiles. The first ime aroutud
the satellite hiss wchatever velocity the rockets were able to imtphart, atnd ti'at
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is 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 is take
sonic 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
tile velocity vector so that the second time around tile velocity vector is a
little bit shorter than it was. As a result, the orbit will not be any closer
to the earth at the perigee, but if it loses some of its velocity (the attraction
to the center will be the same as it was because the distance is the same) it
will come oii 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 little more Nelocity away from the satellite. The orbit, therefore,
keeps getting smaller and smaller.

When the total diameter of tile orbit is smaller, (half of the total diamn-
eter is the quantity A which controls the period, according to Kepler's third
law), so that from revolution to revolution, as the A 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, it ap-
pears that the period is getting shorter by, roughly, 0.005 minutes per day.
This shortening of the orbit and the consequent shorteiing of the period are
due to atmospheric drag.

Firthermore, the distance frot the perigee (tile place closest to the
Eath) to the center of the Earth is changed very little but the distance front
the apogee (the far side of the orbit) to the center of the Earth is gettiig
smaller all the time, so that the eccentricity is also getting smaller. That is,
the orbit is getting more and more circular.

Ultimately, tie apogee comes down such a.eamount that it is also in the
atmosphere of the Earth, and the satellite object inets with the same re-
sistance as at the perigee, By that time the orbit is practically a circle--
and there is no sich 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 -elocity 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 ott the far side than it is ott 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 tile velocity
is beiig slowed tip at every point in the orbit and tie orbit is spiraling in-
ward. If any of you are on tie Moonwatch teaiis you know that this hap-

I ___
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pened after the time that Sputnik I got down to a period of about 90 min-
utes; then-practically all of the orbit was in tile reasonably dense part of the
atmosphere, the resistance was going on continually -'nd shortly the satel-
lite came-down, nobody-h!ows where, It was no longer to be seen because
the resistance reduced the velocity sogreatly that tile satellite just dropped.

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

equation: V2 - 2-I. 1 is the magnitude of the velocity vector, r is the
r a

distance from tile center of the Earth, and a is the semi-major axis of tile
ellipse, 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 yost have a very special velocity (and what
that velocity bas to be depends upon tile mass of the central body and tile
distance that you are away), such that you woull get a circular orbit, then
P

1
= h/a. In other words. r is equal to a 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
to I/r, which is tile satte thing in this case.

If you have less than this velocity, anl if tile two %ectors are at right
angles to each other, then you are at tIle 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 tile two vectors are lot at right angles it is a little more
complicated and beyond the scope of this lecture.

iEXtliODS OF TRACKING ARTIFICIAt, SATEITFS

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 estimate what the position of the satellite is so that you can com-
pute ,he attraction; and )ou also estimate wrhat the velocity is so that you
can compute the drag and in this way you can estimate what the position
would be at the end of the next interval of time.

Iii our case, with the programs that %e hae preparcd for the satellite
computations, we do this at intervals of one minute and we perform %vhat
is known as numerical integrations. We cati do it in several ways. One of
them is directly ott the position vector.

There is a more general way of dealing with this problem of the oblate-
Hess (but not of the drag), and that is to express what those of yoit w\lho are
matheniaticians will recognize as Fourier series; and we have a scheme
whereby we cantcomputo, what these periodic series should be as they apply
to the satellite. The principal period. of course, is the periodl in which the
satellite'loes aroitd its orbit. Thie second harmotic would be a term
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whicht goes through a complete cycle in just half of a revolutiont of the satel-
lite. These are the most sizeable; these are the largest terms of the per-
tttrbatiott because the itatbt that the satellite experietnces above tile 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 htarontic ternis
rather imuportant itt thtis Fourier series expression,

These arc whtat are knosvtt as the general perturbations becautse they are
not restricted to atny ittterval of timse. Yout canl sitmply specify a titme and
startig frott thtere for tltat sintgle timte alott yott canl comtpttte tlte position
of tile satellite at anty titte itt thle ftttre, tusing tile rtttterical integration
mtethtod. I-or ttse ott the electronic compu~tter, tltis is also a very powerfttl
mtethtod.

I wattt to metttiott otne othter thtintg along these samte lintes attd it is still a
reasottably ttnsolved ptroblent. The mtethod by whlicht it canl be (lonte Itas
beetn poittted otut muore thtatt a cetttry ago by a mtathtettaticiant antd astrono-
mter namsed Delaussay. Thtis is att evetn mtore powerftsl approachs itt wlticl
yotu sols e tlte orbit Ottce antd for all, attd whet yost get fintished yott will htave
elaborate formttlae int which tlte qttatntity A appears, tlte quatttity E (tle
eccetntricity) appears, tlxe qutantity I (tile itclinatiott) aptpears, and yott
-simtply sttbstitttte tlse valttes for whiateser partictular orbit yost htave.

Tltere are little techtnical ditftittlties itt tlte nttuterical inttegratiott mthlod,
sttcht as gettintg smtall divisors went yott itttegrate, \%Iticlt presentt tdiffictulties
for tltis methtod itt spca cases. Tltose tlifl'cttlties ace osercotte itt Waelat-
nay's method, antd its tle case of Jupliter 6, as I mutiotted to yott before,
it was pointted ottt tltat the mtethods were intadeqtuate becausse of (ite large
ittcl:1tatiott.

We are now back to thtat satte point. Bccautse of tlte htight inclintation
satellites, Nse are ptresettted witlt tlte problett of developing lDelatttay's
mtethtod in sucht a wcay tltat it is nsot restricted by tte htight ittclittation. 'This
cals be (lotte. It is jutst a psiece of work thtat btas to be (dotte. It ltasttt beets
dotte yet.

Tlsere are several othter ptrobletts itt Celestial yleclsatics. Otte of tile
mtost chtallentgittg is to try to express tlte msotiotns of tlte tmajor ptlantets. Itar.
ticsslarly Juspiter antd Saturnt, as thsey go arottttt tlte sttl. for exceedingly
lontg instervals of timte sttch as 100,000 years tor mtore, At (lte prsn timte
nto onte Itas sttcceeded in% doig this. 'lThe oebits whlichs we htave for (lte
msajor ptlantets are good itt termss of a etusry or two or thtree ceturies, bst
ntot for thsousands antt htuntdreds of thtotusantts of years. Here, tltest, is a
chtallentging psroblesm whticht certainly mtutst take off frottitle msethtods whlicht
are knowen ntow.

I hsave triedl to give yott sotme kindt of a pantoramtic array of settte of tlte
sdetails of Celestial Mechsanics at tltis very sstinstie, antd somse of tlte broadl
chtallentgintg ptroblemts thtat face tts for ste ftttre.
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THE EXPLORER
THE EXPLORER STORY AND THE TEMPERATURE CONTROL OF THE SATELLITE PACKAGE

EY

GERHARD HELLER'

This series would not be complete without the story of the U. S.
Satellite, Explorer 1, this country's first "step into space."

The last time I talked on the Army satellite wvas 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
results.

It is needless to say that the Explorer started the space age for tile
United States. We no longer discuss whether N% e should explore space or
whether we shoult 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. We are in the space
age now.

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

Space science is advancing so rapilly 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 see it. First,
we will use ballistic missiles with a high degree of reliability and proven
recovery techniques that have been successfilly applied for several
years, both for instruments and, eventually, 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 enough from these
flights, can we think of establishing a space platform. Proceeding
simultaneously with activities directly associated with manned flights,
there will be many instnnented flights for the purpose of perfecting
I Deputy Dirmtor, Rssarch Projects ifalxsatory. U. S. Army Orduimrv Mim.Nilc Command.

Redstone Arssaal, Ala.
89
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both vehicles and recovery techniques, as well as obtaining measurements
of the space environment. Eventually, the mwill 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 one 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 twe',ty years?"

At this meeting the Explorer 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 propellant 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. It was
planned as a joint undertaking, and was started as such, each branch
having its role in the undertaking. The pioject got under way using a
Redstone as the first stage booster with three tipper stages of solid
propellants,

At the end of 1934, the original booster and tipper 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 1955, 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 imiuediate application, although, as it turned out,
only three stages were needed. Still, the basic work (lone 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. Therefore, the 1956 model, essentially a
three-stage vehicle, wvas actually a test vehicle for the later Jipiter-C
flights with simulatetl nose cones, fired over the full range of the I RBM.

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.'Tbe complete vehicle,
which has a total length of 681, feet, is shown in Fig. 1. The Redstone

JUPITER -C (EXPLORER 'D

tieXC, I.

booster, with a diameter of 5 feet 10 inches, has been elongated to
providLe additional tank space for both oxygen and fuel. In this case the
fuel used was a hlgh perfornance propellant called Hydine that increased
the specific impulse considerably.

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

At the forward end of the instrument compartuent is the rotational
launcher which is spun tip by two electric motors located insile 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 single
Sergeant located above the tub) is topped by the 1812-pound payload.
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The fourth stage, 80 inches long and 64 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 initial period is 114.78 minutes, and the inclina-
tion to the equator is 333.

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 2J 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

Fio. 2. Typical asent trajectory (phase 3 orbhal cartier).

the rearward eud 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 950 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 from cut-off to upper stage
ignition is 4 minutes 10 seconds. The upper stages are ignited about
15 seconds before the apes of the booster trajectory is reached by means
of a manually-operated computation device and a command link. It
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;
3. S-band radar data, evaluated by an IBM 704 computation

program, the computation being performed (luring the flight; and
4. Doppler frequencies of Dovap transponder 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 approxiuately 6 seconds for each stage, with an $-second
interval between the ignition of the stages to allow for camplete burn-out
of each stage and for temperature dependency of burning time. The
solid propellant stages are stabilized by spi, 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 capabilites 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-

Fir. 3. Booter of Jupiter-C ready, for loading into'C-124 Globernaster for shipping to the
Misile Test Center, Cape Canaveral. Florida.

mert were being checked out ii 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

i
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Fmn. 4. Instrument comnpartment and boonier being cheeked oat in hangiar nt the

* M-nletel Center, Cape Cinmneral, Floridb.

F ie.. S. A."mbly of inwwn o m prmett I i
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Far, 6. jupiter-C os launching sitc. Frt;. 7. E\ploeer vehicle spin launcher

and Woid propellant upper stages aee mountedl

Fia;. 8Spin launcher andseceond, thies!and Fir. 9. Explorer I on upper platforma of
fourth stages of Explowe I chec~ed out in dly- seeicing tosse, fourth stage ready for
namic Winscing rig. msounting.
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FIM. 10. Jupittr.C MNfiile (Explorer) on launching pad at the Missile Test Center,
Cape canaveral, Florida.

FiG. II. Jupiter-C miqle FIG. 12. Jupiter-C ninude
(Explorer) at take-off (Explorer) on its way.
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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 tatkes off. In Fig. 12 the missile is on its
own heading for space.

During the launching of the satellite I was in the telemeter room
with Dr. E. Stuhlinger. We 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
f-r 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 I,
which consists of the empty fourth stage motor case and the payload
proper. The stainless steel shell is shaped like a cylinder and topped

Fie,. 13. F*plorer I cutiway Fie. 14. Antenna away f, Mkrolock station,
of inotumentation.

It
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by a rounded cone. This shape has been chosen in order to fulfil design
reqiirements 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 piilliwatts); (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) (c) the main measuring device, a Geiger tube for cosmiL
ray counts, located at the rear of the Cosmic Ray and Micrometeorite
package, developed and built by Dr. van Allen of the State Uni-.ezity
of lowa (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 cylinder; (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; (h) an internal temperature gauge located on
the high power transmitter; (i) 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: (k) a Fiberglas ring between
the cone and the cylinder as a dipole gap for the low power transitter;'
and (1) four turnstile antennas consisting of steel wire with a 'teel
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,
00 C., is determined by the efficiency of the mercury batteries, which
decreases rapitly if the temperature drops below this mark. The
upper limit of the temperature is set at +65* C. b the transistors of
the electronic equipment. However, in the evaluation of the tempera-
ture control problem, the tipper and lower limits were not considered
equally important. No permanent damage is incurred if the tempera.
ture drops below the lower limit and then rises aga,i, 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, l)ermanent damage is incurred. The desired temperature
was, therefore, set at about 20* C., with foreseeable deviations not
expected to exceed :25 C. This choice would guarantee functioning
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for an extended tume even if thc deviations exceed .125' C. Thle
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 Satellite
The temperature of a satellite is mainly determined 'by a radiation

equilibrium. In most cases aerodynamic heating is negligible. This
can he shown by Table 1, if the beat flux of the last column is compared
to the solar constant- of. 1200 Kcal/mlh.

TABLF 1.
Density Heat Flu% by Average Heat Flux

(Sissithsonian) Aerod~ynsamic by Aerodynamic
(Q see') Hleating Heating for Orbit

Altitude Kcal/rs'5 with Ecentnelty
Circular orbit e-.13

100 8X10
8s 170,000 17,000

ISO 6XI1-10 1,300 130
200 7.5X10_" 60 16
250 l.8X10"" 39 3.9
300 7 X 10-1 15 1.5
350 3.3 X 10-t 7.1 0.7
400 1.7 X 10-1 3.7 0.4
450 LOX 10-1 2.2 0.2
S00 6X 10-131.2 0.1

For eccentric satellites with a perigee of 250 kmn or highter, tlte hecat-
ing effect of the interaction of the satellite with air mnolectules can be
neglected. The thermal environument is determtinedl by radiations com-
ing fromn the sun antI the Earth. Figure 15 illustrates tlte radiation
hottsehold of the Elarth. The incoming ratdiation fromu tlte still, or solar
constant, is 100per cent. 1However, 36 per cent of this ratdiation leaves
thieatmiosphlere becattse of reflection ani ~scatterinig. This percentage of
the radiation calletd the albedo of tlte planlet Earth, has basically tlte
same spsectral distribtution as the incomintg ratdiation. Since tlte albedo
varies with the clouid cover, lantd antI sea areas, a variation between 24
per cent antI 54 per cent Itas been used for temperature considlerations.
Using tlte average value of tlte albetlo (36 per cent) we fintd tltat 64 l)er
cent of the solar ratdiation Itas been absorbetd by the atmosphere antI
tlte Earth's surface. This energy is re-radliatetl as infrared light, 17
per cent being radiated directly fromt the Earth antI 47 per cent frotm
tlte atmosphtere. Tfhere are slight differences in the spectral distrihu-
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tion of these infrared, radiations clue to lay 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; (c) infrared radiation from Earth; and (d) infrared
radiatoh from the skin of the satellite. We have to place the satellite
within this given environment and operate it for two or three months
without exceeding the temperature limits imposed by the instrumenta-

4?%%

Flo. 15, Rald~ation equ~ihbri'um of Ifth and atmosphere.

tion. Mlaximum temperatures that coul[d ocur in this environment are400 to 450*K. ani minimum temperatures of about 200IK. can be

expected. Thie problem is to find out whether this range eau be
reduced to mneet tihe instruutt'treqnirenienits.

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

First we have to consider the orbital characteristics which can be
expressed 1by the parameters (ind equatorial spherical coordinates) :

i - inclination of orbit to equatorial plane,
e - excentricity of orbit,

R, -= radius of perigee,
co argument of perige2,
0 = right ascension of ascending node, anti

M - mean anomaly froum injection point of satellite to initial
perigee.

TOTAL. i5
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The inclination, i, is determined by the firing azinmth and the
geocentric latitude 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 thehigh speed stages,
errors in booster trajectory and cut-off flight direction, and changes in
final velocity.

It turned out that the variations of i 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
error 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,
to is a constant if the pitch error angle is zero. The influence of varia-
tions of wo has been studied in connection with simultaneous changes of
e and R,. The right ascension I 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 ecliptic antLthe angular distance to the position of the sun within
theecliptic. Changesoffithrough 360°have been studied. Inaddition
to the variation of the initial values of w and 0, it has to be considered
that these angles are time dependent. The change of to, called the
progression of the line of apsides, is 6.410 per day for Explorer I. The
change of (o or the regression of the nodes is -4.27' per day.

The mean anomaly M from injection point of the satellite to the
perigee of the first revolution is proportional to the time difference
between injection point and perigee. For zero error angle in pitch,
11 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: (a) emissivity of satellite skin with respect to solar
light; (b) emissivity of satellite skin with respect to infrared radiation;
(c) heat capacity of skin; (d) heat capacity of instrumentation; (e)
coefficients of heat conduction between skin and instruments; ()
coefficients of radiative heat transfer between skin and instrnuments;
(g) internal heat release of instruments; and (h) shape of satellite.

____ ____ ____ ____ ____ ____
-- -- ri
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The nose cone and cylinder of the satellite are separated by a,
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 (c), (d) and (e) 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 equilibrium can be influenced by the proper selection
of the emuissivities (a) and (b). For example, if a polished aluminum
surface is selected, the average instrument temperature would be 400

FYG. 16. "rime m sulight tof ttllites as a furiction ofday offirng
and hour of firing .Maximum values at date of firing,

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

By using sandblasted steel, the temperatures would be between 280
and 380"K., the exact value depending oin a combination of the other
influencing parameters. Materials not subject to change by environ-

S mental conditions for a period of three months were selected for the out-
side surfaces for Explorer 1. Since rough surfaces were expected to give

S the most constant emissivity value, the selection fell oil a conmbination
of sandblasted stainless steel with a special coating of aluminunm oxide

' called Rokide A, applied in lengthwise strips, .Due to the spin of the
satellite the heat flux to and front the surface is equalized and no
laterl temiperatuiregradienit,(in thieshiell) can dev\elop. rile alnti ln
oxide strips effect a decrease in the average temperatures.

it order to keep the temperature fluctuat'ons of the instruments
i small, the instruments are insulatedl from tile skin, but the great
{ variation in temperature between the time the satellite is in the shadow

K- 1'

IS 055*. AACTR --

ii" . . . . . . .... .
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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 program 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 inportant
effects can be shown if only two parameters are considered at a time.
The parameters 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
firing in an U1-D diagranim. The percentages of time in sunlight are
given as contour lines similar to lines of constant altitude in maps.
The two maxima occur for firing at 11=3 around the summer solstice
and at H=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 andi may reach 100 per cent even if the initial value is
near a minimum. If the computation is extended for an orbiting time
of 60 days with the maxila occurring at any time during this period,
all values increase, the maxima and innima interchange and thelvalues
of Fig. 17 result.

The influence of the eccentricity e is shown in Figs. 18 and 19. In
this case all parameters are kept constant except the hour of firing Ii

/

Fir. 17. Time in sunlight for satellite as a (unction of day aod hour of firing.
Maximum values during fist ixty days of orbiting.

|-4
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FIG'18. I'ic in jjjjjgt (,) ztsu FIG 1%Timein ui~gt.,) tenu

90r(lays. Flo ecceunl iity~ heO ne Fin s9uniht bareolyh ex~tceds

S0 per cent at H1=14 in both graphs. For the high eccentricities,
80 per cent is always exceeded ex'cept for thc hours between 11= 1S and
H1= 3.5 on Fig. 18 and between H = IS and 11 =22 on Fig. 19. The
eccentricity of Explorer I turned out to be 0.1399 which is between the
tipp~er two values of Figs. IS and 19.

InI order to stutly the influence of the elnissivities a antI c ott the
temnperatture, it has been fouind that it is more convenient to use the
ratio of a over eas one paramteter antd a as the other.

h-gtires 20 to 22 illustrate the effects of the ratio a/t with the timec in
sunlight as a paramteter. Trhree typical cases of environmental condi-
tions and of satellite attitttde are shtown here. Figutre 20 shows the

FIe. 20.Tleilkraturc of orhiter ana funoction of ratinod tmiooisities
a/#, anid time irk the sunlight (M'),
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0 no to t o

FIG 21. Temnperature of orbiter as function of ratio of emi~siviit
ot and tinle in the, Suoht (TO,.

Fall. 22. Tenifleraotore of orbiter a, fuinction of ratio of emti.,Aiits
00/o and time ill the sunlight (M..

relatiotns for a set of paramteters that can bC considered to be average.
Twv0 o simultaneous differential equations have to be solved.

A irS~i + AaBSD: + elteES - ,l.aeT,4  P - C,'P, + Q -0
41 7T,- 7'il) + Cov(T,' - Til)

whterein

A', projected area with respect to sun dlirection depending ott tlte
attitude angle (it is dlifferentt ror cone and for cylindler dute to
different geotuctry)

0 a = etmissivity for sunlight
S-= radiative hteat flux frott sun per utnit area andf unit time

(solar constant)
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A=step function (Di2 1 for sunlight, D. =0 for shadow)
A2 = effective 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 plane

D2 = step function Or =I1 for orbit in hemisphere :00' front sun
direction; DI =0 for orbit i0 0 ' fromn opposite of sun direction)

A3 = effective area of satellite with respect to Earth radiation
t=einissity with respect to infrared

E = ratio of infrared heat flux~ radiation fromn Earth to S
A , = total surface area of satellite

a=Boltzmian constant
7T. = skin temperature

C5= heat capacity of skin
'.= rate of temperature change of skin

Cs = heat capacity of instruments
Ti= instrumient temperature

P, = rite of temperature change of instruments
Q = heat release of instrunients
G= heat transfer coefficient by conduction

C, s heat transfer coefficient by radiation.

