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INTRODUCTION

THE WORKS OF K. E. TSIOLKOVSKIY ON ROCKET TECHNOLOGY E

K. E. Tsiolkovskiy devoted a rather substantial portion of his

works to the problem of flight by means of various reactive devices.

We may state without exaggeration that Tsiolkovskiy considered his

efforts in this direction to be of prime importance. Up to the time

of his death Tsiolkovskiy continuously published articles; notes_ and

calculations devoted to a comprehensive analysis of the possibilities

and methods of interplanetary communications.

The grandeur of the problem and the consequences of its solution

were not known to anyone else as clearly as they were known to

Tsiolkovskiy. None of the authors concerned with the problems of in-

terplanetary flights went as far as Tsiolkovskiy in discussing the
future social and economic implications of the solution of this prob-

lem.

The problem of rocket flight is extremely broad. Tsiolkovskiy

developed it in considerable d_tail_ beginning with the stratospheric

semirocket airplane with a flight altitude of approximately 30 km and

ending with an interplanetary rocket ship for travel into interstel-

lar space. Among the works of Tsiolkovskiy the reader will find prop-

ositions on the use of reactive exhaust from aircraft engines, proj-

ects for powerful semirocket engines for an airplane, a project of

air-breathing rocket engines for flights into the stratosphere_ out-]_

lines of a rocket airplane for flying out of the atmosphere_ consid-

erations on the structure of interplanetary stations, and finally_ a

proposition on future colossal settlements somewhere in the region of

the asteroids. He considered all of these subjec't_ _n a scientific

manner; the_ were not the products of his fantaay. Loglcal eoncl_-

sions wez'e expressed by'Tsiolkovskiy_based on results obtained by _-
mathematical calculations and by the utilization of the state of the

art in all fields of science and technology.

The present volume contains the most important works of

Tsiolkovskiy on rocket technology. However_ in developing the prob-

lem of rocket flight; Tsiolkovskiy could not bypass other problems

associated with it. Therefore; Tsiolkovskiy's works in aviation which

are directly associated with rocket technology could not be omitted.

*Numbers given in the margin indicate the pagination in the original

foreign text.
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All of the works of Tsiolkovskiy contained in the present volume

may be divided into two groups, one of which is given a technical

treatment_ while the other is given a popular treatment. The latter

group, however_ is of a unique nature; although it is popular in form

it sometimes contains original technical ideas and therefore cannot be

excluded from the scientific legacy of Tsiolkovskiy. Therefore, we

have considered as scientific and technical articles not only those

which present the mathematical proof of some proposition, but also

those which describe projects, propositions_ etc.

A special place is occupied by those works of Tsiolkovskiy in

which he propagandized his technical ideas. Behind the dry mathemati-

cal computations was a man very much interested in life. He was con-

cerned with rockets not because of a simple interest in a new problem,
but because of idealism concerning the future material welfare of man-

kind which he envisioned. Tsiolkovskiy dreamed of sending mankind to

the entire solar system; he dreamed of the possibility of a total

utilization of solar energy; he dreamed of a more comfortable life in

a medium without gravity and of cities in interplanetary space. It

was only necessary to find a means for achieving all this, and

Tsiolkovskiy found it in the rocket. However, a large amount of work

and energy would have to be expended to realize an interplanetary

ship. Tsiolkovskiy knew that a tremendous _nount of work was yet to

be done. (Remarks in the letter by H. 0berth to Tsiolkovskiy on

October 24, 1929.) However, he was convinced that an interplanetary

rocket would be realized. Therefore, all of the articles Tsiolkovskiy

devoted to the problem of interplanetary travel are of great interest

and point to the striving goal of all his work in the field of rocket

flight.

One might say that "officially" Tsiolkovskiy started on the rock-

et problem in 1903, when he published his first work on this subject

entitled "Investigation of Universal Space by Means of Reactive De-

vices." Subsequently this title was changed by the author to "A Rock-

et into Cosmic Space." Actually, Tsiolkovskiy started his work on

rockets at a much earlier date. He began his theoretical investiga-
tions on the possibility of applying rockets to cosmic travels in

1896. During that year, after obtaining a copy of the little book by

A. P. Fedorov entitled "A New Principle of Atmospheric Flight"

(Petersburg, 1896), Tsiolkovskiy started his own work. He wrote: "The

book (i.e., the book of Fedorov) was not clear to me, and in cases of

this type I start to carry out my own calculations. I got nothing out

of the book, but, nevertheless, it pushed me towards serious works."

(See "The Investigation of Universal Space by Means of Reactive De-

vices," 1926.)

However, it was much earlier that Tsiolkovskiy actually proposed

the utilization of the rocket principle for propulsion in interplane-

tary space. B. N. Vorob'yev, who examined the manuscripts left after



the death of Tsiolkovskiy, found a paper entitled "Free Space" which
was written in 1883 (started in February and finished in April) from
which it is clear that even at that time Tsiolkovskiy knew about the
rocket principle of propulsion and thought of applying it to propul-
sion in space free of air and gravity.

Here are a few excerpts from this work of Tsiolkovskiy:

"Here are someof the applications of the laws of motion of two

interacting bodies to free spaceI.

"Exerting all my available force, I threw a stone in the direc-
tion opposite to that in which I wished to travel. The stone attained
a velocity of i0 m. The mass of the entire body is i00 kg, consequent-
ly my body _/aspushed with a velocity less by a factor of i00 than the
velocity of the stone, i.e., with a velocity of i/i0 m.

"The stone will continue to travel in space until it meets (per-
haps not for a thousand years) somelarge masswhich attracts it.

"An inanimate object (stone) wasnecessary, in the example, for
imp_rt_ng motion to man. This stone is also carried off into space,
and if it is not captured and returned by somemeansto its owner, it
is lost forever.

"In this case wemay say 'Unless we lose matter, motion in free
space is impossible.'

"Whenthe support has a relatively insignificant mass, then even
though the velocity of the repelled body is much less than the veloc-
ity of the support_ the velocity of the repelled body nevertheless may
be arbitrarily large.

"Let us assumethat we have a barrel which is filled with a highly
compressedgas. If we open one of its valves the gas will flow out of
the barrel in a continuous jet and the elasticity of the gas which re-
pels its p_rticles into space will also repel the barrel continuously.

"As a result of this there will be a continuous change in the mo-
tion of the barrel.

"With a sufficient number of valves (6), wemay control the exit
of the gas so that the motion of the barrel or of an empty sphere will
depend entirely on the desires of the one controlling the valves, i.e.,
the barrel maytravel along any curve_ following any law of velocities.

iBy the term "free space" Tsiolkovskiy meant space in which the force
of gravity is entirely absent or is quite weak. -Editor's Comment.

L
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"In any case, the total free center of the body and of the out-

going molecules of gas always retains its initial motion or its init-

ial state of rest.

"A change in the motion of the barrel is possible only until all

of the gas leaves it.

"However, since the loss of the gas takes place continuously, and

under average conditions this loss is proportional to time, motion may

be arbitrary only for a limited period of time--for minutes, hours, or

days--and then it becomes uniform.

"In general, curvilinear uniform motion or rectilinear nonuniform

motion in free space is associated with a continuous loss of substance

(support).

"In the same manner, discontinuous motion is associated with the

periodic loss of substance."

Of course, what is described here is not the rocket, but the

principle of motion in air-free space is correctly pointed out. Ap-

parently Tsiolkovskiy himself forgot about these pages.

Thirteen long years elapsed and the book of Fedorov mentioned

above pushed Tsiolkovskiy toward a new investigation.

In 1896, Tsiolkovskiy wrote the beginning of a story entitled

"Outside the Earth. "I In the third chapter he points to the rocket as

the device for interplanetary travel. The eighth chapter is called

"Two Experiments With a Rocket at the Limits of the Atmosphere" while

the tenth chapter is called "Preparations for Flight Around the Earth."

During the years 1896-1901, Tsiolkovskiy was occupied with exper-

iments and investigations on aerodynamics, the construction of the

first wind tunnel in Russia (1897), and with experiments on the resis-

tance of air. At the beginning of 1903, he prepared the first part of

his work "Investigation of Universal Space by Means of Reactive De-
vices."

In this chain of events we must note the dates: 1883, 1896 and

1903. This exhausts all of the arguments concerning the priority of

Tsiolkovskiy in the field of rocketry of which Tsiolkovskiy himself

wrote: "Priority exists today but disappears tomorrow" (see his arti-

cle in "From the Airplane to the Astroplane"); "I never claimed a

iSpecifically, the first ten chapters. In this connection see the

Preface by the publisher to the book of K. E. Tsiolkovskiy entitled

"Outside the Earth," 1920, and also see "The Resistance of Air and

Fast Train," 1927. Both of these were published at Kaluga.

/6



complete solution of the problem" (see "Investigation of Universal

Space by Means of Reactive Devices," 1926). However, there is no

doubt that Tsiolkovskiy was the first clearly to see the prospects of

the rocket in achieving interplanetary flights.

After 1903, Tsiolkovskiy's next work on rockets appeared in 1910.

Later in 1911-1912 he published Part 2 and in 1914 a supplement to Parts

i and 2 of "Investigations of Universal Space by Means of Reactive

Devices." After this he published nothing for ten years and it was

only after the October Revolution that he began to continue the devel-

opment of his ideas on the subject of rocket flight. His manuscript

entitled "Cosmic Ship" written in 1924 has been preserved. Articles

written by Tsiolkovskiy followed each other very rapidly and after

1926 he produced several each year. The productivity of Tsiolkovskiy's

mind is quite amazing. It should be noted that we are speaking ex-

clusively of his work devoted to rockets. We should not forget that

he also had time to write and work on the problems of atmospheric

flight, astrophysics, geology and geochemistry, philosophy_ and other

subjects.