Figures 20 and 21 are the averages of instrument temperatures T',
obtained by integraltion nf te ab'ove equations. The graphisshow very

ATTTUD MOE YPAYOAD00-9 T S/
0t 66M 31LC / -4062

40 'Zo '0 i~o 600 3

FIe. 24, Attitude antle of the axis of
the payload to thec sun as a foonctioa ef (lay
and time of missile firngo.
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Flo. 25. Instrument tempemruire
(ax age 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 tile cylinder is pointed
directly toward the sun. This is not the case for tile cone, however,
because of its shape, For firing around H = 7 and H - 19, the
attitude angle will be sitall but will never be zero, because it is not
possible to fire directly into tlte direction of the sun or away from the
direction of the sun with tile given conditions of the Explorer I. This is
illustrated by Fig. 23, which shows tle attitude angle of the satellite
axis to tle sun as a function of the hour 1. The smallest attitude angle,
5', is reached at H = 7, whereas the greatest angle for tle rearward sun
position is 150' at 1I = 19. These minimia or maxima attitude angles
change throughout the year as shown on Fig. 24. The shaded areas
are those for which the attitude angle is smaller than 30' or higher thtan
150*, expressed on tle graph also as 930 measured from a line away
from the sun. The upper limits are indicated by two lines which
indicate respectively the situation at the (lay of firing and the situation
during 60 days of orbiting (wider limits).

In order to illustrate the dependency of tle temperature otn tle
area ratio of A , to the maximum value of A 1, it is necessary to plot this
relation for a number of typical cases where numerical values have been
fixed for other parameters. In Fig. 25 the parameters chosen are
explained. The parameterf is tle ratio of the area A, to its nmaximum
value computed at sea level. The curves show three combinations of
tle parameters:

__________________
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1. 100 per cent sunlight 0 = 900

2. 80 per cent sunlight o = 600
3. 67 per cent sunlight 8 = 00

For each of these combinations, two values of a/c have been used.
The angle 0 in this graph is theangle between the sun direction and
orbital plane. Figures 16 through 25, described on the previous pages,
give an illustration 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 nissile 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 tuile 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 during one revolution do not exceed : 5°C.

Figure 26 is a plot of the expected instrument temperature of the

Fii, 26, Exploret r eI ,,lindurinStrunien
tempcratumt. Theortciml curve for second

high powered transmitter, based on the actual orbital characteristics as
evaluated after the launching. The shadow period is indicated by a
shaded area. The graph has been computed for the parameters of the
day of the firing, but is valid for approximately 10 (lays of orbiting.

Results of Ternperalture Measurements from Explorer I
Temperature data have-been evaluated from the Alicrolock trans.

initter signals received by the following stations: Cape Canaveral (C);
Jet Propulsion Lab (J); Earth Quake Valley (E); Temple City (T);
Singapore (S); and Nigeria (N).
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obtained from the Alicrolock Stations at Cape Canaveral, jet Propul-
sion Laboratory and Temple City and from the Mlinitrack Stations at
Antofagasta, Chile, and Quito, Ecuador. Figure 28 is a plot of data
received during the first 137 revolutions of Explorer 1. Temperatures
are plotted versus the relative time of the shadow-sunlight cycle, as in
Fig. 27. The arithmetic mean of the tdata is marked by the heavy
line at 292'K. All points fall between 270 and 310*K. The great
scatter of data can he expected if the possible changes of environmental
conditions and the dependency on a great number of parameters is
considered. Comparison with Fig. 26 shows that the scatter exceeds
the theoretical variation of :L5'.

4 .UNUGW . 40 *

usso

4 4 Je Iop0sn IS- 4 It IIb'

T - Caip~ Cbymra
j - jet Popuso a

Change of
Stain ard Tenixsture.

AleoParameters Symbol Vaue Variation dog.

AleoB 0.44 +0.2 :5
Earth radiation E 0.175 :L0.1 *8s

Solar radiation S 1164- ~ :3.5% :b2.5
Time inl sunlight 7, 0.73 *-0.05 *5s
Projected area to stiln A 0.9 *h0.1 :1:8
Altitude of satellite 11 1300 kml *+100 kil :Fl
1Enaissivity ratio oh 1.4 *0.1 :E
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The discussion of the projected area to the sun AI and the areas A2
and As would not be complete without an analysis of'the direction of
the spin axis. The satellite is spin stabilized and the initial spin axis
can be expected to coincide within 10 with the velocity vector at the
injection point. The satellite may have a small initial tumbling motion
but this would not have an effect on the attitude in space and on the
angle with respect to the sunline. Since the rotation of the satellite
occurs ,.round the minor axis, it is not stable over a long period of time.
Any tumbling motion increases, if energy is dissipated by internal
friction. The spin around the longitudinal axis will finally cease and

340 o50

0) 
13

,W 15

z 7o

o * z5 so 40 s0 60 7o

I (DAIS) .K

FIr.. 29. T"emperature of Explorcr I; noe cone Fie. 30. Payload No. 29,
instrument temiprature, temomture during bsot.

the satellite will spin a'round the lateral a'is. The molentun vector
is not expected to change, because momentun exchange with the stir-
rounding is vcry small for a satellite of higher than 200 Uiles perigee.

This expected increase of the tumbling motion is exactly what
happened with Explorer I. However, it occurred considerably faster
than anticipated. A plausible explanation is the rapid dissipation of
energy by the flexing of the wire antennas of the payload. The tumbling
notion has a randomizing effect on tie attitude angles to sun and
Earth. Explorer I c6ase(l to spin around the longitudinal axis within
the first (lay from launching, and within five dass, the tumbling motion
converted to a "flat spin," the two-diniensional rotation around tile
lateral axis with the highest noment of inertia.

The effect of the mode of spin on the satellite temperature is shown
in Fig. 29 which shows two temperature curves as a function of the (lays
after launching. The temperature for the case of unchanged spin
axis drops off after about 20 days and reaches a minimhum after about
65 (lays. The curve computed for tile flat spin case starts lower than
the first case. It intersects the first curve after about 23 days ald
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rises Steadily to a maximumn at 65 days. Melasuring points of nose
temperature obtained from a great number of different stations have
been plotted in the samre graph. The scatter dluring the 60 days of
orbiting stays about the same with +-20T. around a me' an value. The
trend of the temperature measurements follows first the curve for
unchanged spin, but then changes over to the curve for the flat spin and
follows it for the remainder of timec in which measurements wvere
ob~tained

Design considerations for the payload include requirements for
protection against aerodynamic heating during the boosting phase.
Tfhe steel nose cone with a rounded tip fulfills this requirement. The

204 ~j~~4jT

TMPERATURE VS. TIME
80 - LANCHING OF EXPLORER I-

60 t - -- I I I

so 160 2.40 320 400 480 510 640

TIME INl SECONDS

FIe. 31.

hiighiest temp~lerature occuirsat thiestagnationIiloinit. r[helheat capacity
at this point has been% increased by) increasing the wall thiickniess to
0.125 inches, which means for the small area of the hemispherical tilp
only a smnall weight pienalty. The thickness of the steel Shell a the
rear is 0.015 inches. Tlheoretical temperatures were Obtained for an
anticillated trajectory anti are shown on Fig. 30, Curve I gives the
expetctedl templerature at the stagnation point, the inaxinnum value
being 290TC. Curve 2 gives values for temperatures at the side wall
of the payloatd Shortly downward from the cone frustum. Hfighest
explected temperature at the end of the first stage p~ropulsion is 140TC.
'rhe effect of this skin temperature on the internal instrumentat'on is
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small because the insulation between skin and instruments has a time
constant of about I hour. Initial instrument temperatures measured
at Cape Canaveral immediately after injection into the orbit are about
100C. higher than the average of later measurements, This is due
mainly to the higher temperature in Florida on the ground that existed
prior to the firing. It was 28'C. compared to the average instrument
temperature of 20'C.

Temperature measurements obtained during boosting flight from
the measuring gauge at the tip of the payload are plotted in Fig. 31.
The maximum temperature is somewhat smaller than the theoretical
value, but a comparison of the time shows the peak is later. The
difference in time is considerable if counted in seconds, but is small if
counted in hours, which is the time unit used for satellite orbits. 'rhe
time constant of the measuring gauge was small compared to tempera-
ture gradients during orbiting flight, but not sufficient for the boosting
phase. Considering this effect, the agreement of the tempertre
during boosting with the expected value is sufficient to confirm the
fact that the method applied for heat protection has been successful.



ERROR ANALYSIS OF SINGLE AND TWO-FORCE FIELD
SPACECRAFT ORBITS

BY

KRAFFT A. EHRICKEX

I. INTRODUCTION

A spacecraft is defined here as a controlled celestial body with the
purpose 6f carrying a payload along a predetermined Keplerian orbit.
Basically, one can distinguish between closed orbits and open orbits or
transfer orbits. A closed orbit is generally a terminal orbit, that is,
either a depalture orbit, or a target orbit. Closed orbits are possible
only in a single force field which ideally is a central force field (center
body can be replaced by a mass point); under most actual conditions,
however, it is a quasi-central force field, a field which is not spherically-
symmetrical, but distorted by perturbations, caused either by the
center body proper, due to inhomogeneity of internal mass distribution
and non-spherical shape, or by a powerful companion, for example, the
Moon. These perturbations are not part of astronautical error analysis.

Transfer orbits connect terminal orbits. They can be flown either
within a given single force field or between two force fields. Launching
a spacecraft from the Earth into interplanetary space is a typical
example. A two-force field transfer orbit always involves two types of
orbits, namely a hyperbolic escape orbit fiom lower-order force field
(for example, the geocentric field) and another conic (usually an elliptic
transfer orbit) in the higher-ordor force field (for example, the helio-
centric field).

It is the purpose of astronautical error analysis to express inathe-
matically the effect of errors or deliberate changes in velocity on the
orbital elements of either transfer orbit or terminal orbit.

2. DISCUSSION OF ERRORS
In general, an error is defined as a deviation in position or in

velocity vector from the predetermined conditions at termination of
powered flight and beginning of (Keplerian) coasting. The predeter-
mined conditions will also be referred to as reference conditions antd
reference orbit. In the case of two-force field transfer, as explained in
the preceding section, an error measured in the coordinate system whose
origin is in the center of the lower-order force field, will be designated
generally as planetocentric error, the other as heliocentric error. Obvi.
ously, no such distinction is required in the single-force field error
analysis.

'Amistant to Chief Fgnhmnr, CONVAIR-ASTRONAUTICS, San Diego, Calif.

194
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Emphasis on certain errors depends on the nature of the mission
under consideration. For example, in establishing a satellite orbit, or
generally, a new closed orbit in a single force field, one is less concerned
with the transfer orbit than with the target orbit. Emphasis is there-
fore on the errors existing at the moment of the injection into the pre-
determined final orbit. On the other hand, if the target orbit already
exists in the sense that it is the orbit of a body with which a close en-
counter is desired, such as in launching a Moon probe or a'planet probe,
then primary emphasis is on the transfer orbit. In the caseof the planet
probe, first errors in the geocentric transfer orbit (hyperbola) then
errors in the heliocentric transfer ellipse leading to the target planet
must be considered.

Errors can be dliviled into three basic categories, namely velocity
errors, position errors and timing errors. Position errors are of im-
portance either'if the inclination of the target orbit with respect to a
reference plane is significant, or if one wishes to encounter a target body.

A position error can have three causes. Two of these are: errors in
the powered flight path or errors in launching, time. The first cause
will necessarily involve simultaneous velocity errors, compared to which
the position error is quite small and may be expressed in terns of an
additional velocity error. Tile second cause is not likely to happen
accidentally, but may occur as an emergency measure, involving coml-
paratively large changes in launching position as well as in tile position
of the target body. Such case requires a re-definition of the reference
cut-off conditions and therefore does not really belong into the frame.
work of error analysis. Tle third cause, most likely to occur in the
case of a powered maneuver out in space, is uncertainty of one's position.
Velocity errors pertain to the magnitude or direction of the velocity
vector in the predetermined orbital plane and to orthogonal velocity
components, normal to the predetermined orbital plane. Errors within
the orbital plane may also be expressed in terms of errors in the radial
and azimuthal velocity components.

In the case of a desired encounter with a target body, a velocity error
not only will cause a displacement of the vehicle with respect to the
desired intersection point with the target orbit, but due to the change
in transfer time it will also cause a displacement of the target body with
respect to the intersection point because the transfer was too fast or too
slow for the departure constellation of vehicle and target body.

Subsequently, these various errors will be analyzed. Derivations of
equations wil not be given wherever they have been presented already
elsewhere. In this case, the reference will be given for the benefit of
the interested reader.

I Launching is the NvIn-ning of po erdl flight, no natter mhelther on the ground or in a
departure orbit.
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3 ERROR ANALYSIS OF THE ELLIPTIC ORBIT

The error analysis of the elliptic orbit can be divided into five parts,
namely, firstly the effect of arbitrary combinations of radial and azi-
muthal velocity errors on the position of a body at a different place in
the orbit, secondly, the effect of velocity errors in the orbital plane on
the orbital elements, thirdly, the effect of orthogonal velocity comi-
ponents on orbital elements, fourthly, the effect of a velocity error on
the transfer time, fifthly, the effect of a position error. Knowledge of
the orbital elements is presumed. They are explained in every astro-
nomical textbook.

3.1 Effect of Arbitrary Combinations of Radial and Azimuthal Velocity
Errors

Figure 1 explains the nomenclature used in conjunction with the
elliptic orbit. Shown are the apsidal distances r. and r,, the polar

AI'O-APSIS

V,

PERI-APSIS

FIe,,. P.iliptic orblit,

coordinates of a point in the orbit, namely radial distance r anti true
anomaly i/. The tangential velocity is vi, the path angle O and the radial
and azimuthal velocity components are v, - tand v. = ri. Subscript I
refers to a particular condition, for example, the cut-off condition and
beginning of Keplerian flight.

One can vow write the polar equation of the ellipse in the form (1),,

i The boldface numbers in parenthecs refer to the references appnded to this P3pav.
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Tji Cos, 01

+~K +ecos n)'()

wvhere e is the eccentricity of the ellipse and K =gre, the product of
gravitational acceleration at distance r and the square of the distance rx

S'e 2, Cit' , 1-o ~e~r '1"l 1-1r of rntn t dI 47doo't4
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is the gravitational parameter, a constant characterizing the particular
single force field. By proper conversion (1, 2) this equation can be
written in the form, expressing r in'terms of r, to make it dimensionless

r = (2)r 1 + x(vI) cos V

where v,, = #K/ri is the circular velocity at distance rx and

4(V) . A Y ,3)

V ./t 4 ....-

• _

Fw,. 3. Distance error as f'untiton of the cut-off vdocity error for the

arth.Moon system anl the solar s)stem.

It should be noted that n in Eqs. I and 2 pertains to r, not to r,, as also
indicated in Fig. 1. In other words, these equations define the distance
r at a given true anomaly n for given initial conditions ls, 0z, or V.,, V,,.

Figure 2 shows a general plot of Eq. 2 for the case r rA and
r = r, that is, for t7 180* (cos 7 = - 1) and n - * (cos ,- 1), re-
spectively (1, 2). 'T*his graph shows, for example, that if v,/v, = 0 and
v,1v, I I then ri/r rl 1, that is, the orbit is indeed an exact
circle. If viv, - 0, but v./v = 1.01, that is, I per cent higher than
local circular, then rA/ri '- 1.04, but r/r = 1, that is, the orbit is an
ellipse and cut-off is given at the peri-apsis. If -,/v1  0 but v.1,/

0.99, then A/ri I but rp/ri - 0.96. The orbit is an ellipse and
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cut-off was given at the apo-apsis. If v,/v, ; 0, the orbit is an ellipse,
even if v./v, = 1.0, but the cut-off point no longer agrees with one of
the apsides. For example, let v,/v, = 0 02 and v/v, = 0.99. Then
rAir = 1.099 and rp/r = 0.954, that is, the cut-off point in this case
was close- to the apo-apsis. This graph is generally valid for any
central force field. It will be noted that the effect of radial velocity
components is greatest when v,/v, = 1.0 and rapidly diminishes as
vo/v, > 1.0. This may be noted in Fig. 3 where the apsidal distances
in terms of cut-off distance are shown over a considerably wider range
of vo/v,. The dashed square around v./v, = 1 shows the range of Fig. 2.
The lines v,/v - 0.05 are barely recognizable. For the range of Fig. 3
we have shown therefore only the line v,/v, = 0. It is seen that this
line becomes vertical, indicating infinite error sensitivity as v,/v, = v2.
At that point theellipse has become a parabolic orbit. On the other
end, the curve becomes horizontal for v./v, = 0 (vertical fall toward
the center), indicating zero error sensitivity.

The gradient of this curve (as well as of any curve v,/v ;4 0) is of
great interest in astronautical error analysis, since it defines the error
sensitivity of the apsides (or any other distance r()) for the given
initial condition v.,/v, and v,,/v,. The general equation for this gradient
has been derived in (1). For a given value v,,/v,,, the change in dis-
tance r at a given true anomaly i, for a given change in v., is

- + x)', Co, - Cx0,)3 (0'7 [Qr1 +1(,y- 1]

V + x "oe

This equation is perfectly general. For cut-off at one of the apsides
(t,,/v,, - 0) the equation for the variation of the apsides with variation
in v, simplifies to (1),

r, \ V ,,.L _ (5)
d(~ 2 -(')"

This relation is shown in Fig. 4. If the error or change is very small,
compared to the flight velocity, which is usually assumned in error
analysis, one may replace dr by Ar etc. Tins, if r,/v, 0, the value
of (Or/0rl)/(Ov.,,/v,,) must be computed from Eq. 4 and at the particu-
lar %,alue of i1, the distance error is given'as function of Avl,/v,, by

()6(.) __

\, 's

_ _ _ _ _
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If Eq. 5 can be used, the displacement of the apsis opposite to tile cuit
off apsis becomes

d (.~

(7)
d(~

FiS.4. til ofd~a~ge f a44i ~ita'o iii~~id ii~ dci
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Example: At the Earth's surface (r, = rp = 1) a vehicle is launched
into an e llipse whose apogee lies at a distance of 60 Earth radii (about
Moon distance). The departure velocity is v0,/v,, 1.39, correspond-
ing to about 35,800 ft./see. For this value of v,/v,, the gradient is
shown in Fig. 4 to be 1500. Application of Eq. 7 gives for the apogee
displacement in the case of Av., - 1 ft./see. error,

S 1
Ara = 100.-3-- = 0.0418 Earth radii

or about 440 n.ni./(ft./sec.). This is a considerable error sensitivity,
but nevertheless one order of maguitude smaller than for the nearest

FI .5. rrornst~v~t ofintrset o brbi btib

or bUr5 t body.

nn.(t.s.oVeuor

Pi.5, Errwx esoivity of itesecting orbit.

planets. One finds an analogous displacement of aphelion or peri-
helion of a transfer orhit departing from the Earth's orbit (but not the
Earth) -and touching the mean circular orhits of Mars and Venus,
respectively, about 6000 nmi./(ft./sec.) for Mars and ahout 2000
naimi./(ft./sec.) for Venus.

Often the apsidal displacement is of lesser interest than the displace-
iuient of the intersection of the transfer orhit with the target orhit. In
other words, instead of defining the change r for a given 1/, one wishes
to determine the change in q for a given r of the target orbit (Fig. 5).
Unless the change in true anomaly, A, is very large, one can write for
the displacement

As rAt,' (8)



.

122 KRAFFT A. EHRiCKE

where Al is found from the relation (3),

Z v ,dt = K/a k. r enl vg -v,! kelr r el (9
Avg dv- sin 7(

where a designates the semi-major axis of the transfer ellipse. It will
be observed that A becomes infinite for a cotangential transfer ellipse
between circular orbits, since in this case 7 = 180' and sin 77 = 0. The
above equation is therefore not applicable for this case. Actually the
transfer ellipse merely contacts the target orbit, but does not intersect.
In order to obtain the effect of a small velocity error in this case, it is
preferable to use Eq.'1 solved for 77,

cose x (v1 + Aei)l cos' 01  .(0Cos r K ("0

Assume v, for the correct 180' transfer to distance r is known. Then,
for an error v% + Avg, thc new value of I is found from Eq. 10 if the new
value e' is used, where e' is given by

= (v 1+v) 2
1  (11)

K/r,

if 0, = 0. If 0, ; 0, the departure point is not an apsis. In this case,
e' follows from

e' = 4(1 - q)t + 91 tant 0I (12)
where

q = (Li..~ ) 2cost Ot. (3

3.2 Effect of Planar Errors on tlhe Elliptic Orbital Elements
Turning now to errors within the orbital plane, the effect of a radial

velocity on the following orbital elements is given by the subsequent
equations (4, 3)

semi-major axis,
Ba = 2alv,, .(4aa- - sin 71, (14)

eccentricity,
Oe -- 1 +ecos lsin izBK/rx
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mean angular motion,

in (16)

true anomaly of station 1,

an X cos nX (17)
, 'e T(I - e2)

where

h = _ 2K (18)r1

where vi refers to the correct cut-off velocity.
A radial differential impulse if given at one apsis (sin , = 0) is seen

to have no effect on the orbital elements, except on the position of the
apsis itself, since according to Eq. 17, j is changed. In fact, this
change is a maximum if the impulse occurs at the original peri- or
apo-apsis. The reason why the other elements are not changed if the
impulse is given at one apsis is that in this case a radial comlponent
coincides with a normal velocity component (normal to the tangential
velocity). A normal component never changes the elements a and p.
It also leaves e unchanged if given at one apsis (4, 3).

The effect of an error in azimuthal velocity on the orbital elements is
summarized by the following equations (4, 3),

Oa 2a
a- = 2 " 0 (19)

= 1-7 (rre - ri) (20)

where ra and rz. are the correct apsidal distances,

Op 3. .-3 -(21)

O'/z 2+e-cs j1,.= e/r 1 sn (22)

In tile above equations, either v. or v, was consilered in error. Unless
v, = 0, an error in v. or v, represents an unspecified combination of
scalar and directional error. Therefore, it is sometimes useful to have
the error coefficient expressed in terms of v and 0. If the flight path
angle 0 is correct, then only the scalar value of the velocity can be in
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error. In this case the following relations apply (3),

a 2a (23)
Or1  K

Oe _ 2(r\ 2
Or L L - r' (' Z1) (24)

a Vx V11 V1

O1  - I (25)

a*, 2.O7? 2 sn %. (26)

Furthermore,
OrA 2vara 2a (

3 -, = -+ 7 (Y ') (27)

Or 2rar 2 (= >K 1). (28)

In the case of an error in angle 0 one computes the resulting normal
velocity component (normal to v)

Or~z
Av, ='v1 tan (00); =V (29)

and the resulting change in orbital dements (4, 3),

-', = 0 (30)

oe r,. . . . sin n, (31)
Or., ar,

0_ (32)

0,- 2ae + r, cos , (33)
Or,. aeV1

It will e noted that in this section only four orbital elements, a, e, P,
71 were considered. The fifth and sixth elements are the nodal line and
the orbital inclination. They are the non-planar elements. determining
the orientation of the orbital plane with respect to a given reference
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plane. Neither the direction of the nodal line nor theorbital inclina-
tion is affected by errors or changes in the planar velocity components.

3.3 Effect of an Orthogonal Velocity Component on the Orbital Elements
The three axes which define the orientation of the elliptic orbit in

space are shown in Fig. 6. In analogy with aeronautics, rotations about

YAW _ ROLL

DESCE G NODE-U

I-ORBIT INCLINATION

FIG. 6. The three axes of rotation of the hliptic orbit,

one of these axes may be designated as pitch, yaw and roll motion. Of
these, yaw motion does not change the orbital plane, but merely rotates
the apsile line P-A, wlile the nodal line and the L-II line remain fixed.
Yaw, therefore, anounts to a change in true anomaly of a given point
in the orbit (that is, the longitude of tile perigee), and has been dis.
cussed in the preceding section. The nodal line a UI is the line of
intersection of the orbit plane with the reference plane. Rotation
about this line (pitch) changes the orbital inclination. The line normal
to the nodal line intersects the ellipse at its lowest and highest point,
respectively, below and above the reference plane, wherefore we call
it for the sake of brevity the L-1 line. Rotation about the L-H'line
causes a change in orientation of the nodal line, measured by the angle a
with respect to a fixed direction in space, usually the vernal equinox 'T.

*
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This rotation will be designated as change in nodal angle, or canting or
rolling the orbit.

In general, an orthogonal impulse Av. does not change the elements
a, e, p, 71, but only orbital inclination and~the nodal angle. The tangen-
tial velocity vector is not changed in scalar magnitude, but only tilted
out of the original plane by the angle

a = 2sin-,

Cosa=I- :

sina- V /

This angle will have a varying effect on the amount of tilting, Ai, and
canting, An, respectively, depending on where in the orbit the impulse
is given, because the ratio of azimuthal to radial velocity component,
v,/v,, varies. It can be shown that merely v, affects the changes i and
An. Suppose Av,. is pro(uce(l at the ascending node a. The local
orbital velocity is va, the local azimuthal velocity is vA. Then it is

sin 2an = AV-

but the change in orbital inclination is

sin Ai'n _= , (35)

A change in orbital inclination can be brought about only where an
azimuthal component normal to the nodal line exists. This component
normal to the nodal line shall be called (v.). and it is given by

( v.) cos (, - (36)

where v, is the local azimuthal component at a point of true anomaly Ir
and In is the true anomaly of the nodal point. The change in orbital
inclination caused by an orthogonal impulse at any arbitrary point in
the orbit, A, is therefore generally

shin Ai - (sin l in ---- 7 : s '7 
_'n,;d - dr. (37)

It is seen that Ai = 0 at I = :L 90' where (v.). = 0, that is nt the
points L or I. At these points the orbital velocity is by definition
parallel to the nodal line. However, Ai is a maximum not only if

S I
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na or n~ nu, (that is, jf-Av. is given at one of the nodes), hut also
if V.. is a inimiium, that is, if r = A (line of apsides coinciding with the
nodal line).

If Av. is given at points L, H, no rotation takes place ahout the
nodal line. This, however, does not necessarily mecan that no change
in orbital inclination takes place, as will he seen helow. However, if
given at 1, H, the primary effect is a change in nodal angle AQ Con-
sider Fig. 7 wvhich shows the projection of two orhits, reference orbit

Fie. 7. Determinatison otibi casiing o socinehange in inclituition.

01 and inchidid orbit 0Hl onthli celestial sphere. Suppose an orthiog-
onal impulse is-given at point 1I, rolling the orbit about thme angle cm,.
'fhe resulting change in nodal angle An,, is then given by consideration,
of the spherical triaiigle gQQlI&,

S =sin I
sins
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whence

sin I = sin i an. (39)
sin an,

These two equations must be solved simultaneously. The term sin I
is closely connected with the before-mentioned change in i upon an
orthogonal impulse in L or H, even if no rotation about the nodal line
takes place. The new value of i is

sin i' = sin an sin i (40)

71 n sJ(n-0'

The side I (Fig. 7) is given by

cos I = sin An cos i (41)
whence

sin i
A- sin, An cos i" (42)

This relation shows that i' - i if either An is small or if cos i - 0
(i -- 90'). In either case, cos I - 0 and ifat tile same time Av,/v, << 1),
Eq. 38, defining the change in nodal angle Aaz. due toan orthogonal
impulse given at L or H. simplifies to

sin A61 r,,- A t v,.. sin " (43)

If the orthogonal impulse is given at any other point in the orbit one
has in analogy to the previous consileration for Ai,

sin ( s , / sI (, - ,t) - " ( " sin- (,I- )A) (44)sine V. 4 v. i~ ' ,~
and the simultaneous equation

S. sin 4
sin I - sin .----- (43)sin oil

where at represents the angle by which the axis LII is turned, where
sin all is equal to the square root term in Eq. 44. Again, if cos I
= sin An cos i - 0, hence sin I - I and Av./v. << 1 (which is the

case in most astronautic conditions), then the simplified relation for
An due to an orthogonal impulse at any point in the orbit is

sin An , An - AV. sin .(6 -. na! (46)
' sin i

The angle An is a maximum if A,. occurs at L or IH and zero if it occurs
at a or UY.
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The above analysis is more than mere mathematics The position
of the orbital plane is of great importance in many astronautical nis-
sions. For-example if a spacecraft enters a satellite orbit about the
Moon or another planet and wishes to return to Earth, the orbital
orientation with respect to the departure direction may, due to preces-
sion or erroneous maneuver, be so unfavorable that only a small com-
ponent of the vehicle's velocity vector can be used for the departure.,
Therefore, corr, -tions may be necessary which'either vary the orbital
inclination or the nodal angle.

3.4 Effect of a Velocity Error on the Transfer Time
The orbital period is given by

27rT = 2 aM. (47)

The variation in orbital period as function of a scalar error in departure

velocity is therefore

dT dTda vla
dv 67o v - r~ia (48)

where a represents the original semi-major axis. Equation 48 is equally
valid for the half-period.

In the case of an intersecting orbit, let the correct transfer time be
At. Then, an error in departure velocity, Avi, can be shown (3) to
result in the change A(At) in transfer time,

-EI- e Co EI) - aE10~ - e COS EX) + ae(sin Eli sin EI) + 1=42M a( ) ., (49)

with the auxiliary relations

2vla AI Aa = K v

Ac=2 (n P\ 2v

at e
AE, e(r ,)Aari (50)

Sill El

sin E,

4 i
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(2) 2-ror ellipse

a De(1) Cosret ellipse

footer of error ellipse-"

Centr of

(a) Derte point oin-ides,.
vith per -oreis (

2 ~E, s)N

Center of elipse-
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(b) Deetue. point dos not coincide with ani apsis (BI as E ohmedW eror)

Fie. 8. Effect of transfer time erro.
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where a and e are original elements, rl, r2 two radial distances between
which the change in transfer time A (At) is to be determined and El, E2
the valhu6 ofthe eccentric anomaly belonging to r1 and r2 in the original
orbit (Fig. 8). If the departure point coincides with one of the apsides
of the transfer ellipse, then E = 0' or 180'. A tangential error would
not change the value-of Ei. Hence, AE, = 0, sin El = 0 and Eq. 49
takes the simplified form

AE2(I - e cosEg) + 'AtAa -- Aesin E2
A(At) = __ . (31)

The effect of A(At) can, especially in interplanetary transfer, be very
significant. For example, in a 156-day transfer orbit to Mars with
cotangential departure from the Earth's orbit, a hliocentric velocity
excess of Avi = 1 ft./see. resulted in a displacement of the intersection
point (Fig. 5) by AS - 18,000 n.mi. and a reduction in transfer time
by A(At) - 3.6 hr. Mars travels at about 48,000 n.mi./hr., so that
the displacement of the planet from the intersection point is about
170,000 n.mi. The time effect therefore completely overshadows in
this case the effect of the vehicle's displacement error. This is especially
characteristic of fast transfer orbits to the Moon or the planets, while
near-cotangential transfer orbits show a lesser sensitivity with respect
to errors in transfer time.

3.5 Effect of a Position Error
Errors in conditions on a certain point in the orbit affect the entire

orbit because they change the orbital energy at the given point from its
pre-determined value. Errors in velocity change the local kinetic energy
of the space vehicle. Errors in position alter the local potential energy
of tile vehicle. Since potential energy at a given flight condition plays
usually a lesser role than, kinetic energy, in terms of effects on the entire
orbit, it follows that position errors (that is, comparatively small liffer-
ences in desired and actnal position) will be less consequential than even
a small velocity error.

We ask first tie question: Suppose a vehicle enters a transfer
ellipse at its peri-apsis rp. However, the distance determination is in
error and the actual value deviates by the error drp from the assumed
value. Then, what is the position error dr at a true anomaly q in the
transfer orbit which the vehicle has entered at a given peri-velocity vr?
From the polar equation in the form

r irr (52)

K I+( !22r1 c I os 1,1
, , - - - -

- 4
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one finds

dr ; - 2 [p+( + l(rcos1 ] C.... (53)
K, I + ae- 1) cos4

where r, is the assumed peri-distance and vp. the actual peri-velocity at
cut-off.

As a second case, suppose the peri-apsis cut-off velocity is in error as
well as the peri-distance. In this case one obtains from Eq. 52 for the
error in distance, dr, at true anomaly '2,

dr v s - 2KI+( [ 1)
. r. [,,+ 2, df Tfc' K(54)

The values dvp and drp- are not functionally correlated, but are individual
errors. No equation of definition therefore exists.

Of further interest is the effect of a position error on the orbit's
semi-major axis and eccentricity. These are obtained by using proper
relations for the orbital energy

2K dh 2K (55)

rh v dr r

tK dh K
dh a' (56)

whence
da da dh _a'

dr dh dr r, (7),

Furthermore, from the relation

h - (e - 1) (58)

where p is the semi-latus rectum one obtains

K K
dh - (I - e')dp + 2e de

or, since
p a(l -e e); dp = da(1 - el) - 2aede (59)

one has

dh K (I el) (I e) da - 2ae] + 2eK
T, de PL

- c')i1 c')
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With the use of the relation
e =1 - rL ; de= dr +rda (60)

a a a2

The following analysis is greatly simplified by neglecting the term drp/a,
since, for a given error in r at a point different from the peri-apsis, the
associated error in peri-apsis, drp, is not immediately known. However,
since only small deviations are involved in error analysis (for example,
drir << 1) it follows that generally the term drp/a will be very much
smaller than unity so that it may safely be neglected as an additive
term. Therewith, one obtains

da a
de (61)

where rp is the original value. Replacing furthermore p by a(1 - el)
one obtains

dh t r 1 1-ea) _ + 2e 1A-= K I a( - 2ae} + 2e . (62)
de e2) - 2oe l 

Therewith the effect of a position error dr at an arbitrary point in the
orbit on the orbit's eccentricity is

de dedh 2a(1 - em)
dTr dr [ ) a 2. (63)

La I J

'It is now possible to express the error in rp in terms of the error
at auiy arbitrary place r in the orbit. Assume, for instance, cut-off is
givenat a distance rk and an error dr has been maden determining ri.
The enor in peri-apsis distance, dre, is then

drr drP da
dr, da dr" (64)

Since rp = a(l - e) it follows that

drp -e- de
da d

or, with the aid of Eq. 61
dry rd l-e --. (65)da a

Ii

! " !-. U



U

134 KRAFrT A. EnR1CxFc

Substituting this term and Eq. 57 in Eq. 64 yields

dr ( t 2a (66)
drl r1

2

Here again, e, a, rp and r, represent the original values (not considering
the error dri).

We are now ready to angwer the question asked at tile beginning of
this section in a more general form by eliminating reference to the peri-
apsis. If cut-off is given at a distance rx P re and r, is in error by dri,
what is the error dr2 at a different true anomaly nj? Suppose the space
vehicle discontinues propulsion at a certain velocity vl and distance r.
The resulting (original) ellipse has the eccentricity e and the peri-
distance r. Then, at true anomaly n2 the distance would be (polar
equation),

1+er2 = r6 . I + eces

By differentiating r: with respect to rp and e, and by dividing both sides
by dri, one obtains

dr, drp 1 + e cos, 7 - I de
dr1 

= 
dr+ 1 + e cos-+2 +ecosn 2)dr1  (67)

where drp/dr, is given by Eq. 66 and de/dr by Eq. 63, replacing r by rl.
The above equation defines the radial distance error dr2 at nt as result of
an error dr, (not necessarily at one of the apsides) at the beginning of
Keplerian flight.

The change in mean angular motion, 1, as function of a distance
error follows from

3K
u CE du -\L6da (68)

whence
irp 3 2 1a (69)

where da/dr, - given by Eq. 57. Likewise, one obtains for the effect
of an error N ri on the period, or semi-period, of the orbit

T 2 i dT 7r* a'(1da (70)

d7' da
",,7, °  V Kdr2 "(71)

K ---.
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In both cases, the terms IKT/at and '.*-"K are very small, indicating a
high degree of insensitivity of 1 and T to position errors.

The position of a body in an elliptic orbit is actually not only given
by r, but also by n. However, an error in n cannot be made, unless a
velocity error is made. Errors in v, therefore, belong in the category
of velocity errors as discussed in Section 3.2.

Therewith, the error analysis of the elliptic orbit is completed. This
analysis is the core of central force field analysis.

4. ERROR ANALYSIS OF THE HYPERBOLIC ORBIT

Although the hyperbola, like tile ellipse, is strictly a central force
field concept, the hyperbola is of interest primarily in conjunction with
two-force field transfer.

The hyperbola can be visualized as transfer orbit from one central
force field into another. The space vehicle "escapes" along a hyper-
bolic orbit. Planetocentric errors therefore refer to the hyperbolic
path. They will affect the subsequent leliocentric orbit. This orbit,
which generally is of elliptic shape, can then be-treated according to
central force field analysis.

In the following we will designate velocities and distances measured
in the heliocentric system, by capital letters, all other symbols pertain-
ing to tile leliocentric system will have the symbol of the Sun ( 0) as
subscript. Planetocentric symbols will be in small letters and without
astronomical subscript. LetU be the velocity of the departure planet'
Vi the heliocentric departure velocity of the space vehicle. The ve-
locity vector V, is attained when the planetary attraction has become
negligible compared to the heliocentric attraction. Geometric"planeto-
centric infinity" has been achieved when the vehicle's hyperbolic path
has merged with one of the two asymptotoes of the hyperbola. This
process and correlated symbols are explained in Fig. 8. The difference
between planetary velocity U and V1 determines the hyperbolic excess
velocity v. for which the vehicle performance must be laid out. Tile
square of this velocity is by definition equal to tile orbital energy con-
stant of tle hyperbola,

h = v = U2 sin' s + (AV,): (72)

where

AV,= JVk- Ucos#J (73)

is the difference between U and V,, and 9 is the angle between the
velocity vectors U and Vi. In the case of cotangential heliocentric

'If a distlinctln between departure and arrival must be made, delarture has the sub-
script I. arrival the subscript 2, as before,

V -,
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departure one has the well-known relation

V 1 - U = v.. (74)

The resulting hyperbolic departure velocity in planetocentric space is

v L + v.2 (75)

where v. is determined either by Eq. 72 or by

V. = 4 Ufi+ V,1 - 2UVcosfl (76)

in the case of planar departure. In the case of non-planar heliocentric
departure at inclination i and planar angle /,

v_ = ArUl + V - 2UVcos + (2 V, sin i0)2. (77)

It should be pointed out that the hyperbola as escape path is a
simplification inasmuch as solar gravitational torque during the escape
was neglected. This effect plays a role, especially if the vehicle escapes
at an angle with respect to the planet's motion, since in this case the
vehicle's distance from the Sun varies. Since the Earth's field is not
really a single force field inasmuch as it is superimposed over the gravi-
tational field of the Sun, the so ar torque changes slightly the path from
that of a perfect hyperbola. This effect on Earth-Moon transfer orbits
is treated in (5). If it were not neglected here, the formulation of
closed mathematical expressions would not be possible. This would
mean a considerable loss in lucidity without adding to the results of the
error analysis.

Whether or not the cut-off point coincites with the vertex of the
hyperbola (peri-aphis), this vertex is well defined by the vehicle's
hyperbolic cut-off vector v1. The vertex distance r, and the hyperbolic
excess v. given, the eccentricity of the hyperbola is given by

e + r v.1. (78)

If ri, v, and 01 are given, the eccentricity follows from

v1
1 cos, 61 (79)

The half angle of the asymptotes is given by

see 0, e. (80)
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The angle q determines the heliocentric departure direction with respect
to the original planetocentric departure direction (direction of v, or vp),
if the heliocentric departure is cotangential to the planet's orbit. The
above equations show that even if the planetocentric departure direc-
tion is correct, but the departure velocity (vx) wrong, the angle 0 will
be changed and therewith the heliocentric departure direction. This
is a significant difference from the single force field error analysis where
only an error in direction, but notan error in scalar velocity at the ap-
sides, can change the orbital departure direction (that is, the orientation
of the major axis of the elliptic orbit). Since only small values of A$
will have to be considered in practice, one can write (Figs. 9, 10, 1)

cos (W) - V'/Vi (81)

V1  U + v. (82)

V = U + (v. + v.) cos 0 (83)

AV, v. sin (4) = v. sin K A V (84)

A# -V/ V inl (AO) AO 85vs ,v. 48  (S5)

where A V, is a small, roughly radial, velocity component cause(] by the
change in direction A6. This change is liable to be extremely small
within the range of practical velocity errors of a few ft./sec.

The correct cotangential departure from a circular orbit is shown in
Fig. 9, left. Figure 9, right hand side, shows the heliocentric angular
error A9 due to the planetocentric error Aq5. In Fig. 10 the same process
is shown for departure from a non-circular orbit. Finally, Fig. 11 shows
correct and erroneous intersecting heliocentrie departure. One has,
therefore, for small errors AO planar heliocentric error

V 8  (86)

and, likewise for a planetocentric orthogonal error Aa at hyperbolic
departure the error in heliocentric orbital inclination is

V,

The first step is now to establish,the equations which determine the
effect of an error at planetocentric departure on the initial heliocentric

t -
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V 

I

\ 6'
Plao-t orbit

Correct )ro

Fic. 9. Mwernay orbit circidat; V, parallel to U.

corrootError

Firo 10. l'lanct orbit elliptic; V, parallel to U.

Fla. 11. 11let orbit circubar or elliptic; 1'm not Imadlel to V.



- -

ERROR ANALYSIS 01' SPACECRAFT ORBITS 139

flight conditions-and to proceed from there, using elliptic single force
field relations. One obtains for the change in , (6) the following
relations. If the cut-off conditions are vi, 0%, ri and if to is scalarly in
error, then

0 2 ( +K cos0%

av= v sec, (88)
where 4 is the original angle. For the peri-apsis conditions this relation

becomes

atp = V see, o (89)

If the cut-off velocity v is broken down into.tie radial and, azimuthal
components v, and v., one finds, if either one is in error,

ao CO-= sin n (sin 4'- cosec 4) (90)

where C = rjvI cos 02 = riv., = r pv1 is the Keplerian area constant
and n, the true anomaly of the cut-off point, and

SKer (b' - r1,)(cosec 4 - sin 4) (91)

where b - C/v., is the senl-minor axis of the hyperbola. If both com-
ponents are in error, the total differential becomes

2v, rY.'dv, + -v.,v,,dv,,]do - k;.. .. (92)
( ) Ytan ' see'

If the tangential velocity t2 is correct scalarly, hut the path angle 02 is in
error, one obtains
5, I, ... ,.,G, K/pny4 _____0 - 1 L Mi-c( taP,)+_' , I "Coo,+1 -2 •(93)

-If t, as well as 01 are in error, the resulting change in 4 is

do.-dv + dO" (94)

where the partials are given by Eqs. 88 and 93.

.----- -.-----___________________

_______
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For thc error in v,. one finds

dv, _vp (95~)

dv, v,,96

d vd + dv

Vd. +01 (97)

Therewith the errors do and dv, are known as functions of the departure
errors dvi, dO1 oi- dv,, dv,, and the new hecliocentric departure values 0
and VI can be comiputed.

S. CORRELATION OF HYPERBOLIC ERRORS WITH HELIOCENTRIC DEPARTURE VALUES

The second step in the two-force field error analysis is to correlate
tegeocentric dleparture errors in the hyperbola with the heliocentric

departure values. For cotangential or nearly cotangential bl~eio-
centric departure 0 fi 0) one finds (6)

dVv ( 0). (98)
dv: ,.