A few words should be said concerning the attitudes of the old

caste of graduate scientists of Tsarist Russia toward the works of

Tsiolkovskiy. At that time Tsiolkovskiy remained an unacknowledged

amateur inventor. Even the efforts of the greatest scientists such

as Mendeleyev and Stoletov to attract the attention of society to-

wards the ideas of the talented innovator were met with indifference

by the bourgeois Tsarist Russia.

Nothing annoyed Tsiolkovskiy more than the statements concerning

the untimeliness of his technical ideas. On this subject he once

wrote a letter in which he repudiated narrowmindedness and the lack of

foresight. Here is the letter almost in its entirety.

"If_ indeed, things and enterprises are untimely, they die by them-

selves without any external influence. At the same time we know that

all great undertakings were untimely and although they were not for-

bidden_ but not arousing interest, they died or proceeded very slowly

with great efforts and sacrifices. Thus railroads were also consider-

ed untimely. Commissions of well-known scientists and specialists

found them to be not only untimely but detrimental and a health hazard.

The steamer was considered to be a toy not by just anyone_ but by the

great Napoleon himself and by the brilliant men of his time.

"Any invention, any original idea was treated with ridicule, per-

secuted as a health hazard, or, in the best case, as being untimely.

There was also a large number of stupid ideas and impractical discov-

eries and inventions_ and their percentage was huge. However, history

has shown that neither scientists nor specialists nor the wise men

were ever able to distinguish between a great discovery and an insig-

nificant discovery.

/7
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"Let us assume that a man appears among us who is as unusual as

G. Bruno, Galilei, Copernicus, etc. No one would understand this man;

a small circle of his students would doubt him and even if they were

sympathetic would be tunable to do anything to help him. The editors

of magazines would not accept his articles, would find them unscien-

tific and contradicting modern views. These editors always require

the wisdom of encyclopedic dictionaries. Who will agree with the un-

kno_n man who attacks the universally recognized authorities?

"We do not listen to that which is quiet and suppressed but to

that which rumbles beyond our boundaries. However, we do not have the

strength to criticize and analyze that which rumbles in the press. To

do so would require brilliant people, but we are mediocre people.

"And what is it that rumbles_ It is the authority which is per-

mitted to make errors and to lie--anyone who has connections by virtue

of noble birthj capital, or inherited property. What utter nonsense

has been published and is now being published in various journals_ In

some respects this may be good: lies defeat themselves and should not

hinder the propagation of ideas. However, it is bad that the right to

speak is possessed only by the strong or established authorities and

by graduate scientists. All others are suppressed by this caste. ''I

This letter was quite different from the one written by

Tsiolkovskiy before his death. Writing to Stalin he said "Only October

has brought recognition to the works of a self-taught person."

After the revolution Tsiolkovskiy gave up teaching and expended

all his energy in the direction of further development of his ideas

and on the publication and popularization of his work. It was for-this

reason that he was so productive in the post-October period of his
life.

At the present, leading Soviet scientists and engineers have very

highly appraised the scientific work of Tsiolkovskiy. The masses of

young technical people have joined in this appraisal. However, there

are some skeptics who in one way or another stand in the way of

Tsiolkovskiy's technical ideas and who still call them untimely. The

words of Tsiolkovskiy contained in the letter quoted above apply fully
to these people.

The great possibilities of our Socialist_Nation in which science

and technology serve the interests of the people permit us to state

with assurance that the most useful development of rocket technology

will take place in the USSR. Tsiolkovskiy was convinced of this at

iThe text is from the manuscript contained in the archives of K. E.

Tsiolkovskiy.



the time of his death whenhe transferred "all his works on aviation;
rocket flight and interplanetary communication to the party of the
Bolsheviks and the Soviet power--the real guardian of the progress in
humanculture." (Taken from the letter of Tsiolkovsk_y to Comrade
Stalin.)

The role played by the work of Tsiolkovskiy in the development of
rocket technology in our nation cannot be insignificant. Tsiolkovskiy
pointed to the most rational paths in the development of this new form
of technology and gave a series of schemesfor rocket devices which are
of practical importance not only for the future but also for today.

This role was also quite substantial beyond our boundaries. In
the 1920's whenthe ideas of Tsiolkovskiy began to penetrate into
Germanyand then into France, the priority of Tsiolkovskiy was not
questioned by manyworkers in rocket technology originating at that
time. The works of Tsiolkovskiy aroused the interest of scientists as
well as engineers. In 1929_H. Oberth wrote to Tsiolkovskiy: "I send
you my greetings...l hope that you shall live long enough to see your
great goals accomplished...you have turned on the light and we shall
continue to work until the great dream of mankind is achieved...l am
sending you my new book and would be very grateful if you can send me
your latest works in exchange..." (excerpts from this letter were
first published in an Appendix to the book by Tsiolkovskiy "A NewAir-

plane," Kaluga; ! 1929).

The ideas of Tsiolkovskiy were discussed in the pages of the
technical press; they were criticized and sometimes condemned. For
example; the proposition madeby Tsiolkovskiy to place the rudder for
rocket control into the gas jet flowing from the nozzle of the rocket
engine and thereby to achieve control of the rocket in empty space or
in the upper layers of the atmosphere was rejected by the Germanen-

gineer Lademan2. The article by Lademanin which_ incidentally, he
madea series of remarks concerning Tsiolkovskiy's "Investigation of
Universal Spaceby Meansof Reactive Devices," K, 1926, in turn pro-
duced objections from Tsiolkovskiy which were published by him togeth-
er with the work "CosmicRocket. Experimental Preparation;" K., 1927.
Fifteen years later Tsiolkovskiy wasproven to be right: in July of
1942, a successful flight of the Germanrocke$ A4; later knownas the
V-2, was umdertaken. This rocket was equipped with rudders exactly as

lln the future all of the works of Tsiolkovskiy published at Kaluga
will be designated by the letter "K."

2ZFM,April 28, 1927.

/9
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proposed by Tsiolkovskiy. The rudders were made from a graphite mass

and placed in the gas jet of the rocket engine. The rationality of

this device was completely confirmed by experiments. It is known that

the V-2 rocket was used by the Germans in the last war as a long range

missile.

In the last war a series of advances were made in rocket technology

and if we compare them with the ideas of Tsiolkovskiy, we shall see that

he (in his work of 1903) predicted the modern liquid fuel rocket almost

exactly. Tsiolkovskiy wrote of a rocket utilizing liquid oxygen as an

oxidizer, of a rocket in which the fuel is supplied to the combustion

chamber by pumps and about a rocket which is automatically controlled.

"It is necessary to have automatic devices which control the motion of

the rocket and of the explosive force in accordance with a predetermined

program"--he wrote in his article of 1903. The same article showed the

advantage of placing the rudder in the jetstream from the nozzle of the

engine. In the V-2 rocket, which has a length of ik m and an initial

weight of 13,000 kg, all these ideas of Tsiolkovskiy are realized.

At the present time airplanes with rocket engines are being de-

veloped. Tsiolkovskiy distinguished between two types of such air-

planes. Re called the first a stratoplane and the second a rocket-

plane. In his work "Semi-reactive Stratoplane" (1932) he spoke of an

airplane designed for flight at high altitudes and at high speeds with

an engine which we refer to today as the air-rocket type. A similar

airplane was realized with an engine of the same type, but of different

construction in accordance with the Campini design by the firm of

Caproni in 1941, i.e., nine years later. In the works "The New Air-

plane" (1929), "Reactive Airplane" (1930), and "The Rocketplane" (1930),

Tsiolkovskiy spoke of airplanes with rocket engines utilizing liquid

fuel. A similar airplane became practical in 1942-1944 in a number of

countries. For example, in 1944, Messerschmidt produced the airplane

ME-163 with a rocket engine following the Lippisch design.

The scientific legacy of Tsiolkovskiy has remained in the form of

books most of which were published by himself at his own expense, and

in the form of manuscripts.

The language used by Tsiolkovskiy is simple, clear, and brief. The

text of most of his works is broken down into short, numbered sections

which simplify references to different portions of his works but which,

at the same time, make the presentation somewhat dry and synoptic. I_

the present edition we have retained the numbering of the sections as

given by Tsiolkovskiy. The omission of certain sections is due to the

fact that the author himself eliminated certain sections which he con-

sidered of no significance. However, in some articles where the se-

quential numbering was disrupted, we changed the numbering of the

sections to make it easier to refer to different points in these articles.

/10
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The presentation of Tsiolkovskiy has been left almost without edi-

torial change. We have only replaced a series of inaccurate expressions

in those manuscripts which remained after the death of Tsiolkovskiy in

very rough form. Certain condensations were inevitable due to the oc-

currence of verbatim repetitions. In some cases individual phrases were

dropped which have no actual technical meaning and which m_ke the

presentation more difficult to understand.

However, we did not attempt to condense his earlier published works.

Therefore, in the present volume of his works it was impossible to elimi-

nate repetition completely, especially in those articles which serve to

propagandize the ideas of rocket technology. However, there are not too

many places where this occurs.

It is of course true that not all of the statements made by

Tsiolkovskiy are convincing. There was much that he could not foresee,

particularly where practical proof and experimentation was required.