This equation can be used with good accuracy in the case of cotangential
or near cotangential departure and whlere sm~all error$ in v, (a few ft./sec.
against several ten thousand ft./see.) are involved, which do not change
O significantly. lfflp S 0onehlas

d V% dVl'd0
71T X- (01 (i 5 0) (99)

with the auxiliary equationls

(01a".)I dv1 + (0x ~(100)

(012) VI (v, U) (10o)
J)" - U Cosp

d4, ~ 0~ dO1 (102)
ov, 00, dvj

where 00/0vi follows from Eq. 88, a0l/0: from Eq. 93 (thle two errors
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do, and dv, are not functionally correlated) and

( X " VUsinf (103)

'aft , 
=  

V, - Usin" ft

Finally, d3/do - v./ V, according to Eq. 85. The second term on the
right hand side of Eq. 99 is the reciprocal of Eq. 102. Equation 99
may therefore be written in the form

d,, I , ), + V,,(I d "d (104)

The second term is very small for small errors in v, (say 5-10 ft./sec.),
so that it often may be neglected.

A direct tie-in with the elliptic error analysis for the heliocentric
elements can be achieved by correlating the azimuthal and radial com-
ponents, V,., V,,, of heliocentric departure velocity V, with the planeto-
centric departure velocity vi. For the azimuthal component one has

dV, . dV , (15)

The second term is given by Eq. 102, while the first term is (6)

d V -" d V-,- (106)
do d Vi dok

with the auxiliary equations

d'V., cos 0 - V, VSi (1017)

d~ V, - V Ucsd ft 17,- U cos ,6 (108)
dIV, dv, lb

:P '" - UV, sin 3

dv , U
V1  - (09)0 , cosec 3- dV

where dVldv, is given by Eq. 99 and its auxiliary equations. The
second term in Eq. 106 is given by Eq. 100. One may therefore write

o ", sin (lI, - UCos) d1, (110)
dv, , -,;,, U ,, sill dv,

" I cosec P-
i~c~~ dvi

where dV,/dv, is given by Eq. 104 and preceding auiliary equations.

II
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Similarly, one may write

d V, - dV, do~dv,1 - * dv, d. (111)
dv, do dv

where

dV,, dVdV, (112)

dO dVu do

dV" = sin# + V% cos 0 d (113)dV, V

where df/dVj is given by Eqs. 108 and 109. One may therefore write

dV,, "sl + V1 cos (V, - Ucos 9) dV (114)dV= ---______-_____11_
in V1 UVI I UV sin dv

Wcosec -J

Planetocentric and heliocentric radial and azimuthal velocity com-
ponents are easily correlated by the key equations

drV, dV., do

dv, do dv,(

where do/dvo, follows from Eq. 92,

=2v',L" + : "(116)
d.,,() tan see,

Likewise

d V,, dV,, do
-2v,_ . , + .,~',.(117)

dv, .-

nd dK)2 iven tan Eq s.c10 .n ,e l

rii

d~rldoanddVIdo~re ive byEqs.106ff.and112f., espctiely
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6. CORRELATION OF PLANETOCENTRIC ERRORS WITH THE ELEMENTS OF THE
HELIOCENTRIC TRANSFER ORBIT

We are now ready to correlate the hyperbolic errors in planetocentric
space directly with the elements of'the heliocentric transfer orbit,
that is with the equations given in Section 3. The elements pertaining
to the heliocentric orbit will be designated by the subcript 0.

Suppose one wants to know the effect of an error in v, on the semi-
major axis ao of the heliocentric orbit. Taking Eq. 14, re-writing it in
heliocentric nomenclature,

d 0 = - -'2W
- sin 

2o (119)

and multiplying it by Eq. 117 yields

dao dadV,
dv, dV, dv,

2v, r~2dv,, ]
_2eov, y I:j t"  + +i ' v.

In the same manner one finds

d C0 d . (121)
dv, K r- sin no

dv, ao  dv,. (122)

d._ cos no dV, (123)

dv, eo ,r'o(l - eot) dv,

and for the effect of an azimuthal planetocentric error on the elements
of the heliocentric transfer orbit

d. = 2. . dV(124)
dv. K o dv.

d2 . Co(be - R 1 ) dV. (125)

dv. Koaoe0 /R, d (2

- -- - eo-dV, (126)
dv. R, dv.

dt) -2 +eocos1°dV. "o. (127)
dr,. eoK01R I "v-

sl
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Finally, if the direction of the planetocentric velocity vector is correct
and only its scalar value in error, the following relations are obtained,

da0 = da dV2  2VIa=1 dV (128)
dz', dV dv, K, dv,

LC o = 1 ( Y )d , V, V' 1) (129)

d -o 3V, dV,

dv, -4 K-- dv, (130)

dto  2 d1's1 fidn, =  
dt7 s o (131)

dR, dV, 2VaoRa 2a , 1)
d v, d . K0  l'(,j ( V I) (132)

dR. d VI [ 2V,aRp 2ao I \ I 1  V, 1)
d dF V1  , 1 (133)

Additional relations can easily be obtained for errors in orthogonal or
normal velocity components, using the results of Section 3.

7, EFFECT OF ARBITRARY PLANETOCENTRIC AZIMUTHAL ANDRADIAL VELOCITY
ERRORS ON HELIOCENTRIC DISTANCE

In the preceding section, two equations are formulated, giving the

change in Re or RA as function of an error in vI in terms of V, and a 0.
In this section the question as to a change in R at any value to (that is,
at any point in the transfer orbit) and as to the change in t7o for a given
arbitrary distance R, both as function of, an error in planetocentric
departure velocity v,, will be answered.

Of particular interest is the latter question. It relates the helio-
centric displacement of the spacecraft at the intersection with the target
orbit (cf. Section 3) to the planetocentric error in departure velocity v%.

In order to preserve a certain degree of simplicity, suppose the planet
orbits are circular and heliocentric departure is cotangential. Then
V, = V,, :- v., is either, he perihelion or the aphelion velocity of the

transfer ellipse. In the following, we will make the velocities dimen-
sionless by dividingthem by V,, vK10 " . They are designated by
an asterisk supersript. Th n one has for ihe heliocentric departure
velocity, remembering that v.* = Iv-,*, - vl*,

V I* - I + , *, - v (134)

Writing the polar equation, as in Section 3.1 for the heliocentric case,
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one has
R VP
R, 1 +x(V)cos no

where x(VI) has the same definition as in Section 3.1. The use of this
equation in conjunction with two-force field transfer can be greatly
simplified if term containing V,, is neglected in the expression for X(V).
Since indeed errors in v, will in practice be small enough (some 10-20
ft./sec.) not to cause a significant- heliocentric radial component, the
disregard of V, from this view point will be permissible. The general
validity of disregarding V, is, however, limited-to cases of cotangential
or -nearly cotangential heliocentric departure (that is, where the pre-
determined value of 0 is zero or very small, so that V,/V, << 1). With
this restriction in mind we eliminate V, whence x (V1) becomes 1 - V,,

1 - V *2 and Eq. 135 simplifies to

R 1* (136)
-R1  1 + ( - 17*') 

c o s (3

or, because of Eq. 134

R 1 + rv2-" -

R, I + costo[l - (I + v*i ) (137)

Solving for cos no. one obtains
I - N ,*l "- V,*t -R

COS ni R . (138)
R -(I + W1Iv*t - WT])i

With Eqs. 137 and 138 one has two relations defining the distance R
(in terms of departure distance R,), for a given planetocentric departure
velocity vl*, as function of the true anomaly 10 and defining the true
anomaly 77o at which a given distance R/R% (for example, the distance
of the target orbit) is attained at a given departure velocity vi*.

Differentiating no with respect to vi*, using Eq. 138 yields

I + ivC* - Vl*l - V, * - (1 + Vk*l - VP*l)dI 2v,*"R
dvl* Vm - R . (139)

Sill o [ - (1 + ,v*, - V,*,),3

Thus, for a given small error dvi* , Avt*, the change in heliocentric
true anomaly d770 A,1 at the intersection point with the target orbit

1. -
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at distance R is determined by Eq. 139. The resulting displacement is

= dv* V' As = RA,10 (d) (140)

where As (Fig. 5) is the distance, along the orbit, between the correct
and erroneous intersection.

Differentiating Eq. 137 yields

) 2, * + +coseol, - ( + .*)'I3+ (1 V.')Coso (141)

dFe, V. [I +C08,011 - 0I +r''J

This equation yields the change in R at a given true anoimaly 1o due
to a planetocentric departure error du:*, Replacing the differential
by the difference term which is sufficiently accurate if the error Avj/v < 1,
the change in distance is given by

AR _ R, (1(2)

It will be remembered that the present discussion is based on the
assumption that the heliocentric departure point represents very closely
either the perihelion or the aphelion of the heliocentric transfer orbit.
If one is not interested in the displacement dR at any arbitrary true
anomaly no, but in the displacement of the opposite apsis, Eq. 141
simplifies to

R, V, 4v (43

dv:* VS - 1 (2 - V*:)2" (143)

Putting R, - Re, the mean distance of the Earth from the Sun, yields
for the displacement of the opposite apsis

AR.,.I. = -dv (144)

It is Ro = 80.8184.10 nami., V, = 97,770 ft./see. Therewith for
aV, = I ft./see. one obtains for the displacement of the opposite apsis

(a)i.

AR.,d,. = 826.6179 d n./se. (145)

The value of d(R,,,.j/Re)/dvj* according to Eq. 143 is plotted in Fig. 12.

_ 1
~ -- -

!I I I I iI ! ! ! I I I I I I ili
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This plot is the two-force field counterpart of the single-force field error
sensitivity of the elliptic orbit, plotted in Fig. 1. For FI* = I the
differential (error sensitivity) becomes infinite. This is in agreement
with the single-force-field results which show an infinite sensitivity at
parabolic escape. Thus, the case VI* = I and v, = 2K/rz represent
the contact points of the two analyses. It means that for small changes

¢0oo ~ f

400

3W

01 12 .AJ I -21 3 4 54 SI2 2- 20 2 406 10

FIG. 12, Error sensitivity of a two-teld transfer (Earth to pfanet).

of a vehicle orbit from the Earth's orbit the error sensitivity is extremely
high. The sensitivity falls off quickly in both directions, closer and
further away fronm the Sun. It is interesting to note that our two
neighboring planets-lie close to the ensuing minimia which are followed
by a renewed upswing of the two branches. The right hand branch
reachcs again infinity for V,' = v, while the left hand branch passes
through a illa-dnum (not shown) and eventually is reduced to zero for
vertical fall into the Sun, since Eq. 143 shows that-for V,* 0 the
tdifferential quotient becomes also zero. This result is of course correct
only if 0 0. In general, Fig. 12 applies to the case 0 0 only.

SDIScCUSSIN AND CONCLUSIONS

The preceding analysis has establishetd the relations required to
determine the effect of velocity vector errors on the orbital elements of
the vehicle's flight path, both, if its motion is confined to a single central
force field or if it escapes hyperbolically fromt one force field antI enters

U| |~l '
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another, such as in the case of-interplanetary flight where the vehicle's
path changes from that of a satellite (planetocentric motion) to that of
a comet or aplanetoid (heliocentric motion).

In the single force field motion the effect of radial errors decreases
as the point of its occurrence approaches one of the apsides (sin 7 - 0)
and approaches a maximum as the point approaches the end points of
the-latus rectum. In the case of azimuthalerrors the trends are re-
versed. Exceptions are in both cases the effect on the position of the
peri-apsis where radial errors have the greatest effect at the apsides and
azimuthal errors the least effect. In terms of velocity, radial errors
have the greatest effect on changing apsidal distances when the correct
velocity is circular (that is, v, = 0). Their effect lessens rapidly with
increasing difference of path velocity from circular velocity. Azimuthal
error sensitivity increases with increasing speed, being zero for v = 0
and infinite for v =,vN.

Flights involving two central force fields consecutively, show a more
complicated pattern of error sensitivity, because errors in the final
central force field are to a varying degree affected by errors in tie hyper-
bolic escape motion from the original central force field. One signifi-
cant difference from the single force field condition is the fact that
whether or not the planetocentrie cut-off velocity vector of the escaping
vehicle is in error directionally, a directional error is incurred with
respect to the heliocentric orbit if the planetocentric cut-off vector is
in error as to its scalar value. The heliocentric radial error sensitivity
with respect to planetocentric velocity errors in general is, however,
quite low. The effect of planetocentric errors on tie elements of the

,heliocentric orbit are a function of both, the true anomaly in the planeto-
centric as well as in the heliocentric path. The error sensitivity of
heliocentric distances, especially aphelion and perihelion distances is
very high. Based on Fig. 12, the sensitivity becomes infinitely large
very near the Earth and again upon parabolic escape from the solar
system.

Errors play a relatively minor role in the case of roving probes which
do not attempt to meet another body in space, but rather measure en-
viromnental conditions along a flight path which leads them into a
general area of interest, such as the solar probe. If another body,
Moon or planet, is to be met at close distance, however, then not only
the spatial displacements of, the vehicle, but also the accompanying
change in transfer time must be considered. Displacement of the
vehicle and of the planet, both determine the effective miss-distance of
the probe. Fortunately, the two errors always have a tendency to
compensate each other. Indeed, if the probe has too high a departure
velocity, the intersection point with the target orbit (that is, the probe's
displacement) iscounterclockwise (seen from the north pole of the orbit);
but due to the resulting higher speed the transfer time is shortened and
the planet therefore has not yet reached the original ("correct") inter-

I i i u n !at a lInir 7u7 re-; n ibI- , N i
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section point. In other words, the planet's displacement is also counter-
clockwise. The same holds true in reverse if the departure velocity of
the probe is too slow.

'If the displacement of vehicle and planet is about the same, then
velocity error and resulting time error about cancel each other and the
niss-distance would renmain small. For example, for near 180 transfer
orbits to Mars an erroneous velocity excess of I ft./sec. would result
in a counterclockwise displacement of the intersection point with the
Mars orbit by the order of 400,000 to 600,000 n.mi. (depending on which
part of the Martian ellipse is involved). The vehicle would arrive about
0.4 days earlier (roughly 10 hours). At a mean Martian velocity of
about 48,000 n.mi./hr., the planet's counterclockwise displacement is
about 480,000 n.mi., that is, of the same order as that of the vehicle.
Thus, although both errors are large, they about cancel each other.

However, conditions are quite different in the case of fast transfer
orbits. For example, for a transfer of about 160 days, the displacement
of the intersection point is only about 18,000 n.mi. in counterclockwise
directioa for I ft./see. heliocentric departure velocity excess, while the
reduction in transfer time is about 3.6 hours, corresponding to a counter-
clockwise displacement of the planet-by about 170,000 n.mi. per ft./sec.
Here the time-induced miss-distance is approximately 9.5 times the
intersection point displacement. It is therefore seen that the faster
orbits show a greater error sensitivity than slowerorbits, because the
ratio of time-induced planet displacement to vehicle displacement is
much greater.

In general, the error sensitivity of interplanetary transfer orbits is so
high, that simple "ballistic" flights cannot be made accurate enough for
a close encounter with other planets. Therefore a probe which is aimed
at another planet must be equipped with a spaceborne navigation system
and a small low-thrust (but not necessarily non-chemical) propulsion
system for midcourse correction maneuvers (7).
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PROBING THE ATMOSPHERES OF VENUS AND MARS

BY

J. I. F. KING

I am not a professional astronaut. My interest began with a theoretical
problem involving radiative heat transfer.in the terrestrial atmosphere. It
soon became apparent that certain aspects were susceptible to generalization.
Without too much difficulty the terrestrial results could be transferred and
applied to our neighboring planets Venus and Mfars.

The talk will be divided into five parts: an introduction;, the theory
briefly described; the presentation of the data; an analysis;, and prospects
of things to come.

INTRODUCTION

There are numerous speculations that the first space cruise will not neces-
sarily be to the moon, the most compelling practical reason being that of
power. To land on the moon one will have to fight the lunar gravitational
attraction, and to get off again the sante problem in reverse applies, Quite
recently an astronomer at Columbia University hinted that perhaps it would
be more fruitful to attempt a landing on one of the tiny satellites of Mars.

Certainly I think that some form of planetary reconnaissance will be nt-
dertaken prior to an attempted landing on Mars or Venus. By recon-
naissance one usually implies photo-reconnaissance. However, I wish to
stress another as being of great importance: that of infra-red or thermal
reconnaissance,

The radiatiot in the infra-red, since it arises frot the thermal emission
of the planet itself, gives us immediate information relating to the vertical
temperature structure of the planetary atmosphere. So it becomes worth-
while to see what we knov regarding the planetary atmospheres of Venus
and Mars; second, to iee whether we can't use what we already know to
learn a little more; and, third, use what we know to tell ns what we shotld
look for.

THEORY

First, we tmst digress into an apparently unconnected subject, that
of limb darkening of the suit. If one looks at tle sit one will find that tle
disk is not uniformly illuminated, that there is a falling off of brightness as
one approaches the edge or limb. This phenomlnon is knownt as limb
darkening.

Aero Sciences Laboratories, .Missile and Space Vehicle Department, General Electric
Cempany, Philadelphia, Pa.
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A moment's reflection provides the reason. In-.the solar atmosphere,
the photosphere that we see, the temperature falls off with increasing height.

Now let us put ourselves back on Earth. If we look at the center of the
solar disk, we see farther down into the solar atmosphere and our eye is
intercepting radiation from. the hotter solar depths. If, however, we'look
at the edge of the sun, our eye is intercepting photons arising from the cooler
outer layers primarily; their temperature being lower, the intensity will
be less.

The point to be made is that, if one has a cooling of a spherical atmos-
phere with increasing radius this will be perceived by an observer elsewhere
as an apparent limb darkening or falling off in intensity as one moves from
the center to the edge of the disk.

That example alone suffices to tell us qualitatively the conclusion we are
groping toward, namely, if I have a ktowledge of how tle intensity varies
across the disk, then I can work backward to get some insight as to the
vertical temperature structure of the atmosphere.

The connection between these two is qualitatively easy to grasp, but
quantitatively much more difficult. At this point in the theory, tile name
of Chandraselhar looms like a giant across the mathematical landscape.

Chandrasekhar, a distinguished service Professor of Astrophysics at the
University of Chicago, was able to give a complete mathematical solution
to the following. problem: given tile limb darkening, what is the vertical
temperature distribution under the condition of radiative equilibrimn?

This lie did by usilng an invariance method first formulated by the Soviet-
American astrophysicist Ambartsunsian, and applying it to a stellar beini-
infinite atmosphere. Chandrasekliar, being an astronomer, was primarily
interested in interpreting the solar case. This has to be altered in two im-
portant ways before application to tle planets. First, in the sun one finds
that the absorption coefficient is roughly constant over frequency. This is
called a gray atmosphere, an atmosphere in which the emission or absorp-
tion is independent of frequency. Tists condition maintains quite well in
the solar case, However, it is patently out of step with what we know of
planetary atmospheres.

The second fundamental way in vhich tle theory of Chandraseklhar
must be altered is by treating a finite instead of a semi-infinite atmosphere.
By semi-infinite is meant an atmosphere in which one cannot see down to tle
bottom. The sn is a case of this par excellence, but certainly as we look
at the Earth from outside or at Mars, we clearly see down to their surfaces.
Therefore, we must consider a finite, rather than a seini-infinite atmosphere.

Figure 1 is a plot of this emerging radiation intensity as one caits across
a planetary or stellar disk. The steepest line (r .- oo) represents tile semi-
infinite case of the still. The ratio between the brightness at the center of
the disk and the edge is about 2.9.

For a finite atmosphere one gets a shouldering effect. This is due to

____L __I



152 J. L. F. KINcG

the fact that as the center of the disk is approached, the eye is intercepting
more and more photons emitted from the isothermal surface. III the limit-
ing ease of zero atmosphere thickness, the intensity curve becomes a step
function.

As mentioned earlier, the gray atmosphere assumption, valid for the Sil,
is totally inapplicable for planetary atmospheres. Their emission bands in
the far infra-red spectral region partake of a discrete line character rather

so
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Thus, the effect of non-grayness is to enhance the contrast between the
center of the disk and the edge, until in the limiting case, beta approaching
zero, the center would be infinitely more intense than the edge. In that
event, there is a continuous intensity fall-off towards the planet's edge.
This gradual fading is in contrast to the sharp edge of the disk-like image
that we see visually in the sun.
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trial albedo is not even known to within 5 or 6 per cent. It is rather re-
markable-that we know the albedo of Mars to three places while that of the
Earth is not known to within two. Here the advantage of looking at a sys-
tem from the outside is apparent and constitutes a good argument for use
of our own earth satellites for determining this inaccurately known terres-
trial albedo.

Another item of passing interest is the color index. The sun is iaken
as 0 5, so a figure greater than one-half implies a reddish planet; less than
one-half, a bluish light. Again, the color index of the Earth is not known.
Venus is definitely not whitish, but tends more t the yellow. The high
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color index of Mars yields its characteristic ruddy glow known to all of its.
However, the fact that Venus, even though it is less red than Mars, is

still reddish, or more accurately, yellowish, is quite important because that
very fact alone rules out, according to Kuiper, the speculation that tile cloud
cover or the obscuration that is characteristic of the Venus disk can be
due to water evaporation. Water droplet clouds because of their reflec-
tivity in the visible would result in an index closer to one-half.

The last colun of interestto u2s is the gravitational acceleration for the
planets: Venus about that of the Earth, Mars 0.4 that of our planet.

Figure 4 shows the atmospheric constituents, The unit here is the
centimeters NPT, which is the thickness of gas if all the atmosphere in a

(4I
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uniform column were reduced to constant sea level pressure and temperature.
The aspect of Venus that strikes us immediately is the literally tre-

mendous amount of carbon dioxide in the atmosphere, about five hundred
times as much as that on the Earth.

Nothing else has been detected on the Venus atmosphere. The "less
than" figures merely are the upper-limiting figures, set by the resolution of
the observations.

3m ,, (0 320 03.3 j 0,"Zz' t6, : 4

1(0)1 < 2 ?o

(22 <2 2.1t 3 4M. <4 23 2

(0. 4W 1 30 W .

0 <0 It0 X i4
a 0 0$ 0 I 20(.1. <2. 2.0i 1 20 5

l2, . <2il2 V- 12

T 1. 2200 00-0, 74.
.4lll 034 4

to. 3m - 4

0 t 0o
I-.. t~ It, MAU3 03-, 4

I. <0 020 .(
220 3903 02

W_ CoI. (7000 03409 24

300.. 9 2. <04 30 1. 1

I-IV ((2. <30 M 0247.0716 42
.201. <40 Oi0 70* 33

20.4,

restrial atmosphere. No Oxygen, nor strangely enough, no water vapor

has yet been detected spectroscopically, although it is quite defin~itely known
that tihe polar cap~s which covier tihe Martian poles in their wintertinm are
of a water-frost character.

Htowever, tihe surface pressure of ,Mars has been estimated from other
techniqnes-spectral, li"-! broadening, polarization measurements, etc.-to
be about 90 millibars, roughly 1/11 tihe atmosphere of tihe Earth. T here-fore, a good part of tite Mrtiiz atmosphere must consist of optically ina -
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tive gases, probably nitrogen, which is not detectable easily spectroscopically,
and perhaps argon, if one argues by analogy with the terrestrial atmosphere

A.LYSJS

It would be desirable in studying Mars to make use of the theory to
deduce the vertical thermal structure from the limb darkening scan. Un-
fortunately, the small size of the Martian disk and'its small emission in the
far infra-red render this difficult. Gerard de Vaucouleurs, perhaps the
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foremost authority on Martian atmosl)here, has sail that the main cotcltu-
sion one contes to after years of-visual study of the planet is that Mars is a
mighty small object and therefore any detail is extremely hard to verify.

The vcrtical thermal striueture of Mars, displayed in Fig. 5, is a theoreti-
cal calculation based omi assuming the main absorbing constituent is the 15-
micron band of carbon dioxide. This is a reasonable assunmption and ac-
tually the theory should be more valid than the terrestrial case because of
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the fact that water vapor and ozone which are complicating factors in the
terrestrial case, are not appreciably present.

The pressure of the Martian atmosphere is plotted against the tempera-
tnre. Dashed in is the adiabatic lapse rate for the Mars atmosphere, which
gives some measure of the vertical stability of the atmosphere.

For example, if the temperature slope under radiative equihbrium is
steeper than adiabatic, as in the lower levels, one would-e.pect an unstable
configuration of cold air down over warm leading to vertical overturning.
Up higher, where the lapse rate is less than the adiabatic, the atmosphere
should be stable against convective overturning.
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It is almost enibarrassingly fortuitous that tile height of this convective
layer turns out to be about 4 kilometers, This accords very nicely with
visual observtitions of yellow dust clouds which occur occasionally in the
equatorial regiots of Mars.

One au' naaticallh tinks by analogy that these are'Sahara type dust
storms. The' are yellow and they are transient. They tend ,to subside
with sttdown oil the Mars surface. So it is a tenpting ,peculation to iake
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that these yellowish clouds we see on the Martian landscape are due to dust
storms quite similar in origin to what we find here on Earth.

Beyond that it is dangerous to go, Students of Martian literature know
the troubles involving cloud layers. There are the blue layers and the violet
haze layers, etc. These are very difficult to explain.

Quite recently Urey, the Nobel Prize winner, speculated that due to
ultraviolet radiation of the sun one might get certain free radicals in the
Martian atmosphere which leads to possible fluorescence, and that these
upper violet haze layers are such a fluorescent phenomenon.

Venus gives us a little more hope. These measurements displayed in
Fig. 6 were made by William Sinton using the 200-in. Hale Telescope.
They are infra-red scans, the thermal emission of the Venus atmosphere it-
self. On the vertical you have the temperature of the atmosphere plotted
against a disk scan from east to west. As one scans across the Venus disk
toward sunset, one finds, exactly as expected, that the temperature is falling
as the angle made with the sun, the zenith angle, increases.

Below, we have an equatorial scan from pole to pole. One finds that
the temperature is lower at the pole, increases roughly symmetrically to some
maximum, levels off actually for quite a wide region, and then falls off again
as one approaches the south Venus pole.

In these scans the limb darkening effect has been renoved and the limb
darkening effect is precisely what we need to test our theory. Figure 7
shows precisely this, the experimental observations of the limb darkening
scan across Veus.

0.

em- I. - ...

99 IN $ * RAmIAL F ATION

Fc. 7.



ATMOSPHERES OF VENUS AND MTARS 159

The dots are experimental points. The curve, is the theoretical curve
for a value of this parameter beta, equal to one-tenth. The first point to be
made is that there is no shouldering effect, Recalling the theory, this means
that we are not seeing down to any opaque level in the Venus atmosphere.
We are still intercepting radiation arising from the gaseous atmosphere.
There is no penetration down to'a cloud level or a dust level or the Venus
planetary surface itself.

The second point to be made is that these points are fitted quite well by
assuming a hue ijiscreteness parameter of beta equal to one-tenth. The limb
darkening here from center to edge is about a factor of 10. That means
that we have a non-gray atmosphere, that we are "seeing" thermal radiation
arising from discrete lines rather than a continuous type absorption co-
efficient characteristic of stellar gray atmospheres.

You might inquire of what importance is this-we knew it all the time,
And it certainly is true that one would be very surprised at a contiary result
since the Venus atmosphere emission bands must be very similar to those of
the Earth itself.

rUTURE MROSPECTS

I think that the maln point to be drawn from this is that a measurement
of a single parameter, that is, the scan of intensity across a planetary disk,
yields a great deal of information. One can determine the amount of gray-
ness, the line structure of the atmosphere; and also the thickness of the at-
mosphere. You can also determine the actual temperatures of the atmos-
phere by matching it against black bodies of known thermal emission.

These are certainly cogent reasons for infra-red observations in any
reconnaissance flight coursing about Venus or Mars.

Of course, we can turn the problem inside out and use this limb dark-
ening scan to look back on ourselves; in other words, use it as a tool for
probing the upper terrestrial atmosphere. This one does by attaching some
infra-red device, such as a spectrometer, to a satellite.

The first attempts in this direction are being made by Professor John
Strong at the Johns Hopkins University. Ile hopes eventually for satellite
instrumentation. The instrument problems are quite large. At present,

',he is flying ait infra-red spectrometer using large plastic balloons. lie has
A. device which scans along the surface of a cone so that at one portion of
the cycle it is looking within 30 degrees of nadir, directly down, atd at the
top it is looking within 30 degrees of zenith.

Ile made one flight last November. The data are not yet evaluated, but
the method is very promising for determining the upper atmospheric tem-
peratures in a quite direct way.

For instance, let ts dream a bit and see what we could do if we had
ideal instruments on satellites. An instrument which intercepted radiation
in the 9.6 region alone would measure the temperature of the ozone region.
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We could have a hand pass filter at 15 microns to tell us the vertical dis-
tribution and temperature of carbon dioxide.

Similarly, by strategic'placing, of the filters we could do the same for the
water vapor bands; and, finally, ijust by looking through a window of the
atmosphere at 10 microns, vhere there is no absorption die to any atmos-
pheric constituents, we would get the thermal radiation arising directly from
the planetary surface itself.

One can visualize this sort of instrumentation on the satellite, and we
could have then continuously monitored, world-wide, temperature .scanning
of the atmosphere as well as the surface itself.

The first steps have been made in this direction of reasonable satellite
instrumentation. A primitive prototype was made a couple of years ago
by Strong. He simply converted an ordinary Weather Bureau radiosonde
used for atmospheric sounding, by taking the humidity channel and replac-
ing that channel with an infra.red signal, Unfortunately, even with minia-
turization, the apparatus was still too weighty for the Vanguard But
future improvements, and already there are some technical advances, show
that this system has much promise.

I hope Piave given you some feeling for what one can do with the rather
exciting possibilities of~infra-red reconnaissance of our neighboring planets
in the not-too-far distant future.



SPACE MEDICINE-THE HUMAN BODY IN SPACE

SY

DAVID G. SIMONSA

INTRODUCTION

The problem of placing man into space is a subject of increasing in-
terest to everyone. During the past ten years, I have been privileged
to participate in research programs looking in that direction. As a
research scientist primarily concerned with identifying and studying
the problems man will face when he first ventures into space, it is
apparent that a crucial question concerns the criteria for qualifying and
s".lectingthe individuals. One of the major challenges of General Don
Flickinger's Air Research and Development Command Life Sciences
research team is to determine what tests should be applied for selecting
and training such a man. Let us examine some of the conditions and
problems which our space men of the future must face.

In thinking of space, we must get in the "swing" and become "space"
oriented. There is an interesting mental exercise that may help to put
your minds into space where they should be for this lecture. Inagine
you are in orbit circling the Earth, and your best friend is following one
mile behind in the same orbit. If you-want to toss him a ham sand-
wich so that he will catch it, how should you do it?

The simplest solution is simply to toss it straight forward in the
opposite direction from where you want it to go eventually. It starts
forward, rises upward, gradually drifts backward going overhead, and
eventually lands in your friend's hand half an orbit later on the opposite
side of the Earth!

This somewhat anomalous situation is further emphasized by what
happens if you thoughtlessly decide to toss something down toward the
ground out of your orbiting satellite. Its performance is equally
strange. It starts downward, slowly drifts forward and then upward.
Finally it returns to where is started, hitting you on the head.

In space you must consider carefully, they, how you dispose of what.
CONDITIONS IN SPACE

Medically, the high altitude situation becomes progressively equiv.
alent to the conditions in space as one ascends. Thus there is no one
altitude at which space begins for man. Rather, the situation becomes
space equivalent in more and more ways as one goes higher and higher
until there is essentially no difference.

For instance, very few who are acclimated to sea level pressure would
I L.ieutealnt Colonel, U. S. A, F., Ilolloman Air Force Baw, New Mexlco,
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survive above 20,000 feet without supplementary oxygen, or survive

even while breathing 100 per cent oxygen above 45,000 feet without
some pressurization technique. Medically, these altitudes already rep-
resent space equivalence wvith regard to oxygen.

Above 100,000 feet, nearly twenty miles, the atmosphere is so thin
there is practically no conductive heat transfer between the atmosphere
itself and an object in it. As a result the balance of the heat radiated
by the object at high altitude and the heat received from radiation
sources such as the sun and Earth determines its temperature almost
exclusively. Thus, at 100,000 feet we are in space so far as temperature
problems are concerned.

The biologically most effective cosmic rays, heavy cosmic ray pri-
maries, upon entering the atmosphere of the Earth are converted to
secondaries in the region between 15 to 25 miles and thereby change
their nature. That is roughly between 80,000 and 130,000 feet. The
higher one ascends through this transition region, the more nearly one
receives the full exposure that would be experienced in space. The
lighter primary particles penetrate more deeply into the atmosphere
than the heavies.

One would not expect any hazard from collision with a meteorite
below approximately 80 miles, At this level two other interesting
phenomena occur. There is no longer any illumination from the sky.
It will present the pure, lightless black of night, even in the daytime.
At this altitude, also, there is no longer sufficient air to transmit sound,
Biologically, therefore, above 80 miles you are in space.

There is one other characteristic of orbital space flight which requires
more than altitude. Weightlessness requires velocity. Unless some
special means are taken to provide a pseudo-gravity that is, spin, a
stable satellite will produce a truly weightless environment.

An orbiting manned satellite must be high enough to be sufficiently
free of atmospheric fr:ztional drag to remain aloft, yet low enough to
stay tinder the "van Allen" radiation. This will probably place early
manned satellites in the region between 100 to 150 miles.

Let is now consider details of four specific medical problem areas
which are of particular importance in terms of manned space flight:
cosmic radiation, weightlessness, provision of a sealed cabin environ-
ment, and man's psychological reactions to the strange environment of
space.

COSMIC RADIATION

Primary cosmic rays consist of atomic nuclei nearly all of which
range in weight from hydrogen through iron. Most of the particles
arrive in the vicinity of the Earth's orbit from interstellar space appar-
ently accelerated by the magnetic fields within the spiral arm of the
galaxy that encompasses our sun. Some of the low energy low weight

t ,------¢--- - -
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primaries likely originatefrom our own sun. The arriving nuclei have
been stripped of all electrons, leaving a strong positive charge that in-
teracts.with the Earth's magnetic field. Nuclei of the two lightest
elements, hydrogen and helium, comprise approximately 96 per cent
of the total, while the nuclei of medium and heavy elements comprise
the remaining 4 per cent.

The least energetic cosmic ray primary nuclei arrive wihnarly one
billion electron voltsenergy per nucleon. Figure 1 relates the energy

__________________________ EFFECT OF tARTH'$ MONC5TASS ON
COStAIC RAY PRIiSOftAC
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Fir. 1. Relatise position of cosmsic ray 'Ftc. 2. The central circle represents-the
prinsaries svith respect to other forms of fa. Earth. The ,hading at the right represents
miliar radiation tn the exiergy spectruim, the miagnetic hieldl of the Earth, and the
KEIV is thousands of electron volts, :sIV is arroso showv the paths of less- enermy heavy
nudiont of electron volts, and B3EV is hillionts ensoie ray prirnace as infuencedi hy this
of electron ~Nlts per Particle. n=agoeield. The resultant zones of par.

Tearmasi onplete pectisiso are ilsotrated is
tenso he scale of the Earth's diamieter.

The atippled area on the surface of the Earth
represeoto the this shell of the Earth's
atmphere.

range of cosmic ray primtaries to the energy spectra of faitniliar-forttts of
radiation. UTe energy spectrum of cosmic rtdiation extentds throttgh
eighteendtecitualplaces. Thedtistribtttioa with respect to energy favors
low energy particles strotngly in the samne mnatiner that the tdistribution
with respect to atolnic weight strongly favors lowv atomnic weight ele-
ments. Thus, the great bulk of incoming cosmic ray pirimnary particles
consists of low energy hydrogen attd helium nuclei. Low cewgy heavy
primlaries are of greatest biological concern.

Since the path of low energy particles is strongly influenced by
mtagnietic fields, mtagnetic consitderations influlence strongly the pattern
of ex~posure with respect to particle energy. Frotm the biological stand-
point, the low energy heav'y prilnaries arc of particular interest. Figure
2 illustrates the fact that low energy primaries approaching thle Earth
in equiatorial regions are frequtently deflected back itnto space, wvhereas
primtaries approachitng polar regions penetrate to tlte atmosphere.
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FIG. 3. Heavy coomlc ray priomy thinm recorded io nuclear enil.ion by Dr. Hertan
Yagoda of AFCRC. The particle traveled fronm left to right and sucemivly from top to
bottom, terminating in the loner right hand cormer ac au atomt of atomic meight clton to iron.

Fxt',. 3b'. Collision of a relatisistic particle approaching the %eight of iron sith a itucleus ini
a nuclear emulono track plate. Thin photograph isn the sme scale as Fig, tO.
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Thus, a zone of protection from exposure to low energy primaries exists
in the equatorial region near the Earth and some distance into space.

Those primaries which penetrate the Earth's atmosphere undergo
ionization and collision producing the secondary cosmic radiation.
This consists of familiar nuclear components such as neutrons,,protons,
electrons and other nuclear debris. All primaries are converted to
secondaries at an altitude of approximately 75,000 feet. By the time
primaries have reached this level, they have either lost their energy by
ionization or collided with the nuclei of air atoms.

The low energy heavy primaries which penetrate a photographic
emulsion plate and terminate by ionization, produce what has been
termed a thindown illustrated in Fig. 3a. When penetrating the atmos-
phere, tissue, or other absorbing material, heavy nuclei can also undergo
a second type of collision in which they collide directly with nuclei of
absorber atoms. If such a nuclear collision takes place in an atom of
heavy atomic weight (silver or bromide) in a photographic emulsion, a
stellate pattern is produced which is called a star. The spray of radia-
tion characterizing stars adds up to less than one half the generally ac-
cepted permissible 0.3 roentgen equivalent physical (r.e.p.) (lose per
week, as illustrated in Fig. 3b.

In order to establish a basis for estimating the biological effects
associated with the thindown phenomenon, Schaefer calculated that
whenever a particle produced more than 10,000 ion pairs per micron of
path length in tissue (ip/yr), it would be biologically damaging. fie
therefore defined a traversal by such a particle a pre-thindown "hit."
His calculations indicate a carbon atom can produce 101 ip/pr for a
distance of 900 microns; an iron nucleus produces 10' iP/r along
nearly 10,000 microns (1 cm.) of its path length. Figure 4 illustrates
the radial spread calculated by )r. Schaefer based on this hit criterion.
It should be noted that the maximum diameter of radial spread theo.
retically observable at a (lose level of 100 (r.e.p.) is 5 microns.

In order to relate the significance of exposure to cosmic radiation
within the atmosphere and within tissue, in terms of its ability to
penetrate, the concept of grams per square centimeter (g/cm') of ab-
sorber is extremely helpful. As a useful rule of thtunb the most ipii)ort-
ant factor is not so much what kind of material the radiation penetrates,
but rather, the total mass penetrated. Thus, the mass of absorbing
material can be conveniently expressed in terms of the number of grams
of material traversed per square centimeter of area regardless of dis.
tance. For example, the absorption effect upon a primary traversing
2.7 centimeters of water at a specific gravity of I would be very nearly
the absorption effect of the same primary traversing I centimeter of
aluminum with a specific gravity of 2.7-2.7 g/cm of absorber being
traversed in each case. The air remaining above 135,000 feet also
accounts for approxintely 2.7 g/cm of absorption, the numerical value
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of absorber to the top of the atmosphere in g/cml being fortuitously
almost exactly the same as the pressure expressed in millibars .

The calculations of Dr. Schaefer show an interesting phenomenon.
Due to the high energy of primary particles and the fact that the region
of greatest energy release is at the terminal portion of the tracks, at high
altitudes in the vicinity of the Earth there is a region near thle surfaice of
the top of an exposed body that receives no thindown hits because the
particles penetrate this region before slowing down enough to reach the
ionization density of 10,000 ip/mr. Dr. Schaefer devised a standard
sphere which is of equivalent weight to a man, for simplification of
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la. 4. Calculated %aluca for thre istenity of ioization produced by a calcium ion ner-
toint thirolown. Thre intesity of radiation at %-ariose distaucn fromo the center of the track
is comipared to the size of a humnan cell.

geomuetry, and points out that even in the simple geometric configura-
tion of a sphere there is a highly complex (lose pattern throughout thle
sphere. It is hopelessly difficult and impractical to compuite dosage
accurately for a complllicatedl antI variable configuration stuch as tile
human body. We have approached this problem in terms of actually
exposing aninmals to altitude antI then determining the effects of primary
cosmic radliation onl them. To do this, we exposed black siice (directly
to heavy primfary particles.

Dr. lcrnian Chase of Brown University had conducted grotund
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experiments for several years on the effects of X-rays on graying of hair
on black mice. He found that if a black mouse is exposed to anything
less than 100 r.e.p. there will be no noticeable effect on hair graying.
However, dosage levels between 100 and -1000 r.e.p. produce an in-
creasing incidence of gray hairs in the hair coat, and at the 1000-r.e.p.
levels, the entire exposed area of the animal hair coat turned gray. The
figure on the left in Fig. 5 shows a normal C 57 strain'black mouse~with

Couflaay oD D,. lr.. A Ch.$;. B-, UE . v et y

Fie. 5. Normal C 57 black hair mouse on the left, and on the right. animal shouing
.attered clumps of gray hairs folloa sig exposure at 90.000 feet.

no graying typical of laboratory and cquatorialbballoou flight controls.
The figure on the right shows a mouse that has been exposed for 24
hours above 90,000 feet on a balloon flight at northern latitudes. This
is a typical effect from such a flight. In addition, ground control mice
were also flown at Holloinan Air Force Base, New Mexico, and then
examined under the direction of Dr. Chase. Because of the magnetic
shielding effect of lower energy particles at this near-equatorial latitude,
those particles which could terminate by thindowns producitg the
uniquely high rate of ionization are eliminated. Only higher energy
particles which terminated by collision producing stars penetrate the
Earth's magnetic barrier there. These control flights were conducted
under similar conditions of temperature, pressure and du~tion, with
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the only exception that the animals were shielded from the low energy
primary cosmic rays.

A previously unheard of phenomenon observed repeatedly but only
in mice 6xposed at high altitude in northern regions is illustrated in
Figs. 6 and 7. Streaki of gray hairs have been produced in the rodent
hair coats where a heavy primary apparently grazed the skin of the
animal and produced damage to a series of hair follicles.

E'ich hair follicle contains a group of sensitive pigment cells produc-
ing color at its root. Streaks of graying which have been observed by
Dr. Chase and produced by heavy primaries measure up to 200 microns
wide. The average distance between hair follicles in black mice is
approxiimfately 120 microns. The minimumradial spread that could
involve a series of hair follicles to this width must correspond to a
radiation intensity of 100 r.e.p. at a distance o f 30 to 100 microns. At
the 100-r.e.p. radiation intensity level the theoretical value of radial
spread calculated by Dr. Schaefer is less than 2' microns, illustrated in
Fig. 4. One is impressed by the marked discrepancy between theoreti-
cal values and those observed. To my knowledge there is'jio adequate
explanation of this discrepancy.

Streak of white hairs on an

on'mal from flight 66

4 x equas wnhile hairs
equals block hairs

••.,n" " ot¢ /5 IDr,,,' B. Ch...

'' '¢ '' o '- I Fir. 7. Schiematic of the
L~ ~~ ..... my xreak illustrated in Fig. 6.

Cor $ fD, ¢ a B. CAM,, 13o11- Uxi- l // •'no aN_-erge dlS'allce bet en

each hair follcle is appro,!-
Fir. 6 Cray streak o6b4rnA n nos e floun above anately 120 microns

90,000 feet. "The treak runs parallel to the animal's
backbone over its left flan.