Tsiolkovskiy's works were purely theoretical and he did not carry on

any practical work in the field of rocketry. Therefore, we cannot leave

without criticism all that has been written by Tsiolkovskiy. However,

it was not our problem to criticize. We leave this to the readers of

his works, particularly since Tsiolkovskiy always fought for the right

to publish his own works with the hope that "there would be readers

among the people who would evaluate this work properly" (from the

article by Tsiolkovskiy entitled "The Fate of Thinkers, or Twenty Years

on Trial," 1924).

The terminology used by Tsio!kovskiy is quite unique. We have left

without change the term "reactive" in those places where it is today re-

ferred to as "rocket," but we have replaced, for example, "compressibility"

by "compression," etc. In some places we have left the terminology of

Tsiolkovskiy, but have provided footnotes giving the current terminology

with an effort to leave the writings in the form prepared by him.

If the language of Tsiolkovskiy is very clear, we cannot say the

same concerning the mathematical side of his works. He used primarily

the Russian alphabet for the representation of symbols in equations

since he was apparently used to this. In any case, only one work on

rockets is known, which was published at Kaluga and which used Latin s_n-

bols. This is the second edition "Rockets in Cosmic Space." Such an

outline of symbols differing erratically from those commonly used in our

country and in the world has made it rather difficult to read the text.

Only in "The Selected Works of Tsiolkovskiy" of which only 1,500 copies

were published by ONTI in 1934, were the transcriptions of the equations

changed.

The second inconvenience, which from our point of view makes it dif-

ficult to understand Tsiolkovskiy's conclusions, is his practice of illus-

trating equations by means of tables. Tsiolkovskiy does not use the
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graphic representation of functions in any of his v_orks_which is unfortu-
nate since the scientists and engineers of the entire world are used to
such graphic representations. Tsiolkovskiy thought in terms of images.
To carry out someproof he required approximate data which would roughly
characterize somephysical relationship. According to him this purpose
was best served by short tables. Wehave not introduced any changes in
this method of representation.

Most of the mathematical calculations were used by Tsiolkovskiy as a
rough proof of sometechnical idea. It is doubtful that the mathematical
calculations of Tsiolkovskiy will be used by engineers in the practical
realization of corresponding engineering projects. A large numberof
calculations madeby Tsiolkovskiy are very approximate and should be ap-
proaci_edwith care. However_manyof the technical ideas which have been
provemby Tsiolkovskiy will doubtless be utilized.

In the present edition we have adopted the chronological order of
presenting Tsiolkovskiy's work. This edition does not contain all of the
works of Tsiolkovskiy_ but all of the most important works on rockets
which were published during his life as individual books or as articles
in various journals. This edition also contains certain manuscripts of
a scientific and engineering nature not published previously. Thus_ the
present volume is the most complete collection of Tsiolkovskiy's works
on rockets.

Someof the works of Tsiolkovskiy are published for the first time
while others are published for the second time_ specifically those which
were published by Tsiolkovskiy (we should point out_ ho_ever_ that these
editions were not sold and were distributed exclusively by Tsiolkovskiy
himself) or were placed by him in the periodic press. Finally_ there
are those works which are being published for the third time. These
are primarily those contained in the secondbook "Selected Works."l

Wecan speak very well of this edition published under the editor-
ship of the late F. A. Tsander_ who was most knowledgeable in the prob-
lems of rocket flight. Wehave used the text of this book and have con-
sidered it necessary to retain almost all of the remarks madeby Tsander
and contained in this volume of Tsiolkovskiy's works.

Unfortunately_ however_this edition contained only those works of
Tsiolokovskiy which were a subject of mathematical analysis_ while some
basic statements madeby Tsiolkovskiy were dropped. As we have already
pointed out_ very _ewcopies were published. Therefore_ at the present
time_ manypeople knowTsiolkovskiy not from his works but from articles

i
K. E. Tsiolkovskiy_ "Selected Works_" Volume2_ Reactive Motion_ edited

by F. A. Tsander. Gosmashmetizdat, 1934_216 pp.
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about him in popular magazines and other publications. The works of
Tsiolkovskiy contained in "Selected Works" are published from the text

of the Tsander edition. I Manyof the omissions have been reinstated.

Weshould say a few words concerning the distribution of Tsiolkovskiy's
works on rockets. His basic works were published in the periodic press
during 1903-1912 in quantities of approximately 4,000 copies. The Kaluga
editions of Tsiolkovskiy himself were usually published in lots of 2_000
copies and were distributed entirely by him. If we add to this the
"Selected Works" we find that there were only 7_500 copies of his works.
For a period of 30 years this is a very insignificant number_

As far as we know the works of Tsiolkovskiy were not published abroad.
_is works were only abstracted and popularized by individual workers and
enthusiasts in rocket technology.

From this we can see that the distribution of Tsiolkovskiy's works
on rockets and interplanetary travel was entirely inadequate.

Weshall now consider the individual writings of Tsiolkovskiy which
are contained in the present volume.

First of all we draw attention to a series of articles _hich maybe
combinedunder one general title "Investigation of Universal SpaceBy
Meansof Rocket Devices." This includes the earlier works of Tsiolkovskiy
on rockets.

"Rocket in Cosmic Space_" Tsiolkovskiy's first work on rockets_ was
first published in the journal "Nauchnoyeobozreniye" No. 5_ 1903, under
the title "Investigation of Universal Space by Meansof Reactive Devices."
Subsequently_ Tsiolkovskiy called this publication the first part of his
work. In 1924, it was published at Kaluga as an independent brochure
under a new title which is the one adopted in the present volume.

The change in the title, as we might suspect_ is explained by the
fact that in 1923 Oberth published his book "Die Rakete zu den P!aneten-
raumen." Tsiolkovskiy adopted the almost literal translation of this
book in protest to the fact that the 0berth book was accepted as a new
discovery_ whereas Tsiolkovskiy proposed the sameideas back in 1903.
Therefore, in the 1926 edition Tsiolkovskiy included as a preface the
articles "The Fate of Thinkers_ or Twenty Years on Trial" in which he
complained about the neglect of his works. This article has been omitted
by us.

i
Our edition has three types of footnotes: a) footnotes madeby Tsiol-
kovskiy himself, b) those by Tsander_ and c) those by the present Editor.
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In the "Selected Works''I of 1934, the work of Tsiolkovskiy was in-
cluded in its entirety. Wepresent it in this volume as it appeared in
1924. According to Tsiolkovskiy the first edition (in the journal
"Nauchnoyeobozreniye") was published in a very careless manner.

The work of Tsiolkovskiy entitled "A Rocket into Cosmic Space" un-
doubtedly is one of his principal works on rockets. At the sametime
the work maybe looked upon as a classic treatment of this field. Every-
one interested in the problem of interplanetary flight and in reactive
propulsion in general should be familiar with it.

The term "reactive device" which Tsiolkovskiy uses frequently is
a general term which covers all flying devices movedby thrust produced
by rocket engines.

"The Investigation of Universal SpaceBy Meansof Reactive Devices"
(or briefly "The Investigations of 1911-1912") was published in the
journal "Vestnik Vozdukhoplavaniya" in 1911 in Nos. 19-22 and in 1912 in
Nos. 2-9. Wepublish this article using the text in this journal in-
troducing those corrections and additions which Tsiolkovskiy madein his
ownhandwriting on the text printed in the journal. Tsiolkovskiy called
"Investigations of 1911-1912" the second part of his major work.

Subsequently_ in the publication of "Investigations of 1926"
Tsiolkovskiy took from "Investigations of 1911-1912" the entire preface
and chapters entitled "The Work of Gravity WhenMoving AwayFrom a Planet"
and "The Velocity of Flight and Time of Flight." The latter work is known
better and is more substantial_ therefore we have left the preface and the
two chapters in "Investigations of 1926" while in "Investigation 1911-
1912" we dropped the preface. In the "Investigations of 1926" the preface
was followed by an expansive "Summaryof the Works of 1903." Wehave
condensedthis substantially_ leaving only the principal proposition since
this summarypresents in brief form the contents of the article " A Rocket
into CosmicSpace."

"Investigation of Universal SpaceBy Meansof Reactive Devices" (sup-
plement to Parts 1 and 2 of the work bearing the sametitle) was published
in 1914. Wecopied the text of this edition and omitted several pages
at the beginning_ which contained the favorable replies of the specialists
of that era to Parts I and 2 of his works.

The article "Cosmic Ship" is published for the first time from the
1924 manuscript. Tsiolkovskiy wanted to publish the article and in 1924
sent it to the journal "Tekhnika i Zhizn'." However_the editor returned

lln the future this edition is abbreviated as "Sel. W."
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the article to the author and would not publish it. The article contains

an interesting proposition on the utilization of braking against Earth's

atmosphere during the descent of an interplanetary ship to Earth. A sim-

ilar method was later proposed by Homann in his "Die Erreichbarkeit der

Himmelsk6rper" (1925).

The article "Investigation of Universal Space By Means of Reactive

Devices" (or, briefly, "Investigations of 1926") was published by

Tsiolkovskiy in 1926 at Kaluga. The cover contained the following:"Re-

publication of the Works of 1903 and 1911 With Certain Changes and Addi-

tions." However, this is actually not correct. Also_ the subsequent

statement of Tsiolkovskiy: "For economic reasons it was necessary to

consider only the new material," is not entirely correct. There is no

doubt that this work is not a republication of works conducted in prior

years_ but at the same time the works of 1903 and 1911 are reflected in it.

In the "Selected Works" of 1934_ statements of a general nature

were excluded. We publish this work almost in its entirety. As we have

already pointed out_ the preface to this work was written in 1911. The

article "Investigations of 1926" is contained in the present volume be-

fore the article "Cosmic Ship" (1924).