Dr. Wilson Stone of the Univmersity of Texas has used another
approach studying genetic effects of primary cosmic radiation, Neu-
rospora of a mutant type that cannot produce adenine when placed on
an andenine deficient medium, die in a relatively short period, lIe
plated a group of this mutant variety on minimal (adenine-free) media
as spores and exposed them to primary cosmic ray particles. When the
heavy primaries irradiated the Neurospora they produced a back
mutation in some of the exposed spores, producing the original wilt type

/
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which could then produce its own asdenine and survive onl the minimal
medlia. In this way one can pick out from many, many millions of
spores just those which have been affected bsy primary cosmnic: radiation
and have suffered genctip reversion to the original wildl type. Parelim-
inary results of his experimnent are illustrated in Fig. 8. This indicates

Fto. , Results of prelim. Fir, 9. flositin of track plate and gray hamrs onl the

= lNeuenspora experiment, right hand of the MANiIIGI 1 1 Flight Subject. 'the
eniite'd by~ Dr, Wilson Stonle ntrt'eet X's indicate gray hairs The circles Nith tails

of the ti, rnn of Tesas. and cro.ssesi tals represen petration of primary co'lnsie
Tles 'Atl Z11ds area ONhNed ray,, of charge corresponding to, osygea and treater,
Nack mutations, tubes v~ltts (trc late data, courtesy of t)r. Hermnan Yagodfa.
black a % mse strongly posI. AFRC
;ivn for back muntations. (D)ata
tor chart, courtesy of IDr.Stone.)

that,- heavy pritmaries have a 1)oett effect onl genetic tissue bttt it re-
qutires further itnvestigation to establish the relative significance colt-
pared to other formts of radiation.

In the, MA\NIK:G-1 experimnent nuclear emutlsion monitoring plates
were plasect on thle forearms atit chest of thle stubject to recordl the
traver-sal of tlte heavy costttic ray patrticles. The analyses of tltese
plates by Dr. Hlerman Yagoda of AF-CRC revealed that numtteros
heavy prituarics penetrated these plates antd therefore the arms of thle
subject. The positiotn attt appearance of itedittt antd hteavy printary
nuttei onl tlte plates are illustrated for thle right armn in. Fig. 9. The
subject spent 16 hours above 90,000 feet, which is the mtinimuttm altitttte
for one to expect pritmaries of a weight. greater thtan abmout nitrogen to lie
recordxi. The atmosphere abtove 1t0,000 feet absorbs two thirds of
tlte-licavy primiaries so thtat the c.posure at this iltitutle is ahpprQ%.i-
inately one third that e~xpected beyontd the atmosphere at low orbital

Figure 9 illustrates the gray htairs observed ott my) right arm corre-
liated witht thte mtediumi anti heavy thindowns of elements of a weight
greater than oxygen recordedi in thte nttclear track plate. Seven gray
hairs have ent observetd by this timte in the wrist area and three inl thle
mtonitoredi region tunder the tracki plate. It is likely that two of the
three hairs observed in tite monitored area htave tturnedI gray spontatte.

3ifI. Yagodla, Freqnency of Thindnssn fits by Hleavy Pimn~ary .Nntclei in R inntsson and]
Toneau," A. Wr4ton Mted.. Vol. 27, pp. $22-532 (1956),
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ously. There is a medimn weight primary recorded in the general
direction of number 9, and number 10 was incompletely monitored
since it occurred along the edge of the track plate. It is not clearly
established that any of the twenty-three medium heavy primary cosmic
particles recorded penetrating the plate happened to strike a hair
follicle. The skin of man has a much lower hair follicle density than
that of mice, so this would not be surprising.

The greatly increased radial spread observed in the hair graying
effect compared to that predicted by theory clearly indicates that heavy
cosmic ray primaries produce unique ionization effects which need
further investigation. Preliminary results with genetic materials and
examination of monitored brains by Dr. Webb Haymaker at the Armed
Forces Institute of Pathology raise very serious questions as to the
sensitivity of these tissues to the unique radiation pattern of heavy
primary thindowns. It is not surprising that heavy primaries may
have missed hair follicles on the manned exposure study considering
the relatively short duration of 16 hours above 90,000 feet and the con-
siderable blanket of air absorber above the capsule at that altitude. It
is important that the fundamental nature of the radiobiological mecha-
nism producing the biological damage observed from heavy primaries
b2 examined since previous experiments have shown that the effects
observed are quite sensitive to the conditions of exposure such as oxygen
concentration. The intensity of low energy heavy primaries in outer
space is still an unresolved question.

WEIGHTLESSNESS

Another area of medical interest in space is weightlessness. A nmn-
her of experiments have been conducted with animals in rockets starting
in 1948 by placing monkeys in V-2's and finally in Aerobees. In these
experiments physiological response in terms of blood pressure and res-
piratory rate was masurc(l. Also, photographic records of the reaction
of mice were obtained under various conditions in weightlessness.

As illustrated in Fig. 10, one mouse was permitted to run freely
without any foothold that it could hang on to. The other mouse had
a foothold on its paddle so it could ride around on this drum during
weightlessness with a tactile reference. The first mouse, without the
tactile reference, was quite disturbed particularly during i em 15 seconds
when there was no rotation of the nose cone exposing it to very nearly
true weightlessness. This (foes suggest that there may be problems in
terms of being completely unrestrained in the weightless state. This
short exposure tells us nothing about any cumulative effects of exposure
:asting for hours. These experiments show no significant impairment
or disturbance of the circulatory system under weightlessness, although
there was a slight decrease in the pulse rate which was no more than
might occur when going from the resting to the active conditions.

Currently available aircraft such as F94's can produce near weight-

- .. . . . . . .o
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lessness for about 20 seconds disturbed by bumps produced from acrody-
namic forcesand turbulence. True weightlessness can beachieved during
a rocket's ballistic trajectory which, of course, requires a lot of velocity
as time is extended. Several minutes of weightlessness are theoretically
obtainable using modern high performance rockets, but we can't expect
to be sure of the true significance of weightlessness until man has
achieved at least one daily cycle of approximately 24 hours in orbit.

There are a number of interesting little sidelights whi'ch have been
discovered using aircraft. One is the result when trying to drink water
from a cup during weightlessness. As you tilt the cup, the water
doesn't pour out, of course, so you have to throw the water at your

Fie. 10, Mihe in the %eightlcss state floating in an Aerobce rockct launchcd in April1951.

face. Naturally some of the water gets into your windpipe, producing
choking and difficult breathing which can lead to near panic.

The best solution found (thi& 'as first worked out at the School of
Aviation Medicine) is to use a plastic squeeze bottle. In this way you
can squirt the waterout and by gradually moving the bottleaway, you can
keep the water up against the end so that it will continue to flow evenly.

Eating doesn't seem to be any problem unless you attempt to eat
crunchy food that produces dust in your mouth. This is really no
problem if you have the patience to keep chewing it until you get a nice
damp bolti that will remain coherent as you swallow it. If you are in
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a hurry and try to swallow the dust, you quickly find dust floating in
your pharynx and on down into your lungs instead of into your stomach.
This is most distressing.

The body can be expected to react to prolonged weightlessness in
one of two ways. First, it can acclimate much as the body does to low
atmospheric pressure or low oxygen tension on top of high mountains.
Over a period of time people become well adjusted to high altitudes of
18,000 and 20,000 feet without supplementary ocygen. Many of us
living here at ground level if suddenly taken up to 18,000 to 20,000
feet would lose consciousness. Over a period of time the body may
acclimate in a similar manner to weightlessness.

On the other hand, the body may react in the manner claracteristic
of sea sickness or motion sickness. Here it takes 10 to 20 minutes for
symptoms to develop during an acute attack. Inl fact, if the stimulus
is continued tie situation tends to get worse with tile. If this type of
reaction occurred to weightlessness, it could become critically serious.

One hint as to what to expect concerns what happens when sensory
input is reduced to the body. Sensory stimulation, particularly the
ever-present touch sensations, can be minimized by placing a person in
a swimming pool that has the same temperature as the body (as done
by Dr. Lilly at the National Institutes of Health). Another approach
has been to provide a monotonous tone and to place goggles over a
person's eyes so that lie has no organized auditory and visual sensory
input from the outsile world (done by l)r. H" 10, at McGill Univer-
sity). These and other experimenters have found that this type of
situation eventually seriously disturbs the indiviual's equilibrium be-
cause lie is not getting information with which to react. Persons in
this situation characteristically generate their own sensations by ex-
periencing illusions and hallucinations. This may occur within just a
few hours.

The situation in weightlessness will not be this severe, but undoubt-
edly tactile sensations will be greatly reduced and visual and auditory
sensations will be of a monotonous nature. The first 24 hours in orbit
should be very revealing with respect to many aspects of weightlessness.

SEALED CABIN ENVIRONMENT AND EFFECTS OF ISOLATION

'['here are two mtore problems that are conveniently discussed to-
gether: the sealed cabin and the effects of isolation. I shall refer to the
MANIIGI1 balloon flight in these areas since it provided considerable
practical experience with them1

The MANIIIGH capsule operated as a truly scalet[ cabin, venting
nothing of its atmosphere to the outside and receiving nothing from
outside. Whatever inert gas was in the capsule initially remained there
unless it leaked out. The oxygen was stpplied by the 5-liter liquid
oxygen converter and was metabolized to carbon dioxide and water

"The MANHGI II11 Dalloon Fight." Holleman AFB Technical Report. in publication.
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vapor. Carbon dioxide and water vapor were then removed by an out-
board chemical absorption system. As the absorption unit removed
these byproducts, total pressure dropped slightly, tripping a valve that
released more oxygen to maintain a constant atmospheric pressure of
6 psi. as compared to the normal sea level pressure of 15 psi.

There were additional equipment and instrumentation: the emer-
gency battery supply, emergency oxygen supply, the controls for the
atmosphere in the capsule, electrical controls for the balloon flight op.
erations, a panel for flight control instruments, and a camera to record
the information on the panel.

The selection of the atmosphere in such a capsule presents interesting
problenms.4 An adequate oxygen partial pressure of between 100 and
150 mm Hg had to be maintained. This was done by enriching the
atmosphere to approximately 60 per cent oxygen even though the total
plessure was only 6 psi. The remaining 40 per cent of inert gas re-
quired was divided half and half between nitrogen and helium. This
was done on the basis that with regard to producing bends, both have
undesirable characteristics, but for somewhat different reasons. From
the information available, there may be a slight advantage in dividing
tie obnoxious qualities of each. There appears to be no disadvantage,
and it is a relatively simple manner to provide this atmosphere.

till 4 *000

.14 000
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Fm5. 11. Indication of eeLaio hazatrds is, hed ins esled cabin atosophere in tenms o
the prme seteden. Tintmaoesoy of the shading in~dicates the degree of the foamed.

Figure I1I summnariz~es the p~roblemts that needed to be consideted:
First hypoxia, then the p~roblemt of bends or dysbarismn, both (luring
ascent aid( in the event of emergency dlecompressionl while floating at
altitude, and fintally the qtuestion of fire hazard. It illustrates clearly
the advantage of selecting an intermediate cabin pressure, corresp~ondling
to app~roximuately 20,000 feet or 350 min-lig pressure.

4 1), G. SinionanodEP. ItArchibald, "Selection ofa ScellCb.Atoohr. .Ms
.lfe Ud.. Vol. 29, pp. 330-357 (1958).
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One of the problems of serious concern in space is that of tempera-
ture control. Figure 12 illustrates the surface temperatures and inter-
nal capsule temperatures of a 24-hour animal balloon flight in the 90,000
to 100,000-foot region. During ascent through the cold tropopause
region, the surface became cold. Upon reaching ceiling during the day.

Th*

-J-

4.1

Fio. 12. Toulwatures obwr"I on the tvfac and in the eviler (A a 30-inch (liameter
animal capuln flatircg ab~ 90.000 fret on a balloon flight.

time, thte top surfaces becatme hot, reaching a muaximutm of 182 , F. At
night all surface tettilerat tires dlropp~ed to approximtately- 8 0' F. Re-
mit exp~erience has shown that painting tlte surface flat whtite reduces
thte heat, absorbed during tlte (lay without significantly reducing its
insulation qualities during the night.

On tlte 11AIIGII flight I wvore a modified MC-3 pressure suit
solely as an etmergentcy garttent. l'This was ttot a pritmary protection,
bttt rather a secondary one, in the event of failutre of capsule p~ressutriza-
tiotn which fortttnately did not ocur. '[le comubitnation of this Stuit
whtich batd poor ventilatiotn and temperattres which sottitiws reached
SO0 F'l prodttced serious discomfort restulting in marked retdtttion of
efficientcy during tlte flightt. fin addition, tlte sutit fit so snugly that it
wvas phlysically utncotmfortable mttclt of the time, Att important ques-
tioni is tite relative imtportance of emergency protection of this type
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versus the loss of efficiency in discharging primary responsibilities.
Considerable research mnust bc done in this area.

The following is a brief review of the flight front the point of' imw of
isolation in a scaled cabin. Figure 13 shows the flight preparation
phase. The flight was launched at 0922 in the morning, wecnt to altitude

FIG. 3. 11101 of the IA\IIIGII 11 Ehght of 19-20Autis 1957matnding
in front of the rwpnula peeparatozy to flight.

at about 1000 feet per minute, antd then floated level at Ceiling through-
out mnost of te (lay. Close to sunset whten the heliuim in the balloon
cooled off (Iue to the reduction of ambient radiation, the balloon de-
scendled to applroximately 70,000 feet where it leveled off towardl sunrise.
It wvas necessary to dirop applroximtlately 200 p~oundts of ballast through
the night to maintain this altitude.

The flight had been expected to float at $0,000 to 90,000 feet during
the night, but the storm cloudts below cut off the long-wave infrared
radiation frot the Earth, allowing the balloon to become much colder
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than it would have otherwise. In the morning after sunrise, the gas
expanded as it was warmed by the sun. This, plus dropping a little
more ballast, allowed the balloon to return to 95,000 feet.

By this time the weather situation had cleared sufficiently to permit
descent. I released helium by opening an electric valve at the apex of
the balloon. Slowly but surely it finally started to descend for landing.

The path of the balloon throughout the flight is quite interesting.
On the Earth's surface the winds were blowing from west to east, as
they generally do. Above 80,000 feet they were blowing from east to
west as they normally do through the summertime at this latitude.

Fie, 14. Cloud ,)stcmi and horizoni as %emn from the MANlIIGII IFflight il~nule on
the aftenoon of 19 August 1957. The curvature of the horizon is Womcichat amnilateI by
the hort focal length lens used to take this inraid picture.

"rowaid sunset the balloon dropped below 80,000 feet, so it encountered
winds going to the south, later on during th1e night, it encountered
winds going to the north. Then in the iorning, as it ascended, it
again encountered winds going west. Finally, on descent, westerly
winds brought it back toward the east again. On this flight, at least,
by selecting a particular altitude, it was possible to go in any direction-
east, west, north or south. By selecting the right altitude, then, it is
sometimes possible in balloons to go in whatever direction you wish.

The environment that one experiences in this situation realistically
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simulates conditions in space. There is a very real threat to existence
in the event of equipment malfunction, so that one must be constantly
alert to make sure that the life support mechanisms are functioning
effectively. One just doesn't dare relax too much. In addition, there
is the difference in physical appearance of the environment. Figure 14
is a view of the sky taken from 100,000 feet. In the foreground far, far
below is the patchwork pattern of the western Minnesota farmlands.
The clouds of the cold front system which the capsule crossed. during
the night stand out clearly in the background.

A comparison of the color of the sky 300 above the horizon with
reference color charts held in direct sunlight (3funsell color charts
kindly provided by Dr. Stakutis of AFCRC) showed the hue of 3.0B
(blue) was too green and the other chart 5.01? (purple) was too red.
Apparently a purple-blue hue would have been much closer. On both
charts, value/chroma displays of 3/6 matched best. In the Munsell
s-stem the sky could then be approximately described as dark purple-
blue of 5.01113 3/6. Above the white band which measured approxi-
mately 12" wide lying immediately above the horizon was a band of
blue similar to the blue sky which one can see from the ground. Except
at altitude, the range of blues usually seen looking from just above tile
horizon to the zenith is compressed to a band only 2o or 30 wide. This
narrow blue-hued band faded into the narrow white banld next to the
horizon on its lower side and shaded quickly and evenly into dark
blue-purple on its upper side. This sky color gave the impression of a
spectral violet such as appeams very close to the end of the spectrum.
It was not an intensely lighted color because I had to observe it for a
period of time to permit my eyes to become accustomed to its relatively
dim intensity to see it at all.

The colors of the sky were concentrated in bands close to the horizon,
and, when looking toward the horizon, my view generally included both
white clouds below and dark sky above. 'he marked brilliance of the
clouds below made the sky above seem blrek, or more accurately,
completely absent. This gave iie the impression that I was suspended
above a large soup bowl with slightly inverted, upturned edges and
without a top. Observing the faintly curved horizon, with very little
imngination I felt as though I were on the very fringes of the atmos-
phmre, closer to space than to Earth.

,Generally my attention was concentrated outside the gondola in
terms of what was there to be observed. The regular reports to the
coin'tuand post tracking van every half hour constituted al annoying
interruption. lhe capsule seemed like a welconie window provliing a
fabulous view and precious opportunities rather than a prison and
incosure.

l)uring the night as fatigue took its toll and external observations
beinaiie prohibitively diflicult because of frosting on the windows, prob.
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lems and conditions within the capsule assumed increasing importance.
The subject matter of the tape recorder clearly reflects this change in
point of view. It was during this period that the capsule seemed
cramped, yet a snug haven. It was also interesting to note that rather
than being a source of annoyance, the half hour reports were a welcome
contact with friends on Earth below.

After a very active period of observation during sunrise, a relaxed
and leisurely breakfast seemed in order. It was during this period
that the darkening of the sky and narrowing of the blue band above the
horizon heralded a welcome return to tie high altitude of the day
before. While reflecting on his situation (luring breakfast, the pilot
felt an dentification with space above rather than with the Earth
below. It is also interesting to note that the bank of storm clouds
below tended to establish a feeling of contact with Earth rather than
separation from it. Fzom this it appears that the tendency for "break-
off" is reduced by a high degree of activity-saturation and enhanced
by contemplative introspection.

Newest of the psychological factors of manned space travel and
least explored is the area of astrochromatics: the study of the effects of
environmental situations in terms of color, comfort, and the arrange-
ment of living space. On the MANHIGII flight, a modest effort was I
made to break the monotony of the capsule interior by painting the
walls a light blue, the ceiling flat-white for maximum reflectance, and
using instrument panels decorated with brightly colored knobs.

In this area, tile nylon webbing seat designed by Lt. John Duddy of
the Aero Medical Laboratory, Wright Air I)evelopment Center, repre-
senltedt a umajorachievenment. Its nylon mesh stretched across a tubular,
aluminum framework providing a very light-weight, strong, adjusta)le
support which could be readily form.fitted to the individual using it.,
It proved extremely satisfactory throughout the 32.hour MANIIIGII
II flight.

Ill slmmmary, much helpful information concerning man's reactionD.
to flight 11ud1er space equlivalentcon(litions is I)ecollling avai!able. Man
can certainly live under space equivalent conditions at 100,000 feet,
and there is every indication that lie should survive the physical rigqprs
of 24 hours ill orbit if properly protected. The critical question con-
cerns his ability to observe new phenomena and think creatively ill
this situation, both to contribute to his own survival and to bring back
new scientific knowledge. Man is unilely blessed with a creative
imiaginiation, tIle keystone to) progress in research. Machines and black
boxes can provide facts to fill in recognized gaps of knowledge. Cjnly
man cam recognize new problems and devise lleamns of studying A[nd
measuring themu. To fulfill his destiny of progress and discovery, 11 an
himself m.tust broach the vastness of space.



SATELLITES AND TRAVEL IN THE FUTURE

1. M. LEVITT%

When Ispeak of space travel in the futur -I atin dealing in the relmi of
speculation, and I w~ould like to say this about speculation. If anly of these
tbings shanld materialize as I say they will, nobody in the world will be more
surprised than 1, These are projections in tlte fttre and, as such, we can't
afford the lux\tty-of dogmtatismt. We have to strike out afresh.

We are certain that with the fututre will comte a new technology and
titere probably weill comte a mnore cottprehettsive tttderstattding of tile ftunda-
metntals of the phtysics of natutre, physical processes, the uttclear scietnces attd
even of gravity.

Five years ago, if somttone had discutssed tlte possibility of hiarncssittg
ite gravitationtal field or ttsitg it. tlte astrotnomers weould have looked aroutnd
for Ite man itt a white coat to take hinm away. Today, five or six universi-
ties itt this cotutry and one abroad are tttdertakittg researcht on gravity, in
atit effort to untderstantd tlte natttre of tltis force. Before wee call tte or do
anythting wcitht gravity, it is necessary to cottprehetnd fully its position in the
scheme of natttre.

First, I wotuld like to speak abottt propttlsiotn systetms atnd fttels of tile
future. Today we htave fottr satellites in tlse sky. For tile placing of tltose
fottr satellites in tlte sky, we have paitd att ettormtotts pettalty in fttcl and
strtuctttre for the weight of payload. rThe Vantgttard satellite weighs 211/.
poundtts. The all-ttp weight of the Vattgttard vehicle is 22,000 potttds.
Thtus it lineatts we ttse abottt otte thotusand pouttnds of fNtO antd hardware for
each pottttd of payload. Thie Jilpiter-C ttsed 2200 potttds of file] antd htard-
ware for a pouttd of payload. Because of tlte trentettldolis size of the
Sputntiks, Americani engineers b'elieve this ratio to have been betweenl 400
attd 800 for the Rttssiatn rocket systetms.

Frotm tltese figttres, it is apparent thtat cemnically fueled rockets are
frightftully expetnsive attd terribly big in% termts of tile fittal result-anid whtile
thle efficittey of thtese larger rockets will eventtually becomte higher, tltere
is ntot too mutch lhope for implrovement. I thtnk it weas Kutrt Steltlittg who
said tltat tlte optiut ratio yott call expect for our ptresetnt dlay rockets is
abottt 400 to 1, tltat is, 400 potttds of fttel attd ltardware per pottnd of pay-
load.

IDirector of the Fets I'tantariunt of The ltrsstdts ttutte, Philatdphta, Pa,

179



1 11

I8o I. 'U. LFuvxrT

If we expect to put really large payloads in the sky, the all-tip weight of
the chemically fueled rocket systems has to be tremendous and this country
can't afford it. A lull-scale space travel program with trips to the moon
and probes to the planets may be undertaken, but if it is undertaken it will
probably have to be on an international scale because it is difficult to foresee
any single country footing the bill for a program of this type.

NUCLEAR LOWER

,While space travel may be realized through chemical propulsion, the
salvation of regular and continued space travel ott a grand scale will have
to come through a solution to the problem of obtaitting the necessary etuerg)
and power in ways other than by chemical fuels,

Tile most obvious way of getting more power is to use the nucleus of
the atom, and at this moment there are several contracts in force to study
the problem. The Rocketdyne branch of the North American Aviation
Corporation has a contract with the AEC to try a feasibility study of a
nuclear rocket. The.AEC has also let another contract (for $10,500.000)
called "Project Rover," a pure nuclear rocket system. North American
Aviation is the contractee for this project.

There is a third proposal called "Project Stap." to be let by the AEC
This will be tied to the "Pied Piper" project, which deals with a television
camera circling the Earth and relaying pictures back to the Earth, We
apparently need a power source for that and we also need power to get it
up. so this will become part of Project Snap. It may very well be that
Lockheed or Convair or both will have a part of this contract. From this,
you see that there is coisiderable activity today, oit the American scette at
least, in the application of nuclear power to space travel.

I recall a long talk I bad about four or five years ago with one of the
most promnent men in the space travel picture, and I spoke about the im-

possibility of using nuclear energy as a power source. After five or ten
minutes, this man looked at me and said "Ilow do you know that this can-
not happen in five or tell years? It is impossible now, but it may be pos-
sible in% perhaps five or tell years."

Only today do I realize how intelligent anl answer that was. I had made
the statement that in order to use nuclear power efficiently you would have
to use tenperatures on the order of 10,000 degrees; and inasnuch as we
have nothing on the Earth which will remain a solid at 10,000 degree, ob-
viously a motor couln't be built to use tinclear power.

Apparently I was dead wrong on that. I was also dead wrong on tile
possibility of radioactive poisonig. I thought that if you had a nuclear
power plant, some of the exhaust materials would be fission products and
therefore there would be vicious radioactivity in the immediate vicittity of
the lautiching point. Again lie said. "llow di you know ?'" I didn't at
the time, and now I see that I had worried too much about it, because ap-
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paretitly radioactivity will be a jutnior factor and trementdous power call he
produced using much loNoer temperatures.

Therefore, we wvill probably go to nuclear power iul the near future, for
purposes of getting off the Earth.

Fusion
lin tite nuclear field there are two approaclics, You canl, for instauce,

visualize a rocket using fusion for power. Fitgure 1 shows what a fusion
rockct would be like. It would iclude a tank of heavy weater, or even liquid

WATCR

I TANK

Fme 1. Scbtenmtie draving showing application of fuston power to space travel

htydrogen, and sotte ntechianismt for bringing the hydrogent atottts togethter
to futse themt, thuts creating a tremtendotus amtountt of energy. Water would
be hteated and vaporized utnder trementdous presstures lin tite pressure chant-
ber, antd futally wotultd be exltasttc throtugh a regttlar nozzle. Or. it is
also possible to use the energy to create electricity acal ionize somte of thle
alkali mtetals attd tuse the iott stream inl tlte exiiatst.

Thtis is a formn of rocket which wotuld ttse fttsiont power, but it is of aca-
deii interest only, for we have yet to prove that we Itava othieved trtte
ftusiotn on the Eartit. The only evidence we htave today is tltat lin tite so-
calletd magnetic bottles sottie stray ntettronis htave beett fotttd whticht cottld
Itave come from nt oe othter sottrce. lit spite of all ss e read, we still htave
to find defittitive proof that. futsiot htas occttrred ott thie Earth. We mtttst
contsider thtis strictly as anl activity of the futture.

lin fttsion. we use a workitg flidt. We exhtaust at a very htighitell;-
Iserattire attd a htigh speedl, or We canl create a htigh tettperature to rutt a
getterator, create anli elcctric cutrrent attt dischtarge iotts at tretuentdotis speeds,5

Apropos of thtis, yott ttay htave read qutite recently abottt experintents
performiedl at the General Electric Laboratory lin whichltiteat was convertcd
dlirctly ittto electricity. If this call he tlu, thenl you htave att applicatiotn
for thtat type of device lit which iteat is cottverted iito electricity, whlich int
turtn accelerates ionit i a iont rocket.

Buas was intdicated, so little is kntown abottt 41tis (lilt except for gctt-
eralitics we can't discttss this intelligenttly.

Fisrson
''The olter type of nuclear ettergy involves fissiott whticht today IS a we'll

ttttterstood ptrocess, Thtere are twro wcays in wltich we catn use fissiott. lit
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one we create a high temperature to heat and exhaust a working fluid. Tile
other is to generate electricity for use in an ion rocket.

Figure 2 shows a device using fission power in the first of these two
ways. This utilizes a fission reactor with hquid hydrogen heated to high
temperatures and high pressures. The hydrogen at a pressure of, say, 225
psi. is exhausted to zero pressure through a nozzle.

The other way of using fiSSion is to create electricity using a fission re-
actor. The electricity will accelerate ions for an ion rocket.

These are the two ways in which \%e use fission. I am coing back to
this later, incidentally, to give you a concrete example of this application

TORSO OVAP

fSI LIQUID HtYDROGEN

(ACTORTANK

Fis. 2. Schimatic drawmig ,houing application of fission power to space travel

SOLAR V,N ;itlO

Let us consider next what energies are available in space. In addition
to nuclear energy already mentioned, there is solar energy and finally pho-
tonic energy. I will mention four different ways in which solar power can
be used.

In the first way, a solar power plant uses sodiun or mercury in a heating
cycle. The power plant creates electricity which again can be used to ac-
celerate ions for sin ion drive. Figure 3 gives aii example of this type of
solar engine in which the receivers-the boiler-are mercury or sodium.
The boiler drives the turbine which in turn drives a generator creating the
current. The current goes to thie cesium chamber, thie cesiun is ionized
and thie jets come out, giving thrust to move thie rocket.

The second way is to heat a working fluid and exhaust it. Tie third
way is to create electricity directly using a device similar to the Bell Tele-
phone Laboratory silicon wafers. In this way, enough high voltage elec-
tricity for sn ion drive may be created. Lastly, there is a thing called solar
sailing. If that sounds strange to you, it sounded strange to is, too, just
about a ionth ago, but it is no longer strange and I wo,ild like to discuss
it later.

NCX.%AR VEFiSUS SOlt,iiNRGV

To speak about these different energy systems intelligently, we have to
find out just how to apply theii. There are two ways in which they can be
applied: one, to leave the Earth ; and two, to travel in space.
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To leave the Earth we need high thrust for short durations. The one
thing we can't afford is to fight gravity for too long a time because gravity
will always win. Therefore, satellite velocity or escape velocity must be
achieved in the shortest possible time, which puts a high premiu on high
thrust.

Only the chemical and the nuclear fuels can fulfill this condition of high
thrust, so immediately solar power is eliminated as a means of leaving the
Earth. Chemicals are prohibitixe in cost and, therefore, only nuclear fuels

GENERATOR

INCHlAMER

Fis. 3. Application of solar po'wr to space tral¢l uing on rsckt.

are left. Though nuclear rocket motors are unproven, untried, stili I think
this coutry aiid perhaps even Russia, is staking a great deal on the future
of niclear power-not just to put a 30-pound satellite or even a 3000.
pound satellite in the sky, but for payloads oiu the order of many tons,

In traveling through space, there are three methods of obtaining energy:
one is the chemial method again, which is prohibitively costly, so we hin-
niediately discard that; the second is the nuclear source; and the third is
solar energy.

- - ~ --..- ---- -.-- ---- ~~- -------- ---..-
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In the case of solar energy, certain reservations nmust be nmade, for, if
you get far enough away from the snn the radiation of the sun will fall off
(the intensity will decrease according to the inverse square lawo) and pre'ty
soon you get far enough away front tite sunt so that its radiation ceases to
be effective. For places close to the sun, let uts say out to the orbit of Mars.
itia possible to use solar energy to powver the space ships.

Project Snooper

Nowy I would like to speak about one p~articutlar form of an ion rocket
called "ProjectSnooper." Ihave looked through nmany papers on thle sub-
ject of ion rockets, including those by Ernst Stulinger who established
most of the fundamental ideas on ion propulsion, Of all, I think Project
Snooper is the one that will catch your fancy and imagination.

MGs. 4. Artist's cnstccpt of ion rocko in space. Nuclear passecr is ust' to get roct
oft the Fatls and , ths providte elctrical cuergy for son ,Irisc.

Figure 4 shon's project Snooper. It is the concept of two scientists,
N . I. Wilinscy andt E. C. Orr, who are with Rocketdlyne. Project Snooper
Utilises a double propulsions system. One system uses nuclear energy' to get
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off the Earth into space, Once inl space, thle nuclear power plant is discarded
as a propulsion dlevice and is used to generate power for the ion rocket.

Let's discuss thle details of Project Snooper. A fast or ant intermediate
nuclear reactor is btiilt into this space shtip, which, incidentally, is untianned
The ship has a total weight of about 3300 pounds, broken downt itt the
follownig way; 1500 pounds of payload, which includes TV, radar, guidance
systents, coniiunicatioins systeims, etc.; 1000 potiinds for the reactor; 220
pounds for the propellant (cesitumi is tiscd) ; and 580 potuids, imiscellaneotus,

fin this reactor, sodium is used as tlse coolanit. The sodium is tised to
heat nmercury whlich inl ttirn drives a turbine. 'rTe turbine will drive a
generator to genterate enought ctirreitt to create cesitum ions and expel thciul.
This gives 147 kilowatts of electrical energy. Most of this must be dis-
sipated as heat aitd that is tile reason for the wing-like stirfaces, They are
rolled tup inl a inice little package aind are put into orbit. When it) orbit they
uniroll. They are covered with soot to give themn a high emtissivity to get
rid of unwanted heat.

Inl the propellaitt sectioni cesitin is tuscd. As a itatter of fact, all thle
alk~alis have rather low iontization potentials, Cesiin will ionize in a itat-
ter of microseconds by passing over hot ptlatitnuii or hot tunmgsten. The
cesixnt is stored in% a liquid state at 1000 R. It is forced through a check
valve aiid sprayed onl the wvalls of a vaporizing cylintdcr at a temtperattire of
1400'. 'This will create the ioiis whtich conme shtooutg out of the two
mtotors.

With 4 ampleres of cuirrenit, these twvo miotors call generate a thrust of
onc-sixtlt of a pound eacht. 'This thrust w~ill yieltd alt accelerationt of a tenith
of a milli-g; inl other weords, a ten-thousandth of thle force of gravity.

'Io prevent a charge froim buiiltdiiig tip onl the vehicle, electroiis are also
ejected, so tie device is electrically neuitral.

Tltis is one way of uisiiig a nuclear itn rocket. This is a vehicle coin-
figuiration which has been very well worked out atnd may eventually reach
tile hardware stage.

VUHtE NUCLEAR ROCKETS

Nowe let us go to pure ituclear rockets weithotut worrying about aii ion
ptroputlsiont, aitd for that I would like to give yott a little bit of background.
If we use the V-2 as anl exampille, it has a specific impulse of abotut 220 sec-
ods. To get a large einough rocket off the sueface of the Eartht witht that
tqpe of imutlse, 98.4 per centt of the rocket would have to be fuel, whtich is
obviously ittpossible. That is whly we have as miany as thuree stages on our
satellite rockets.

If the specific imiptilse were upl front, say, 220 secontds to 400,'sccotids,
thiei it would be possible to putt a satellite in the sky with two stages. Aitd
if thle specific imulse went ilt) to 800 secondts, thiei the job could be doiie
wvith a sitigle rocket, Of couirse, that is the aim becatise iit a sinigle stage
rocket a tremnendotus amiounmt of weight is savetd.
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FiG, S. Schemoatie diagram of nclear rocket.

TURB0PUMP NUCLEAR REACTOR

Fro. 6. Artist's concept of a iuclcar-po%%rred reaction motor.
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We know the specific impulse isproportional directly to the square root

of the temperature and inversely to the square root of the molecular weight
of the working fluid in the heated state in the chamber. This means the
higher the tempeirature, the higher the specific impulse; and the lower the
molecular wvight, ,thse higher the specific impulse.

We investigate materials for the working fluid and ,flnd that hy'drogen
is ideal. It has a molecular weight of 2. As a point of fact, it is the

FiGr. 7. Artist's concept ef a nuclear-po%%ered rclct.

outstanding workiuji fluid for nuclear rockets, Helium has twice thle molec-
ular weight of hydrogen, but logistically it is a most difficult material. The
temperatures for liquid helium are very low (-268.91 C.). It is very
difficult to make, v'ery difficult to store and it isn't easily procured, urious
as that may sound.

Then we go uip to molecular nitrogen whirlh has a mean molecular
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Fv;. 8. Nucear rocket in opnation *howing po~e r plant in front oNtl payload

weight of about 8.3. Fintally we go to the compounds. Ammuonia, for in-
stanice, even though it does have a much higher molecular weigit than
lielnuni and, of course, is poor in p~erformnce, is still better than helium be-
caulse of the shortcomings I have just mentioned.

The nuclear system wvill be or could be like a conventional chemical sys-
tem in that there is a turbo-pump forcing the w~orkintg fluid into a thrust
chamber which contains a reactor. At the end of tile ieactor is a nozzle to
expand the gases. The operation appears 4ery simple.

Figure 5 is a schematic dliagranm of a nuclear rocket. It contains a pro-
pellant sectionl. As the propellant flowvs in, it is divided into two portions-
onec flows in one direction anid one in another direction as the cooling iue-
iim. These two portions finally come together and then thle working fluid
is forced down through plates. As it is forced down through the plates it
picks tip thle leat fromi ttep~ats. It colles out at a pressure of perhaps 230
psi. and expanlds to zero pressulre, givinig thle necessary thlrust. Figures 6
and 7 are artist's concepts of a mitclear-lpowered reaction mlotor andi thle
rocket it p~ropels.

*Figures 8, 9 and 10 are repreoentatisns of concepts devctovest by Krafft Fbricke, of

ConVair.
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Thus the operation of a nuclear rocket motor is not too different from
the chemically fueled rockets. As to-the elements of the reactor, there is

the reactor core which is a matrix of graphite impregnated with U-2353
there are reflectors which are also graphite; there is a control rod; and there

is a structure system. All of these are units of this system.
Figures 8 and 9 show the nuclear rocket application to a moon trip.

Design of a Nuclear Rocket

Now I have a problem which I would like to discuss. This was worked
out by the Rocketdyne people who have this study program. They said:

'Suppose we wanted to build a nuclear motor which would give 100,000
pounds of thrust. How is it done?"

They limited themselhes to a maximum temperature of 4 000 F, The
width of the plates and the gap between the plates were set at s of an inch.
The hydrogen pressure in the reactor is 800 psi. and the temperature of the
hydrogen entering the reactor is 1341 K.

If the reactor raised the temperature of the hydrogen to 36000 F. (no-
tice this is less than the 4000 I spoke about), the reactor would have to be

6 feet long. We could get a mass velocity of hydrogen passing through

Fi,,9. Nuclear rocket .ttling don on the,moon.
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the gap at the rate of 40 psi., and a specific implulse of about 790 Dividirg
the 100,000 pounds of thrust by the 790 gives 127 pounds per second of
hydrogen which must flow through. And if this is divided by 40 (pounds

*per second per square foot), it gives an area of 3.2 square feet which must
be multiplied by 2 to take into account these plates. This showvs that a re-
actor 6 feet long, with a cross-sectional area of about 61/ square feet wvill
give 100,000 pounds of thrust to propel a rocket.

With that, I-think we will close our- discussion of nuclear reactors and
go on to the solar powver devices.

/501Ak AY
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Fiue 0is Kraff SEtloike' concepg of tesolaNre spare shipuigato

man crew. The ship itself consists of two giant shells 128 feet in diameter,
made of a very thin plastic, coated on one side wviths aluminum to concen-
trate the radiation front the gun on a sort of cooker. This is a workable
system which collects solar energy to opierate on a working fluid, that is, hecat
it up, get it tip to a high pressure and dlischarge it to zero pressure. It is the
direct method of iis;ng solar energy.
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It is,also possible to use solar energy to create electricity, either by a
generating plant or by direct conversion, for use in an ion drive.

Finally, there is this thing called solar sailing, shown in Fig. 11, whichs
is about as unscientific a sketch as you wvill see. Hlowever, I do'a't know of
anything I could have done which would have made this more apparent to

C-ouisy *I G,,,,o Fra,,s Co..
Fie. 11. Symbolic application of solar radiation to motion in space.

In the Marcha 1958 issuie of Jet Pro pulsioni Dr. Richard L. Garwvin, of
Columlbia University, said, in% effect: In space we find radiation pressure.
Astrononmers have been fanmiliar with radiation pressure for many years.
They believe even today that that has a great dleal to do with the forniationi
of the stars. Dr. Garwin believes that radiation pressure call be used for
solar siling.

Suppose wc have a satellite circliag the Earth, and as that satellite is
movin~g away front the stil we could put tip a sail to intercept a certain
anmouint of radiation, When the satellite moves arouiind toward the stli, tile
sail is furled aiid radiatioii pressure doesn't affct you except onl the suirface
of the space ship whirlh has a coniparativcly smiall cross-sectioial area.

It isn't too difficuilt to make a conaputation onl this type of ship, because
we know the solar coistlant. We get 2 calories per square centimieter per
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second onl the surface of the Earth. We know the Earth's distance fromt
the stil. so we call compute the sie of the sail we need for. say, a utnit mass
of matter to have radiation pressure affect it.

Dr. Garwin did just that, He contemplates a 0.1-nnl thick plastic
aluminized on one side to double the effect. IHe computes the mass per unit
area to he 5 X 10'"g/cnu' If a 21-pound Vangutard is circling tile Earth
and'if a sail 70 meters iti diameter were put onl to that 21-pound Vanguard,
that sailit'ould accelerate the satellite at 5 X 10" cm/sce which is approx.
iiaiely L.6 X 10- -tinies the force of gravity.

Fromt this, Dr. Garwin shows that it is'perfectly feasible to build a hig
sail, tie it to a space ship and use the radiant eniergy of-the stl to move
aroutid in space. And if hy cliance-our technology should itmprove so that
instead of thes sail having a thicktness of a tenth of a mil we coutld cut that.
say, by a factor of 5 or 6, then the acceleraitionu will he increased still tmore.
giving a significant puish to the satellite.

This concept of sailitng arotund iti space atid letting so~ar etnergy propel
yoit is tiot nonsense. Apparently it has considerable merit atit you may he
hearitng a great deal more of this iti tile futture if man should get outiito
space. Of coutrse. if you have this power all you have to (to when you circle
the Earth is to utnfutrl the sail whlent ypti are mloving away from the stitl to
pick till the energy atid thtetn furl it whent you are mlovitng toward tile still.
A smtall solar battery canl be used for the energy requited to fturl and unifurl
thes sail. wchich can he done in a miatter of 80 seconds. There will be no0
retartlationbecause the sail is open oii the side of the Earth when it is mlov-
ing towardl the sun.l Thus we canl move fromi satellite velocity to escape

velocity given stifficietit tle.PONRCKT

Nowe I wotuld like to speak for just a mousunt a bout tie phloton rockets.
I think mlost of you know that a beatu of light produces a thrust. Oil a very
delicate micro-balance you can actually tmake the balance mlove by shiing
at Nsain of light on it. It is a rather dlicate experimencit, but it has been
dlone.

It is coniceivable that, given eniough entergy in these photon becamts, they
coultd he used to puroplel an object at a rather low acceleration. Essenttially
this ints routerting matter directly into radiationi. At this times onuly ill
giant accelerators or in cosmiic ray reactions (10 we see comllete conlversion
of mtatter to eniergy. T[le muttual anntihilationi of the electron atiu positron
is well known. Recenttly otlier evidetnce of tie heavier pxarticles enitering
ino tltis type of a reaction has beent noted. Trhe 6 B3EV IBevatronlias giv~en
evitdence of the antnihilation of a pirotonl and its niegative counlterpuart, the
atitiltrotolt. Thus thes reactions for the comphlete coiltersiolt of mass to
energy are being uncovered.

The eniergy fromt thiese reactions results iii a streami of photons of var-
iouis energy conitents. If the stream could hbe directed, theni we could usc
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it to impart motion to the vehicle containing the energy generating process
In theory, all ordinary lamp could be used for this, There are two pos-

sibilities: (4) a lamp with a very high current going through the filament
and a reflector in hack of it so as to direct all the energy out in one direction;
or (2) an electric discharge used to excite gas The glowing gas will emit
photons to be directed in a given'direction,

That is as much as I can tell you about the photon rocket, except to say
that Professor Kurl Stanukovitch, a Russian scientist, has apparently been
engaged in this N\ork for the past four or five years The Russians may be
pursuing this work more diligently than the West.