A manuscript entitled "The Album of Cosmic Travel" was found in the

Tsiolkovskiy archives. The text of this album is dated June 21_ 1933,

while the _rawings are dated over the period of October 1933 to March

1934. The text is devoted principally to the stability of interplanetary

stations. The drawings in the album correspond to the subjects in the

text. Judging from the inscriptions, the album contained material for

the Soviet motion picture industry. According to B. N. Vorob'yev this

was in connection with the planning of the film "Cosmic Voyage" for which

Tsiolkovskiy was invited as an editor.

The drawings in the album (there are over i00 of them) are very

primitive. Tsiolkovskiy presented sketches assuming that these could be

reproduced. The drawings represent p_imarily the various effects produced

by the absence of gravitation. They are not of great interest_ but some

of them can be used to illustrate various points in the preceding works,

and we therefore retained them. Figures 3, 5, 7, 8 and 9 (the numbering

system adopted in the album) represent suitable illustrations for the

article "Reactive Motion." Figures ii, 12, and 13 show various methods

of turning the rocket in free space. Figure 49 may be related to the

article "Cosmic Ship," and only Figure 54 relates directly to the question

of the interplanetary station. The inscriptions on the figures were made

by Tsiolkovskiy. Other articles related in subject to a given group of
'investigatio_is" are referenced at the end of each article.

_e following articles by Tsiolkovskiy are devoted to an airplane

with a rocket engine:
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"The New Airplane." The work was published by Tsiolkovskiy in 1929

(K.) and is contained in the "Selected Works" published in 1934. This

work is his final work on conventional airplanes, and at the same time it

is the first work on the rocket airplane_ more precisely, on the initial

stage of the development of the rocket method of flying. Concerning his

article "_e New Airplane" Tsiolkovskiy _ote _le following: "Many of

the conclusions made by me in "The New Airplane" turned out to be similar

to the conclusions from the work of Corvin-Krukovskiy (USA, 1929), as,

for example, the fact that the velocity of the airplane is proportional

to the square root of the decrease in air densit_ while the required en-

ergy is proportional to the velocity of the airplane. These conclusions

as well as others were made by me back in 1895 in the work called 'Air-

plane' which was published in the journal Nauka i Zhizn' and forgotten

even by me." (See Paragraph 83 and others.) I The preface prepared by

Tsiolkovskiy to his article "The New Airplane" omitted in "The Selected

Works" is published here.

"The Reactive Airplane." The manuscript for this is dated 1929 and

was published by Tsiolkovskiy in 1930 at Kaluga. The cover has the nota-

tion "Taken from the large manuscript;" however, the corresponding manu-

script was not found in the Tsiolkovskiy archives. We may ass_me_ as we

shall see later, that this manuscript was being reworked by the author

into an independent article. The work "The Reactive Airplane" was con-

tained in "Selected Works" of 1934.

"The Rocketplane." This article is published here for the first

time. A large incomplete manuscript was found in the archives entitled

"The Ascending Accelerated Motion of a Rocketplane." The content of

this manuscript is as follows: (i) the design and weight specification

of a rocketplane (Sections 1-46), (2) the ascent of the rocketplane

(Sections 47-66), (3) the exit of the rocketplane from the atmosphere

(Section 128 to the end of the manuscript). Sections 67-127 were not

found and may have been omitted. There are many references in the manu-

script to "The Rocket Airplane." Since the article "_ne Reactive Air-

plane" is concerned primarily with the energy side of the problem which

is not treated in the discovered manuscript_ we may assume that some of

the missing sections were used by the author for the article "The Reac-

tive Airplane" and published in a separate pamphlet. The remaining part

of the manuscript (Tsiolkovskiy's notation) was being reworked in 1930

into a separate article. If our proposition is correct_ the manuscript

must have been started in 1929.

Under the title "The Rocketplane" we publish the first and second

parts of the manuscriptj i.e., Sections 1-66. _e last part which is

iSee the remarks of the author on p. 30 of "Pressure on A Plane," !930_

K. - Editor's Note.
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concerned with the exit of the rocketplane from the atmosphere has been

dropped completely_ since the calculations contained in it are of a pre-

liminary nature and were apparently carried out to find the right

approach to the solution. At first, Tsiolkovskiy did not take into

accoumt the effect of the wings of the rocketplane; the method of calcu-

lation presented here resembles the one in "Investigations of 1926."

However, as a result of his calculations_ the author saw that the lift

produced by the body alone is inadequate and therefore he began to take

into account the wings. The calculations are not completed.

"Semi-reactive Stratoplane." Am excerpt from this work was pub-

lished by Tsiolkovskiy under the same title at Kaluga in 1932. This

excerpt was contained in the "Selected Works" of 1934. In his annota-

tions to this article Tsiolkovskiy wrote "I shall try to publish the

continuation of this work separately," but he did not have time to do

this. After Tsiolkovskiy's death a large incomplete manuscript was

found in his archives entitled "The Ascending Accelerated Motion of an

Airplane." Part of this manuscript consisted of the excerpt published

by Tsiolkovskiy.

As we can see from the drafts of his manuscript Tsiolkovskiy had

the idea of a semireactive stratoplane in 1930. The manuscript itself

is dated 1931.

We publish this manuscript umder the title "Semi-reactive Strato-

plane." As an introduction we use part of the draft "High Altitude

Airplane or Stratoplane" written by Tsiolkovskiy. The numbering of the

different sections of the manuscript does not coincide with the number-

ing of the excerpt published earlier. The original had 39 sectioms;

Tsiolkovskiy omitted 17 of them. In our manuscript the first sections

are numbered from i to 50 and a series of sections is also omitted. We

retained the numbers of the original article up to Section 513 after

which we used Tsiolkovskiy's numbering. Thus it would appear that ii

sections are missing in our presentation; actually nothing has been

omitted.

Several pages are missing in the manuscript which is pointed out in

this text. Also several tables are missing. We publish the manuscript

up to Sections 143,inclusive. The subsequent part of the manuscript

contained the calculation for the ascent of a stratoplane in which

Tsiolkovskiy considered gravity_ but not the lift produced by the wings.

At the end of the manuscript he wrote that he had also neglected to take

into account the decrease in weight of the device as fuel is consumed.

Therefore all these calculations are apparently quite preliminary and

were dropped because they are of no interest.

"Reactive Motion." This article was written in May 1932, and was

published in the journal "V. Boy za Tekhniku," Nos. 15-16 August 1932_
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under the title "The Theory of Reactive Motion." We publish the article

from the manuscript with an insignificant condensation of certain portions

which repeat verbatim previous works.

The idea of a folding construction for the surface of the rocket slated

for flights into cosmic space was proposed by Tsiolkovskiy in 1925.

"Fuel for the Rocket." This article was composed by Tsiolkovskiy

from two manuscripts: "Explosives and Fuels," completed on June 29,

1932,1 and "Explosives for the Astroplane," completed on March i, 1933.

This article was entitled "Attaining the Stratosphere." The article was

contained in the collected works "Reaktivnoye Dvizheniye" No. 2, 1936,

under the title "Fuel for the Rocket." We retained this title. The 1933

manuscript begins with the Section "Selecting the Explosive Elements."

"Missiles Which Achieve Cosmic Speeds on Land or Over Water." The

article was published from the manuscript finished December 3, 1933. In

this article Tsiolkovskiy returns to the problems considered in "Accel-

erated Motion of the Rocketplane."

The works devoted to the problem of the engine for such an air-

plane are directly related to the articles on rocket airplanes.

"Steam Gas Turbine Engine" is published for the first time from the

original manuscript. Altogether three manuscripts were found on the same

general subject. In (I) "Airplanes and Stratoplanes" Tsiolkovskiy shows

the advantages of a gas turbine engine. The manuscript was completed

October 22, 1934. (2) "Steam Gas Turbine Engine for Dirigibles, Airplanes,

Stratoplanes, Automobiles, and for Other Purposes" contains a short de-

scription of an engine. However_ the figure could not be found and is

missing. The manuscript was completed August 29, 1933. (3) "Powerful En-

gines of Minimum Weight and Volume" is dated November 5, 1934, and is a

development of the previous two manuscripts. Unlike the first manuscript,

the text is broken down into sections which are numbered beginning with

Section 201 and ending with Section 207. Beyond this point the presenta-

tion is made without numbered sections. Sections 1-200 were not found and

their contents is not known. 0nly some references in this manuscript per-

mit the conclusion that there were calculations on the compression of air

during high speed ramming in the missing Sections 154-158.

We have made the first manuscript the introduction, and have combined

the second and third manuscripts, dropping the numbering of sections.

iWe have assumed that the date given at the end of the manuscript is the

date of its completion.
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Before considering the other articles of Tsiolkovskiy it is neces-

sary to examine his large work which he called "Principles of Construc-

tion of Gas Machines, Engines and Flying Devices." He labored over this

during the last year of his life and did not complete it. He began work

on it at the end of 1934_ and made wide use of his previous studies. He

thought that "Principles of Construction of Gas Machines" would consist

of twelve chapters, and he changed the titles and order of various chap-

ters several times.

As we can establish from the more or less complete manuscripts, the

contents of the entire works was to be as follows:

Chapter I_ "Compression and Expansion of Gases," was initially en-

titled '_he Principles of Gas Machine Construction Known and Unknown."

This chapter was finished on August 12, 1934.

Chapter II, "The Pressure of a Normal Air Flow on a Plane," is a

continuation of the article "Pressure on a Plane during its Normal

Motion in the Air," 1930, and was finished on October 24, 1934 .