MAN IN SPACE

After we get these rockets with unlimited amounts of energy and nu-
clear reactors, what do we do then? The first thing I can visualize is that
by the year 2000 a civilization will be established on the ioon. The moon
will then become a super-base for operations in space in general.

Astronomers believe that oil the iioon there are magnesiun silicates.
Some of these rocks contain 13 per cent of water by weight. For every
100 pouids of rock there are 13 pounds of water or crystallization locked
tip tightly in these rocks, With an tnlinited amount of energy-and by
the year 2000 I think the most pentiful and least costly thing (except for
taxes) will be energy-I will assume that it is possible to break up the rocks,
crush them and bake or electrolyze them to extract the water from them.

When that water is subjected to the ultra-violet radiation of the suit, it
dissociates into oxygen and hydrogen. Thus the rocks on the moon will
firnish ail atmosphere and water. By the year 2000 our chenists will have
advanced to the point where they will be able to synthesize most of the lia-

terials we have on the Earth. Thus there is no reason why a civilization
cannot be started oil the iioon.

By a civilization I mean villages and towns, covered by plastic doilies
(see Fig. 12) which will trap an atmosphere at perhaps 6 psi. and filter out
the lethal tltraviolet radiation. People will probably be s4ttilng in auditoria
on tile moon (not you, but perhaps your children or grandchildren) tile way
you are seated here-without space suits, without fantastic helmets, and
radios to permit cominiiications, etc.

Once we have conquered the moon, we can begin inoving through space.
One of the most popular topics in the Planetarium is the demonstration

on the possibility of life on othIer worlds. It this story of life on other
worlds, astronomiers find evidence that imaiy planetary systems abound in
space. We find stars such as 61 Cygnli and 70 Opliiuchi, which do not
move uniformly. These stars apparently waver in space with a sinusoidal
motion. The only object that can make those stars move in that fashion
is a (lark body or planet near it, anid from thie amplitude of that motion the
mass of this dark body can be determined in terms of tl,e mass of the visible
star.

- .----.- t---
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If there are large dark bodies or planets surrounding the stars, certainly
there must be small planets. Statistically we think that there are perhaps
a billion planetary systems in our own galaxy-in our Milky Way system.

In the observable universe there are perhaps a billion billion planetary sys-
tems.

With the tremendous number of planetary systems it is inconceivable
that many~of them won't be the size of the Earth, the same distance f~om

their sui as we Pre from our sun, and because the-elements are scattered
through space rather unifornly (the same elements in the same propor-
tions), life coud very %%ell have begun there the way it began here sonie
four or five billion years ago.

x

C",11tsy 01 G0,.'. Fo5'rn CON5.

ru.,. 12. Artihs's concept of a s tlement on the moon after the year 2000,

There may be life out there and that is one of tl'e things we would like
to know. In the future I could visualize a giant celestial Noah's Ark leav-
ing the moon, weighing perhaps a million tons and fully compartmented.
In this celestial Noah's Ark there would be a contplete civilization-schools,
libraries, universities, factories, nurseries, hospitals, places to grow plants
and food and to raise animals. Agriculture would be practiced, along with
rigid birth control,

This civilization will start out from the Earth at some date in the future

_____ _ __ __ _ __ _
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and it may travel for 700 years with a speed of, let us say, 6000 miles per
second. At the-end of 350 years that space ship may have gone to one of
the nearest stars such as 61 Cygni or 70 Ophinchi to see whether there is a
planetary system around that star. And if a planetary system is there, is
there life on one of those planets, perhaps similar to ours or perhaps vastly
superior to ours?

PROBLEMS OF SPACE TRAVE.

I have blithely spoken about speeds on the order of 6000 miles per second
and yet there may be particles in space which will preclude our getting to
these stars even at this speed.

If, in traveling through space, we should hit anything, it makes %to dif-
ference who possesses the motion-the fact that there is a certain velocity
differential between the two bodies can create a hazard of, extreme mag-
nitude.

We know many particles abound in space it the vicinity of the sun. At
night, if you watch the sky assisluously you may see three or four streaks of
light cutting rapidly across the sky. Astronomers call these things meteors
-you call them "shooting stars." Most of these particles are small, usually
no larger than a grain of sand, but they enter the Earth's atmosphere with
speeds tip to 45 miles a second. It is this speed which gives them their great
energy. A particle the size of a grain of sand movitng with a speed of 25
miles per second, which is parabolic velocity at the Earth's distance front
the siu, has about as much energy as a high power rifle bullet. A larger
particle has a grateir amount of energy in proportion to its mass. Thus in
the vicinity of the Earth we find tiny particles which are potential hazards
to -any extended space trips in which we will be moving at high velocities.

Souie have suggested that although this is trie in the vincituity of the
Earth, these particles thin out or are not-existent when we get out beyond
the solar system.

Dr. Fred L. Whipple, Director of the Smithsonia Astrophysical Ob.
servatory, has advanced evidence that the space between the stars is the deep
freeze which houses the comets that move around the stn. As comets are
composed of these tiny particles in a matrix of hydrogen ices, we must ac-
cept the fact that out beyond the solar system we should find similar par-
ticles, These particles present a severe problem.

How will these particles affect our celestial Noah's Ark?
In order to view this in its proper perspective, let's do some arithmetic.

Let's begin with a particle of matter about the size of a grain of sugar weigh-
ing about 6.004 grams.

The formula for the kinetic energy of a body is:
K.E, = I/2n2t,

For a speed let us choose 10 miles a second which is a reasonable speed in
traveling between the planets. Let us convert miles into feet and the grams
into pounds to get our answer in foot-pounds.
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Putting these figures into the above equation we get a K.E. of 11,000
foot-pounds. Remember, this is a tiny grain of matter moving at 10 miles
a second.

However, we were concerned a moment ago with speeding our space
ship along at 6000 miles per second. As this is greater by a factor of 600,
the energy content (which goes up as the square of the speed) is increased
by 360,000 times. Thus that tiny grain of matter now possesses an energy
of. .out 4,000,000,000 foot-pounds! And even with this speed we will
take about 700 years for a round trip toa star. Some day we might be
able to accelerate to still greater speeds to perhaps consummate this trip in
a lifetime. Let us imagine that it were possible to speed up to 62,000 miles
a second-a third the velocity of light. A round trip under these conditions
may be made in 70 years.

Now let ts look at the energies involved in the tiny particles which we
run into at this tremendous speed. We have speeded up by a factor of 10
so tle energy generated is increased by a factor of 100. Thus that tiny
grain now possesses anl energy of 400,000,000,000 foot-pounds. This is
an incredible aiount of energy and I would like to translate that for you in
terms which may be more readily understood.

A rifle bullet travels with a speed of about 3000 feet a second-slightly
more than a half mile a second. Let us assume that the bullet weighs about
an ounce. That bullet possesses ats energy of about 300,000 foot-pounds.
The ratio of energies in the grain of matter in space and the bullet is about
1.3 X 101. To get some idea as to what this means let us imagine a block
of stone 17 feet on each edge. If the Celestial Noah's Ark collides with a
tiny grain in space the effect ott the Ark will be the equivalent of having a
block of stdiie 17 feet on anl edge strike tile Ark with a speed of 3000 feet
per second!

Under these conditions it is highly unlikely that any Celestial Noah's
Ark ever contemplated could withstand an etcouter of this kind, As it is
highly probable these particles exist in space, encottters of this type must be
expectcd, though we cannot deduce the frequency of hits.

Frot this it is apparent that it is highly tnlikely that the fastest trips
could be made with the fabricated Ark unless \we discover how to utilize
"force fields" to vaporize the impeding mtatter.

Iowever, there is another way out of the dileiia.

ASTEROIDi)S .5S SP'AC'. SHIiiPS

In that part of space between Mars atid Jupiter we find the asteroids.
Astronomers believe that a long time ago there was aiother platiet itn thie
solar system which for soine tnknown reason was shattered.

Thus we find a belt in which are smaller bodies ranging in size from
over 400 mniles in% diaiictei'-to less than a mile in% diameter. One of these
asteroids would make a perfect Celestial Noah's Ark.

_ _ _

5-
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We could get to that asteroid with huge space ships fabricated onl the
moon. Once on the asteroid we will assume that we still have unlimited
sources of energy, so we could begin hollowing out tise asteroid. This could
then be compartmented and again a civilization could be taken aboard.
Rocket mnotocs using nuclear fuels could be installed onl all facet of the ir-
regular chunk of rock (see Fig. 13). Plastics-would be synthesized to pro-
vide covers for small settlements onl the asteroid and it may even be possible
to find water-bearing rocks on the asteroid.

Ftc, 13. 1loIlooeil eut asteroid for use as a celestial Noah's Adk ts go to the
lileaest erratically mactalg stars

After tlte asteroidl has been hollowed out we will lcave aI thtin skinl per-
htalls several hundred feet thick Now whetn these fast mtoving particles Itit
the surface of tlte asteroidl they wvill lnot devastate it.

There are two ways in which we can git away fronm the still's gravita-
tionlal field and get to the dlistant stars. Both of the mnethtods involve the
Ilse of a "gravitationtal whlip",

One way which Itas been (isetls~ed for a long time Itas beetn tlte moving
ill toward tlte stul alnd letting te still whip tlte Ark off into space in a hyper-
bolic pathl. The othter mtethtod, the weork of Krafft Eltricke, Itas been (his-
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dosed rather recently. He has shown that when a space ship approaches
the planet Jupiter, the gravitational field of the planet is so strong as to at-
tract tie space ship to its surface. If, however, the approach is precisely
right, then the gravitational field of the giant planet can act as a sling shot
to project the Ark into a-hyperbolic path to the distant stars. Thus we
have the means whereby power need not be used continnously. All that is
needed is the power to get the Ark to the right spot at the right time and the
gravitational fields can do the rest,

In moving through space it is still possible that the plastic shells will be
hit and they will be damaged but the odds are all against all of them being
hit at the same time. Thus we will have opportunities of seeing where we
are headed. The captssred asteroid as a space ship has definit merit.

Using this type of ass Ark we will be able to get away from the Earth to
the other stars to answer oie of the most profound questions we can pose:
Is there life on other worlds?

TIMF DI.ATION

The last question I want to discuss is time dilation.
More tian 50 years ago Einstein enunciated his Special Theory of Rela-

tivity. This law has opened the floodgates of speculation and has led to
drnuatic and intriguing conjectures of the effects oil a human beiig moving
through space at extraordinarily high speeds.

One aspect of the theory relates to changes in mass, length and time with
increase in speed. As a consequence of this theory, it can be shown niathe-
matically that as we approach the speed of light-186,300 miles a second--
the length of a body will shrink to zero, the mass of the body will become
infinitely large and time will slow down and finally stop.

This slowdown or time dilation is normally iperceptible, because most
motions on the Earth or in the solar system are so slow. Only at speeds of
!erts of thousands of nmiles per second can even the most sensitive of instru-
ments be expected to show this effect its short tie periods. As this will be
a cumulative effect, in a significant time interval this slowdown may be
apparent.

Assy doubts as to the validity of these laws have beets partially dissipated,
for some facets have beet verified in our laboratories. For example, when
cyclotrons were used to accelerate particles to botbard the nuclei of atois
to transmute them into new isotopes or elements, the scientist found,that
when tIe accelerated particle reached a large fraction of the speed of light
there was a substantial increase its mass. In fact, so prorouneed was this
increase that the cyclotrons had to compensate for this relativisitie increase
in mass so that the electric "kick" could be synehrosize(] with the particle.
Only then could the cyclotron operate satisfactorily.

Laboratory proof showed that this law was valid and understood.
E.pcrimnental proof also has been fsrnished by the behavior of mu-

-- .
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mesons passinlg through the atmosphere of the Earth. Because of their
extremely short life, comparatively few should survive and reach surface.
The only explanation for the significant number reaching the surface is that
the time-dilation effect has expanded their life spans.

For many years there has been general acceptance of the tirne-dilation
part of thle theory. Only recently has any opposition to these concepts been
advanced. 'At this monent an acrinmoniotts wransgle has been triggered
aniong distiniguished scientists of outstanding ability. The imminence of
the proposed earth satellite has lifted the qutestion from thle putrely academic
realm and has brought it to realistic appraisal.

In the staid and proper Nature, a ranlkinlg magazinle of science putblished
in Great.Britain, a series of provocative articles has appeared in which two
articutlate scientists and astrononmers, Professors WV. 'M. McCrae and Her-
bert Dingle, htave debated the questionl of remaining young wihile traveling
at htigh speeds. Whlile both agree that with inlcreased speed the clocks of
the space traveler wvill slow down, thle interpretationl of tile slowdowen is thle
basis of the controversy.

Professor McCrae conlsiders the heart as a form of clock. When thle
speed reaches a certain value there will he a perceptible slowving down of the
heart so that tle, body mtetabolism will also slow down and thuts we will
li~e morec slowly attd longer.

Professor Dingle contends this interplretation is a violation of whtat lie
calls "commllonl sense."

WVhy anyone should use a termn like "commuon sense"' itt light of tlte
phenomtenal progress m~adle in the field of electronics, atolilic bomlbs alnd
othter nucllear weapons, is difficult to comtprehend. Today, it ust he ad-
mitted tltat commttont senlse is tlte usulal, bilt the unultsual also Itas all inlsidiouts
way of becomntg reality.

Scientists like Professor Dingle, who dto Ilot believe that youth Call be
mlainltainted with fast mlotionls. argue that the onlly thling thtat counlts ill tltis
theory is velocities. They poin~t olut thtat thle relative mlotionls of thle space
traveler and the Earth are tlte samte. They conttend~ that tlte spa1ce ship is
mloving away fromn the Eaeth at precisely tlte samle speed with which tlte
earth is receding fromt tlte aiic traveler.

Thterefore if tlte clocks onl the space ship are slowcing down weith respect
to Itose oil tlte Earth, Ily tile samle token tite clocks ott the Earth are Sloswing
dtown %witit respect to tle spasce traveler.

Thlus if thle space traveler left the Earth at great speed antd returnted at
somle future (late, the clocks on bolt% tile space shilp and thle Earth would
p~recisely coincidle and( thtere wcould he no agintg of the "Eartl eple" with
respect to tltose who wcent ott the trip.

Thtey Say that thme relative velocities stake for perfectly symmnetrical Colt-
thitiotls and thuts it is imlpossible to differenltiate bsetween tltose whlo left an~d
thtose wlto stayed ott tlte Earth. Therefore, they cotttentd, it is ridicutlotts to
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assume that one has a special property which the otherdoes iuot possess
Thus there can be no difference in ages.

To this, Prof. McCrae and his fellow scientists say "nonsense!" They
hold that the space ship is being accelerated away from the Earth. The space
travelers are the ones who are doing the moving by virtue of this accelera-
tion. Therefore, if they are accelerated, then their clocks will slow down
and the people on the accelerated vehicle will live longer.

They contend ttat the frame of reference is centered on the Earth and it
is tile space ship which moves in this frame of reference. The Earth is sta-
tionary in this system so that symmetry of motions does not exist. The
consequence of this symmetry is that the aging process of the space travelers
will be retarded.

Thus the controversy rages.
Medical men also have become involved in this controversy. A team of

doctors from Harvard University, as reported in a paper given before the
American Rocket Society, have investigated this from the metabolic point
of view and conclude there would be no difference in ages between the space
traveler and the Earth people.

Rather passionately, the doctors dispute the findings of one of Dr. Ein-
stein's colleagues, Philip Frank. Of Dr. Frank's conclusions, they say:

"Ile compares this slowing of life's processes, due to increased uniform
motion, to the slowig which occurs at a reduced body temperature. So the
conclusion given is that the motion of the space lhip inflicts a kind of hiler-
nation on its passengers and they arrive home awakening, like the Sleeping
Beauty as't her household, to find a new generation on Earth while they
themselves are but little older."

Tile medical men probe the ability of the body to withstand conditions
which are alien and perhaps lethal to a human being. This slowing drown
of time to them means hiberation and hibernation means a dropping of the
bodsy temperature. They claim that a drop of II or 12 degrees brings un-
consi:ousness and a possibility of death. Certainly the performance of the
individual will be critically affected if there should be hibernation.

These doctors, like Prof, Dingle, reject the idea partially on the grounds
of "comon sense," because conoon sense insists that a sort of hibernation
is the only logical consequence of this situation. Therefore, in their paper,
as in the case of Professor Dingle, they insist ott the symmetry of velocities
of the space ship aint the Earth. And like Professor Dingle, the medical
men prefer to ignore the acceleration of the space ship to get it up to the
high speeds. It is the opiion of many scientists, strongly shared by this
writer, that accelerations cannot be ignored. Only by permitting it to enter
the picture can a definitive answer be foutl.

If the special theory of relativity is completely valid, and at this time
there is a strong feeling that it is, then at some future date mail will come
face to face with tte possibility of a 16utg life span. In this speculation we
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are not just juggling time sequences. The human aging process would be
slowed. It canl be explained in the following mannier;

Imagine the hu~man body as a clock of sorts, The balance wheel tuay
have its counterpart in% the heart. 'fhti the beating of the heart would
measure time. As the space traveler moves at a high speed, the slowing
down of the clocks on the space ship wvould be simultaneously accompanied
by the slowing down of the heart in its beating. The normal heart beats
72 times a minute. A sutfficiently high speed wcould make the heart beat 72
times an houtr!

Ruti time speed tp still higher and tlte heart may beat bttt oncre a day.
Bitt, renmeumber, the unsit of tinme we are using is tlte tutit of tinie as nmeasttred
ott the Earth. The crew onl the, rocket ship woitld be completely utnaware
of thme slowing down of their clocks. If they took their pulse utsintg tile
clocks ott the space ship, the rate would still be 72 a mtitute.

The metabolism of the boidy would be retarded tuttil thme functioning of
tlte body practically ceased, InI that way the body coitld survive for inl-
ortlitately lotng travel perioids.

This time dilation cati be easily coumputeed. We sittply begin with a
* nitmber, 186,300 msiles- a second-the speed of light. 'Now if a space ship

can be aecelerated utttil it attainis a speed of 167,700 miles a secotid, approx-
* itmately 90 per cent of thme speed of light, tie traveler woutld age bitt 10 years

for a trip which the stay-at-hiomes ott Hartit said had taketi 23 years.
If the speed of the traveler goes upl to 184,000 miles a second, 99 per

centt of the speed of light, a 100-year trip would take 5 Earth-years. With
a speed of 186,200 miiles at seconid, 99.99 per centt of thme speed of light, a
1000-year trilt would take bttt 14 Eatrthi-years. The closer we comte to time
limtitinig speed of light, 186,300 mtiles a second, tltc mtore timie is slowed
utttil at tile Speed of light timie stops.

A good bit of stittutlatinig spectulationi tas cenitered arotund the behavior
of a space traveler moving with a large fractint of the speetd of lightt.

InI ily office I canl walk for a dlistanice of 60 feet antd without exertion
I call cover tltis itt about 10 secotuds. Now imtagitne tie itt a space shtip
travelintg at 186,200 mtiles per second, Intsteatd of coveritg this distatnce
itt 10 secondis, atn observer ott the Earth, if lie cotuld see, would clock tile
over tltis distanice itt about 170 Hartli-secoids attd tq Itit it woutld appear
as though 1 were pierformtintg in a very slow,, slow-miotiott picture.

Sitmilarly, all mly othter mtovetmnts wotuld be slowed dlownt. Eatintg,
whichi tmightt normtally take a italf htotur onl the Earth, would, itt time fast
mtovinig space ship, seen% to take the best part of a day-. Event illy reflexes
anid attomtatic actionts wcouldl be exiantled in thtis weird fashiont,

If I see somtethitng ottt of time cornter of illy eye, it normtally takes about
otte-teti of a secottd for tie to perceive it. Ott the space shtip it wottld take

4almost a second for thme tmessage to get to illy braini. After itly braitn re-
ceived li m tessage, intsteadl of talitg tile ntormnal omie secondl to recogtnize



202 I. M. LviTT

what I saw, it would take ahnost a quarter minute for me to recognize it.
All my functions would be decelerated, but to me on the space ship they
would-appear quite normal. Only to the stationary observer on the Earth
would this time scale appear dilated.

In essence, those who speculate on what the future will bring are, in
bold imagination, embarking on a trip through time. Let us assume that
in 1928 a 28-year old couple departed on a 30-year trip in which they
traveled at 99,2 per cent of tle speed of light. Let us further assume that
they left behind a one-year old daughter. While the clocks on Earth were
ticking away tile passage of 30 years, their clocks would indicate but three
years of time had elapsed. The 28-year old couple would return and be 31
years old.

Every woman loves to hear the flattering remark when she is with her
daughter that they look almost like sisters. If our people went out to din-
ner in 1958 with their daughter, then truly could the remark be made to
tile mother:

"Why you look like sisters, not like mother and daughter." Mother
would be 31 years old, just the age of her daughter. This is one time the
flattery would not be empty. If the women are really serious about stay-
ing young, and what woman isn't, here may be the solution to this longing.

If the application of this theory does slow down the aging process, will
we become aware of it soon? Can we look forward to a definitive solttion
to this question in thie immediate future? Tile answer is no.

While within perhaps 20 years mal may travel to a space station and
thus attain a speed of S miles a second, this speed is so slow that in a life
span of 100 years the inhabitants of the space station would gain but one
second over those remaining on earth. Only in the distant future when
trips to the outer reaches of tile solar system or even to time stars are con-
templated, call the effects become appreciable enough to answer the question.

And if the answer should demonstrate the complete validity of this
theory, then perhaps this Earth is due for a staggering social upheaval in
which people would demand space travel as a sort of elixir of life.

S ,
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