Chapter III, "Friction in Gases," exists in three variations and

consists of a rewritten article of the same title which was completed on

June 18_ 1932; it was sent by Tsiolkovskiy to the journal '_ekhnika

Vozdushnogo Flota" but was not accepted.

Chapter IV_ 'The Resistance of the Air to the Motion of a Smooth

(Bird-Like) Body," has no date.

Chapter V, "Density, Temperature, and Pressure of Different Layers

of the Atmosphere," was completed on May 9, 1932, and published under

the same title in the journal "Samolet_" Nos. 8-9, 1932.

Chapter VI_ 'The Energy of the Chemical Bond of Substances and the

Selection of the Component Parts for an Explosion," was later published

as an article in the collected works "Raketnaya Tekhnika_" No. i, 1936.

In all probability this article was written at the beginning of 1935.

Chapter VII, "The Maximum Rotation Velocity of Bodies and the

Storage of Their Mechanical Energys" is undated.

Chapter VIII, 'Mew Engines of Two Types," is dated March 29, 1935,

and is incomplete. In this chapter Tsiolkovskiy wanted to consider two

types of engines which use the atmospheric air as oxidizer--the first

type was to include the use of water while the second was without water.

The manuscript of Chapter VIII is concerned more or less with only the

second type. The first type is only briefly described. This manuscript

has much in common with the article by Tsiolkovskiy entitled "Steam Gas

Turbine Engine" and apparently is an expansion.
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Chapter IX_ "The Second Type of Engine With a Stored Oxygen Com-

pound_" is dated April 17_ 1935, and is the last work of Tsiolkovskiy on

rocket technology.

Chapter X_ "The Maximum Speed of a Rocket_" was written in January_

1935, and deals with a special method of achieving high flight speeds.

The basic principles of the method proposed by Tsiolkovskiy were popu-

larized by Ya. I. Perel'man. I

Chapter XI_ "An Approximate Calculation of the Flight of a Rocket-

plane to an Altitude of 30 Kilometers," is dated March 21_ 1935, but is

incomplete.

Chapter XII, "Cooling of the Combustion Chamber_" was not written

at all.

The book consisting of these chapters does not convey the impres-

sion of a finished work; its nature is that of a rough draft. The

manuscripts have many corrections. Some pages are missing. Various

parts are not finished to the same extent and are interconnected almost

mechanically. The cover of Chapter XI_ for example, has the note

"Everything must be rewritten. Not suitable. The new one is correct."

In a short table of contents preceding the entire work and prepared

by Tsiolkovskiy, he makes the following remark concerning Chapters VIII

and IX: "A great deal of work remains to be done on these chapters."

We have given up the idea of publishing "Principles of Gas Machine

Construction" and have only reproduced Chapter X_ entitled "The Maximum

Speed of a Rocket." This chapter is published from the manuscript.

This chapter may be looked upon as the final chord of the creative

genius of Tsiolkovskiy and is the chapter of most interest to rocket

tech_lology in the manuscript "Principles of Gas Machine Construction."

The method of achieving cosmic speeds is discussed here; it consists of

the transfusion of fuel from one rocket to another_ followed by a grad-

ual decrease in the number of flying rockets_ and is preferable to a

multistage rocket which_ incidentally_ was also not discounted by

Tsiolkovskiy. In this case Tsiolkovskiy proposes the transfusion

method_ not for simple liquid rockets 2 but for rocketplanes.

iSee Ya. I. Perel'man, "Tsiolkovskiy," 1937. From the letter of

Tsiolkovskiy to Perel'man it follows that the idea for this method

occurred to Tsiolkovskiy in December, 1934.

2As mentioned in the book by Ya. I. Perel'man_ 1937.
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As an appendix to our edition of the works of Tsiolkovskiy we have

felt it desirable to give "The Preface and Remarks" written by F. A.

Tsander to the 1934 edition of '_he "Selected Works of K. E. Tsiolkovskiy."

They are very interesting for evaluating the creative genius of

Tsiolkovskiy and will be useful to the reader studying these works.

F. A. Tsander himself was a contemporary of Tsiolkovskiy and worked on

the problems of rocket engineering in line with developing the ideas of

Tsiolkovskiy.

As stated, the present volume is not a complete collection of

Tsiolkovskiy's work on rocket technology. The following manuscripts of

Tsiolkovskiy are not published.

i. "The Year 2000." The manuscript is dated September 26, 1913,

and represents an unfinished fiction book on the subject of interplane-

tary travels.

2. "Voyages Beyond the Atmosphere." The manuscript is dated

November 7, 1925, is not completed and constitutes a variation of

"Investigations 1926." It may be the first rough draft. Half of the

manuscript is repeated verbatim in "Investigations 1926," the second

half covers material which is treated in more detail in the same publi-

cation "Investigations 1926."

3. 'bhe Conquest of the Solar System." (Science fiction.) The

manuscript is dated November; 1928. Additions to it are dated June 22,

1929. The manuscript is not finished.

4. '_o the Inventors of Reactive Machines." This manuscript was

completed on April 28, 1930, and gives a description of several self-

propelled toys whose motion depends on the utilization of the reactive

principle of motion.

5. "Steam Turbine." The manuscript is dated August 1933, has

several omissions, and is a somewhat schematic presentation.

6. "Principles of Gas Machine Construction," (except Chapter X).

7. "Cosmic Travels." Unfinished manuscript dated November ii,

1933, is the beginning of a fiction book on interplanetary subjects.

8. "Flights In the Atmosphere and Outside It." The manuscript is

dated February 12, 19343 and is a brief repetition of the previous works

on rockets.

The present volume does not contain the following previously pub-

lished works on interplanetary travel:
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i. The article "Works on the CosmicRocket (1903-1927)" written
in 1928 and published after his death in the collected works of the
Reaction Section of the Stratosphere Committeeof TeS 0soaviakhima SSSR
"Reaktivnoye Dvizheniye," No. 2, 1936. In this article Tsiolkovskiy
summarizeshis work over a period of 25 years and presents a short gen-
eral program for practical investigation of rocket technology.

2. A short article entitled "Beyondthe Earth's Atmosphere" pub-
lished together with "The NewAirplane," K., 1929.

3- The article "From the Airplane to the Astroplane." Published
in "Iskry Nauki," No. 2, 1929.

4. The article "The Purpose of Astro-flights," K., 1929. This
article was published for the second time in the collected works en-
titled "K. Tsiolkovskiy" by the editing department of Aeroflot, 1939.

5- The article '_o the Astronauts," K., 1930, was an expansion of
the article "From the Airplane to the Astroplane."

6. The article "The Compressorof Gases," K., 1931.

7. The article "Howto Increase the Energy of Explosive (Thermal)
Engines," K., 1931.

(Articles 6 and 7 have no direct relation to the basic subject
matter of the present collected works of Tsiolkovskiy.)

8. The article "Beyondthe Atmosphere" written in March, 1932 and
published with somechanges in 'rVokrug Sveta," No. i, January, 1934.

9- The article "Reactive Motion and Its Progress," written in
March, 1932 and published in "Samolet," No. 6, 1932.

i0. The article "Astroplane," published in "Znaniye-sila," No.
23-24, December,1932.

ii. A scientific newspaperarticle entitled "Will the Earth Ever
Be Able to Inform the Inhabitants of Other Planets of the Existence of
Intelligent Life on It," published in "Kaluzhskiy Vestnik," No. 68,
1896.

12. A popular science story entitled "Outside the Earth," which
was published in the journal "Priroda i Lyudi," in 1918 (No. 2-14) and
as a separate booklet at Kaluga in 1920.

13. The article "A Reactive Device as a Meansof Flight in Vacuum
and in the Atmosphere," a short summaryof "Rockets in Cosmic Space,"
waspublished in "Vozdukhoplavatel'," No. 2, 1910.
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14. The article "Semi-reactive Stratoplane" published in "Khochu
vse Znat'," No. 29, 1932, is a short summaryof the well-known "Semi-
reactive Stratoplane," K., 1932.

15. The article 'The Application of Reactive Devices and the In-
vestigation of the Stratosphere" published in the newspaper '_abochaya
Moskva," No. 51, March 3, 1935. The manuscript for this article was
finished on February 27, 1935. The article briefly propagandized the
idea of a rocket.

The question maybe asked concerning the order in which the works
of Tsiolkovskiy on rockets should be presented to the reader. To answer
this question, it is first necessary to point out the basic idea which
covers all Tsiolkovskiy's works on rockets from beginning to end.

Even if one is not too attentive in reading the works of Tsiolkovskiy,
it becomesclear that the author never considered that the interplanetary
flight of the rocket could be realized without a considerable amount of
preliminary work associated with difficulties and temporary failures.
Tsiolkovskiy assumedthat aviation was the first step on the road to
cosmic flights and that the ability to fly in the atmosphere was the
first step in the art of flying beyond the atmosphere. According to
Tsiolkovskly, the airplane of the future could be transformed into a
cosmic ship. This point of view is diametrically opposedto the tech-
nical ideas of Oberth and his school, who ignored the role of aviation
in the development of rocket technology.

Tsiolkovskiy pictures the gradual metamorphosis of the airplane
into an interplanetary ship in the following manner. The aviation
engine begins to utilize the released heat, a reactive exhaust is estab-
lished, and the engine gradually is redesigned so that the exhaust
rather than the propeller is used to produce more and more thrust. The
cylinders of the engine are transformed into the combustion chamberof a
rocket engine. The engine contains a compressor and is placed in the
tube in which the products of combustion are completely burned up and in
which a process takes place peculiar to the air-breathing rocket engine.
The airplane is transformed into a semi-reactive stratoplane, since
propellers are still required. The flight altitude is substantially in-
creased. The piston engines are replaced by turbines.

As the next step, the oxygen content in the fuel oxidizer is in-
creased by placing tanks with special oxidizers aboard the stratoplane.
The altitude is increased further. Finally, the use of air is com-
pletely abandoned,and sometype of oxidizer carried aboard in liquid
form is used. The stratoplane is transformed into a rocketplane which,
depending on the quantity of fuel which it carries, may fly beyond the
limits of the atmosphere.
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By using a combination of several rocketplanes_ either in the form

of a multistage rocket or of devices which undergo transfusion of fuel

from one another_ a velocity of 8 km/sec may be reached so that one plane

becomes a satellite of the Earth. By sending supplies from the Earth

this satellite may be converted into a station_ from which an inter-

planetary ship will be dispatched to more distant cosmic travels.

When all of this is achieved_ the time will come for organizing

"colonies in the ethers" the name given by Tsiolkovskiy to interplane-

tary station cities.

From the standpoint of this rather elegant and successive concept_

the works of Tsiolkovskiy may be placed in the order shown below. We

recommend this order for systematic reading.

First we mention two major works which contain the basic principles

of his theory and which must be studied initially. These are:

"A Rocket into Cosmic Space" (1903) and "The Investigation of Uni-

versal Space By Means of Reactive Devices" (1926). Following these we

have:

i. "The New Airplane."

2. "The Reactive Engine."

3. "Semi-reactive Stratoplane."

4. "Cosmic Rocket. Experimental Preparation."

5- "Missiles Which Attain Cosmic Speed on Land and on Water."

6. "Reactive Airplane."

7. '_Rocketplane. "

8. "A Cosmic Rocket Train."

9. "The Maximum Velocity of a Rocket."

i0. "The Cosmic Ship."

ii. "The Investigation of Universal Space By Means of Reactive

Devices," 1911-1912.

We should point out that by no means do we expect to include all

the works of Tsiolkovskiy in this scheme. The ideas of Tsiolkovskiy

in the field of rocket technology are very diverse. In addition to the

/_3
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concepts here presented_ Tsiolkovskiy did not rule out the possibility

of the direct flight of a rocket beyond the limits of the atmosphere

into cosmic space. In his works he proposed to use the incline ascent

of a rocket with its preliminary acceleration for this purpose. From

this point of view_ the path through aviation is the path to obtain ex-

perience for the purpose of developing the art to fly beyond the atmos-

phere. Only after reading and studying the works of K. E. Tsiolkovskiy

is it possible to make a correct evaluation of the significance of his

works_ which laid the basis for a truly scientific approach to the

rocket as a means of transporting man into the atmosphere and inter-

planetary space.

In conclusion we wish to point out that the meticulous preparatory

work by B. N. Vorob'yev_ who went through and organized the entire

archives of K. E. Tsiolkovskiy and who studied the manuscripts of these

archives very carefully, has been very useful in the preparation of this

introductory article. The author of the latter has used substantially

the factual material from the manuscripts of Tsiolkovskiy_ as collected
by B. N. Vorob'yev.

MOSCOW

1964

M. K. Tikhonravov
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A ROCKET INTO COSMIC SPACE

(1903)

The Altitude Achieved by Air Balloons; Their Dimensions and Weight;

The Temperature and Density of the Atmosphere

/25

1. Small unmanned aerostats with automatic sensors have achieved

altitudes to date not greater than 22 km.

The difficulties of reaching high altitude by means of aerial bal-

loons increase very rapidly with altitude.

Let us assume that we wish the aerostat to reach an altitude of

27 km and lift a load of i kg. At an altitude of 27 km, the air has a

density approximately 1/50 of the air density at the surface of the

Earth (760 mm pressure at 0° C). This means that the sphere at this

altitude must occupy a volume 50 times greater than at sea level. It

would be necessary to fill the balloon with 2 m 3 of hydrogen at sea

level which 3 at the altitude specified_ would occupy i00 m 3. The bal-

loon will lift a load of i kg, i.e., it will lift the automatic sensor,

while the balloon itself will weigh approximately i kg. When its diam-

eter is 5.8 m the surface of its shell will be not less than 103 m2.

Consequently, each m 2 of the material, including the attached net, must

weigh i0 g.

One m2 of ordinary writing paper weighs i00 g, while i m2 of tissue

paper weighs 50 g. Thus, even tissue paper will be five times heavier

than that material which must be used to construct our aerostat. A

material of this type cannot be used in the aerostat because the shell

formed of it will tear and permit the gas to escape. Balloons of larger

dimensions may have a thicker shell. A balloon with an unprecedented

large diameter of 58 m will have a shell whose weight per m2 is i00 g, i.e.,

slightly heavier than ordinary writing paper. It will lift a load of

1,000 Kg which is much more than is required for an automatic recorder.
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If we retain the same large dimensions for the aerostat, but limit

ourselves to a lifting force of 1 kg, the shell may be made twice as

heavy. Generally speaking, in this case, the aerostat may be quite

expensive, but we must not assume that it is impossible to construct it.

Its volume at an altitude of 27 km will be i00,000 m3, and the surface

of the shell will be 10,300 m2.

Meanwhile the results are rather miserable_ We reach only an alti-
tude of some 27 km.

What can be said about sending instruments to a high altitude!

The dimensions of the aerostats must be even greater; however, we must

not forget that as the dimensions of the balloon increase, the forces

which tend to rupture the shell increase more rapidly than the resist-
ance of the material.

The launching of instruments beyond the atmosphere by means of a

balloon is, of course, impossible; from observations of falling stars

we can see that these limits do not exceed 200-300 km. Theoretical cal-

culations show that the limit of ascent is 54 km, if we assume that the

temperature drops by 5° C each kilometer of ascent, which is very close

to what actually happens, at least for the accessible layers of the

atmo sphere, i

Altitude at

Atmosphere Temperature Air

km °C Density

0 0 i

6 - 30 1:2

12 - 60 1:4.32

18 - 90 1:10.6

24 -120 1:30.5

30 -150 1:116

36 -180 1:584

42 -210 1:3,900

48 -240 1:28,OO0

54.5 -272 0

This is a table of altitudes, temperatures, and densities of the

air which I have computed on this basis. We can see from this table

that the difficulty of reaching a high altitude increases very rapidly.

lit is now known that the temperature drop takes place only up to the

limits of the troposphere, i.e., up to ii km.
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The divisor in the last column shows the difficulties which may be

met in the construction of a balloon.

2. Let us consider another idea for flying to high altitudes--by

means of shells fired by a gun.

In practice_ the velocity of shells does not exceed i_200 m/sec.

Such a shell fired vertically will reach an altitude of 73 km, if flight

takes place in space devoid of air. In air, depending on the shape and

mass of the shell, the altitude achieved will be much smaller.

If the shape of the shell is g0od_ the altitude achieved may be

substantial; however, it is impossible to place recorders inside the

shell because they will be shattered either when the shell returns to

the Earth or during its motion in the gun barrel. The danger during the

motion of the shell in the gun barrel is less_ however_ it is quite

great from the standpoint of keeping the instruments intact. Let us

assume_ for simplicityj that the pressure of the gases on the shell is

uniform so that the acceleration of its motion is W m/sec 2. Then all of

the objects in the shell are subjected to the same acceleration. Due to

this_ an apparent relative force of gravity equal to W/g will be devel-

oped inside the shell where g is the acceleration due to gravity at the

surface of Earth.

The length of the cannon L is given by the equation

Vz

L_ s
2(w--E)

from which

where V is the velocity attained by the shell when it leaves the barrel.

From the above equation we can see that W and, consequently_ the

increment of relative gravity inside the shell is decreased as the

length of the cannon is increased when V is constant, i.e., the greater

the length of the cannon_ the greater is the safety factor for devices

inside it during the firing of the shell. However_ even in the case of

a very long cannon (which cannot be realized in practice), the apparent

gravity during the acceleration of its motion in the gun barrel is so

great that sensitive instruments will be unable to bear it without dam-

age. Moreover, it will be impossible to send anything alive inside the

shell if it became necessary to do so.
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3. Thus, let us assume that we have constructed a cannon which is

300 m high. Further 3 let us assume that this cannon is situated next to

the Eiffel Tower which, as we know, has the same altitude. And let us

assume that the shell under the influence of uniform gas pressure

achieves an exit velocity sufficient to raise it beyond the limits of

the atmosphere to an altitude of 300 km from the surface of Earth.

Then the velocity V required for this purpose is computed from the
equat ion

v-- V

When h is 300 km, we obtain a value of approximately 2,450 m/sec

for V. By eliminating V from the last two equations we find

where W/g gives us the relative or apparent gravity in the shell. From

this equation we find that it is equal to 13001.

Consequently, the weight of all the devices in the shell must in-

crease by a factor of 1,000, i.e., an object which weighs i kg is sub-

jected to an apparent gravity pressure of 1,000 kg. It is questionable

whether any physical device will stand up to this pressure. What would

be the shock experienced by a body in a short cannon and in flight to

beyond 300 km_

In order not to confuse someone with the words "relative or appar-

ent gravitys" I wish to state that I am speaking of the force which

depends on the acceleration of the body (for example, of the shell);

this acceleration also occurs during the uniform motion of the body if

such motion is c_rvilinear, in which case it is called the centrifugal

force. In general 3 it always appears on the body or inside the body, if

some force acts on the body to change its inertia. Relative gravity

exists as long as the force which produces it exists: when the latter

ceases 3 the relative gravity also disappears. I call this force gravity

only because its temporary action is entirely identical to the action of

the force of gravity. Every material point of a body is subjected to

gravity 3 and in the same way relative gravity appears at every point of

the body contained within the shell; this takes place because the appar-

ent gravity depends on inertia to which all material parts of the body

are subjected in the same manner. Thus, the instruments inside the

shell will become heavier by a factor of 13001. Even if it were possi-

ble to preserve these instruments under this excessive, though short-

lived (0.24 sec) acceleration, there would be many other obstacles

associated with using a cannon to send something into celestial space.
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First of all, it will be very difficult to construct such cannons,

even in the future. Secondly, the initial velocity of the shell will be

extremely great; indeed, in the lower dense regions of the atmosphere

the velocity of the shell will suffer due to air resistance; and the

losses in velocity will sharply curtail the altitude to which the shell

can rise. Furthermore, it will be very difficult to obtain a uniform

pressure of gases on the shell during its motion through the barrel,

which will make the force of gravity much greater than what we have com-

puted (i,001). Finally, the safety of the shell during its return to
Earth wou±_ be more _nan doubt±ul.

Rocket and Cannon

4. As a matter of fact, the large increase in gravity in itself is

sufficient to discredit the idea of using cannons for our purpose.

In place of the cannons and of aerostats, I propose a reactive de-

vice for investigating the atmosphere, i.e._ a type of rocket--however,

a very grandiose rocket and one constructed in a special manner. The

idea is not new_ but the calculations which pertain to it give such

striking results one cannot keep quiet about them.

This work of mine is far from considering all of the aspects of the

problem and does not solve any of the practical problems associated with

its realization; however, in the distant future, looking through the

fog, I can see prospects which are so intriguing and important it is

doubtful that anyone dreams of them today.

Let us visualize a projectile consisting of a metallic, oblong

chamber (the shape of least resistance) equipped with light; oxygen;

absorbers of carbon dioxide, miasmas, and other animal excretions, and

designed not only to house various physical instruments, but also to
house man to control this chamber (we shall consider the problem in as

broad a manner as possible). The chamber contains a large supply of

substances which3 when mixed, immediately produce a combustible mass.

These substances_ which explode in the proper manner and rather uni-

formly at a special place designated for this purpose, flow in the form

of hot gases along tubes which diverge towards their ends like a horn or

a musical wind instrument. These tubes are placed along the walls of

the chamber in the direction of its length. The mixing of the combusti-

ble substances takes place at one narrow end of the tube: here, con-

densed and ignited gases are obtained. At its other expanded end, after

expansion and cooling, the gases flow out of the tube at a tremendous

relative velocity. It is clear that such a rocket-like projectile will

go up in altitude under certain conditions.
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It will be necessary to have automatic instruments to control the

movement of the rocket (our name for this device) and to control the

force of explosion in accordance with a preestablished program.

The schematic form of the rocket (Figure 1). The two liquid gases

are separated by a partition. We show the place where the gases mix and

explode, and the funnel-shaped opening for the exhaust of expanded and

cooled vapors. The tube is surrounded by a jacket containing a rapidly

circulating metallic liquid. We picture the rudder used for controlling
the motion of the rocket.

If the uniform force of explosion does not pass exactly through the

center of inertia of the projectile, the projectile will rotate and con-

sequently will be useless. It will be impossible to achieve mathematical

accuracy in this case because the inertial center will oscillate due to

the movement of substances in the projectile, and, similarly, the direc-

tion of uniform gas pressures in the tube cannot have a mathematically

constant direction. In the air it is still possible to direct the pro-

jectile by means of a rudder similar to the one used by birds, but what

can be done in free space where the ether will hardly provide any
support?

The fact is that if the resultant force is as close as possible to

the center of inertia of the projectile, its rotation will be rather

slow. However, as soon as it starts, it would displace some mass in-

side the projectile until the displacement of the center of inertia

causes the projectile to be displaced in the opposite direction. Thus,

by following the motion of the projectile and displacing inside it a

small mass, we shall achieve the oscillation of the projectile first in

one and then in the other direction, while its general motion will re-
main unchanged.

It may turn out that manual control of the motion of the projectile
will be not only difficult but entirely impossible to achieve. In this

case automatic control will be necessary.

The attraction of the Earth cannot be used as the basic force for

control, because the projectile will contain only relative gravity and

Liquid, freely evaporating oxygen

at very low temperature__/"__=_=_=__

_----__ _ _h People andE equipment for
_ R '_J_8 _ _.f respiration and

"_---__ '' .... _-_- _other purposes

_Li_

hydrocarbon

Figure i.
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acceleration w, whose direction coincides with the relative direction of

the explosive substances flowing out or directly opposite to the direc-

tion of their resultant pressure. Since this direction changes with the

rotation of the projectile and the tube, this gravity cannot be used to

control the direction of the projectile.

We may use for this purpose the magnetic needle or the force of

solar rays concentrated by means of a double convex lens. Whenever the

projectile turns, the small and bright image of the sun changes its

relative position with respect to the projectile. This may excite the

expansion of the gas, pressure, electric current and mass movement, and
thus reestablish a definite direction of the tube during which the light

spot hits the neutral nonsensitive area of the mechanism.

There must be two masses which are automatically displaced.

The basic control for the direction of the projectile may also con-

sist of a small chamber with two flat disks rotating rapidly in differ-

ent planes. The chamber is suspended in such a way that its position

or, more precisely, its direction, does not depend on the direction of
the tube. When the latter turns, the chamber, due to its inertia (if we

neglect friction), retains its initial absolute direction (with respect

to the stars); this property is exhibited to a large extent during the

rapid rotation of chamber disks. If thin springs are attached to the

chamber, then during the rotation of the tube the change in the relative

position of the chamber is transmitted to the shell, which may cause a

current to flow and move the control masses. Finally, the rotation of

the open end of the tube may serve as a means for preserving a definite

direction of travel for the projectile. The simplest method of con-

trolling the rocket may consist of a double rudder situated outside the

rocket close to the exit end of the tube. The rotation of the rocket

around its longitudinal axis may be prevented by turning a plate situ-

ated in the direction of the motion of gases and situated within them.
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The Advantages of a Rocket

5- Before presenting the theory of the rocket or of a similar

reactive device, I shall attempt to interest the reader in the advan-

tages of the rocket over a cannon shell.

(a) Compared with a gigantic cannon, our device is relatively

light as a feather; it is relatively cheap and easy to realize.

(b) The pressure of the exploding substances will be substantially

uniform and will produce a uniformly accelerated motion of the rocket
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which develops the relative gravity; we shall be able to control the
magnitude of this temporary gravity at will_ i.e._ by controlling the
force of explosion, we can makeit arbitrarily small or make it exceed
the normal Earth's gravity by manytimes. If we assume, for simplicity 3
that the force of explosion decreases in a mannerproportional to the
mass of the projectile combinedwith the mass of the remaining unburned
explosive substances, the acceleration of the projectile and conse-
quently the magnitude of the relative gravity will be constant. Thus,
from the standpoint of the relative apparent gravityj it will be safe to
send not only instruments in the rocket_ but people as well_ whereas in
a cannon shell (even in a large cannonas tall as the Eiffel Tower) the
relative gravity increases by a factor of i_001 during ascent to an
altitude of 300 km.

(c) Another major advantage of the rocket is that its velocity
increases in any desired progression and in any desired direction; it
maybe constant and may decrease uniformly, which will permit a safe
descent to a planet. Everything depends on the proper control of ex-
plosion.

(d) During the beginning of the ascent3 while the atmosphere is
dense and the air resistance is very great at high velocities_ the
rocket movesrather slowly_ loses little to resistance of the mediumand
is not heated very much.

The velocity of the rocket increases very slowly; but then_ as
altitude is gained and the atmospherebecomesrarefied_ it may increase
more rapidly; finally, in free space, this increasing velocity may in-
crease even more. Thus_ we shall have to do a minimumamountof work
to overcomethe resistance of air.

The Rocket In a MediumFree of Gravity and Atmosphere

The Relationship of the Masses in a Rocket
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6. First we shall consider behavior in a medium free of gravity

and surrounding matter, i.e._ free of atmosphere. As far as the latter

is concerned, we consider only its resistance to the motion of the pro-

jectile and not to the motion of the explosive vapors. The effect of

the atmosphere on the explosion is not completely clear. On the one

hand_ it is beneficial because the exploding substances have a certain

support in the surrounding material medium which they carry along during

their motion and_ therefore_ help to increase the velocity of the

rocket. However_ on the other hand 3 the same atmosphere with its den-

sity and elasticity interferes with the expansion of gases beyond a
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certain knownlimit; thus_ the explosive substances do not achieve the
velocity which they could achieve in free space. This latter effect is
not beneficial because the increment of the velocity of the rocket is
proportional to the velocity of the ejected products of explosion.

7. We shall designate by M I the mass of the shell with all its con-

tents except for the supply of explosives; we designate the mass of the

latter by M29 finally, we designate by M the variable mass of the ex-

plosives unexploded in the shell up to a given instant of time.

Thus_ at the beginning of the explosion, the total mass of the

rocket will be equal to (MI+ M2); after a certain period of time, it

will be expressed by a variable quantity (MI+ M); finally, at the com-

pletion of the explosion, it will be given by a constant quantity M I.

In order for the rocket to attain a maximum velocity, it is neces-

sary that the ejection of the products of explosion be in one direction

with respect to the stars. To achieve this_ it is necessary that the

rocket does not rotate; for the rocket not to rotate it is necessary

that the resulting force of explosion_ passing through the center of

their pressure, also pass through the center of inertia of all the fly-

ing masses. The question of how to achieve this in practice has already

been analyzed by us to some extent.

By assuming that we have the optimum ejection of gases in one

direction 3 we obtain the following differential equation from the law of

the conservation of momentum

. dV (M, + m)= V,dM.

9. Here dM is an infinitesimally small quantity of matter ejected

with a constant velocity VI with respect to the rocket.

i0. I should like to point out that the relative velocity VI of

ejected elements under equal conditions of explosion is the same during

the entire period of explosion_ based on the law of relative motion: dV

is the increment of the velocity V of the rocket together with the re-

maining explosive material; this increment dV is obtained by ejection of

element dM with a velocity V I. We shall determine the latter at the

proper time.



33

ll.

obtain

Separating the variable in equation (8) and integrating we

12. bl,+M or

13. !=--I, (M,+ m)+ c.

Here C is a constant. Then M = M2, i.e., before explosion, V = 0;
on this basis we find

14. C= 4- In (M i nu Ms); therefore

15.
_=In i'M'+ M,_-¥R)"

The maximum velocity of the projectile will be achieved when M = O,

i.e., when the entire supply M2 has been exploded; then, by assuming that

M = 0 in the preceding equation, we obtain

16.

17. From this we can see that the velocity V of the projectile in-

creases without limit as the quantity of explosive M 2 increases. This

means that by storing various quantities of the explosives for different

voyages we may obtain the most diverse final velocities. We can also

see from equation (16) that the velocity of the rocket, after a definite

supply of explosive substance has been used, does not depend on the rate

or nonuniformity of explosion. It is only necessary that the particles

of ejected material move with the same velocity V I with respect to the
projectile.

However, as the supply M2 is increased, the velocity V of the

rocket increases at a slower rate, even though without limit. Approxi-

mately, it increases as the logarithm of the increase in the quantity of

explosives M 2 (if M 2 is large compared with MI, i.e., if the mass of the

explosive substances is several times greater than the mass of the pro-

jectile).

18. Further calculations will be interesting when we determine Vl,

i.e., the relative final velocity of the exploded element. Since the
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gas or vapor expands and cools substantially when it leaves the funnel-

shaped opening (when the tube is sufficiently long)j and even turns into

a solid state--into dust moving at terrifically high velocity-_we may

assume that the entire energy of combustion or chemical bond is trans-

formed during explosion into the motion of the products of combustion or

into kinetic energy. Indeedj let us consider a definite quantity of gas

which expands into vacuum without the aid of any devices; it will expand

in all directions and, as a result, will cool until it is transformed

into drops of liquid or into fog.

This fog is transformed into crystals_ not because of expansion_

but because of evaporation and radiation into the universe.

In the course of its expansion the gas will liberate all its appar-

ent_ and some of its intrinsic energy_ which will finally become trans-

formed into the rapid movement of the crystals in all directions_ since

the gas expands freely in all directions. However_ if we cause it to

expand in a reservoir within a tube_ then the tube will direct the gas

molecules in a definite direction; this is what we utilize for our pur-

poses_ i.e._ for the motion of the rocket.

It would seem that the energy of motion of the molecules is trans-

formed into kinetic motion as long as the substance retains its gaseous

state. But this is not exactly so. Indeed_ part of the substance may

change into a liquid state; in this case energy is released (the latent

heat of transformation)_ which is transmitted to the remaining gaseous

part of the matter and retards for some time its transition into liquid

state.

We can observe this phenomenon in a steam cylinder when the steam

operates by its own expansion_ while its exit from the steam boiler into

the cylinder is closed. In this case_ no matter what the temperature of

the steam_ part of it is transformed into fog_ i.e._ a liquid state_

while part of it is retained in a gaseous state and operates by borrow-

ing the latent heat of the vapors condensed into a liquid.

Thus_ the molecular energy will be transformed into kinetic energy_

at least until the liquid state. When the entire mass transforms into

droplets_ the transformation to kinetic energy will almost cease_ be-

cause the vapors of liquid and solid bodies at low temperature have very

insignificant elasticity and their utilization in practice is difficult_

requiring very large tubes.

Yet another insignificant part of the energy will be lost to us_

i.e._ will not be transformed into kinetic energy_ namely that lost by

friction along the tube and heat radiation at the heated parts of the

tube. As a matter of fact_ the tube may be covered with a shield in

which some liquid metal is circulating; it will transmit the heat from

/34
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the highly heated part of one end of the tube to its other part cooled

by high expansion of vapors. Thus, even this loss due to radiation and

heat conductivity may be utilized or made very insignificant. Because

the period of explosion lasts only 2-5 minutes in the limiting cases; the

loss due to radiation is quite insignificant even without special de-

vices. The circulation of the metallic liquid in the shield surrounding

the tube is necessary for another reason: to maintain an overall low

temperature of the tube; i.e.; to preserve its strength. In spite of

this, it is possible that part of it will be fused; oxidized and carried

off with the gases and vapors. It is possible that to prevent this; the

internal part of the tube will be lined with some special fire-resistant

material: carbon; tungsten or something else. Although part of the

carbon will burn up; the strength of the metallic tube which will be

heated very little cannot suffer from this.

The gaseous product of combustion of carbon--carbon dioxide--will

only increase the lift of the rocket. A form of crucible material may

be applied--some mixture of materials. In any case; I shall not solve

these problems or some others related to reactive devices.

In many cases I am forced to guess or to assume. I do not deceive

myself and know very well that I cannot solve the problems completely,

and that at least 1,000 times more work will have to be done on them

compared to what I have done. My purpose is to arouse interest in this

problem; to point to its great significance in the future; and to the

possibility of its solution ....

At the present time the transformation of hydrogen and oxygen into

their liquid states poses no special difficulties. The hydrogen may be

replaced by a liquid or condensed hydrocarbons; for example; acetylene

and petroleum. These liquids must be separated by a partition. Their

temperature is quite low. Therefore; it is useful to use them around

the shields with circulating metal or around the tubes directly.

Experience will show which approach is easier to realize. Some

metals become stronger when they are cooled] it is precisely these

metals which should be used; as for example; copper. I do not remember

very well, but some experiments on the resistance; I believe, of iron in

liquid air, have shown that its viscosity at low temperature increases

by tens of times. I I cannot vouch for their authenticSty; but these

experiments, as they apply to our problem 3 require extreme attention.

(Why not cool ordinary cannons in this manner before firing from them;

liquid air is now such a simple thing.)

lln general; the elongation of metals at very low temperatures is sub-

stantially reduced] however; resistance to rupture increases to a large

degree.- Editor's Note.

31m
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Liquid oxygen as well as liquid hydrogen, pumped from their con-

tainers and supplied at a definite rate to the narrow beginning of the

tube and mixed in small quantities, could give us an excellent combusti-

ble material. Water vapor, formed during the chemical combination of

these liquids, is at an extremely high temperature and will expand, mov-

ing towards the end of the tube until it is cooled to a point when it is

liquidized 3 carried in the form of a thin fog along the length of the
tube towards its exit.

19. Hydrogen and oxygen in gaseous state combine to form i kg of

water and develop 3,825 calories. Under the term "calorie" we mean a

quantity of heat required to raise i kg of water by i° C.

This quantity (3,825), in our case, will be slightly smaller since

the oxygen and hydrogen are in the liquid state and not in the gaseous

state (the one to which the number of calories refers). Indeed, the

liquid must first be heated and then transformed into a gaseous state;

this requires an expenditure of a certain amount of energy. In view of

the insignificant magnitude of this energy compared to the chemical

energy, we shall keep our number without decreasing it (this problem is

not entirely clear to science, but we take hydrogen and oxygen merely as

an example).

Assuming the mechanical equivalent of heat to be 427 kg-m we find

that 3,825 calories correspond to a work of 1,633 kg-km; this is suffi-

cient to raise the products of explosion, i.e._ i kg of substance to an

altitude of 1,633 km from the surface of the Earth's sphere, if we as-

sume that the force of gravity is constant. This work converted into

motion corresponds to an energy of i kg mass moving with a velocity of

5,700 m/sec. I do not know of any group of bodies which during their

chemical combination would release such a tremendous amount of energy

per unit mass of the resulting product. In addition to this, certain

other substances combine without producing volatile products and thus

are entirely unsuitable for our purposes. Silicon, which burns in

oxygen (Si + 02 = Si02) , releases a tremendous amount of heat, specifi-

cally, 3,654 calories per unit mass of the resulting product (Si02) , but

unfortunately nonvolatile bodies are formed.

Taking liquid oxygen and hydrogen as the material most suitable for

explosion, I gave a number for the expression of their mutual chemical

energy per unit mass of the resulting product (H20), which is somewhat

greater than the true value, since the substances combining in a rocket

must exist in a liquid and not gaseous state, and also at a very low

temperature.
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I should like to point out to the reader here that in the future we

may hope to achieve not only this energy (33825 calories), but a much

greater energy. Indeed, if we consider the quantity of energy obtained

from chemical processes of various substances, we note in general, not

without exceptions, of course, that the quantity of energy obtained per

unit mass of the product reaction depends on the atomic weights of the

combining simple bodies; the smaller the atomic weight of bodies, the

greater is the quantity of heat liberated during their c_nbination.

Thus, in formation of sulphur dioxide (S02) only 1,250 calories are re-

leased, while in formation of copper oxide (Cu02) only 546 calories are

released, and carbon during formation of carbon dioxide (C02) liberates

2,204 calories per unit mass. Hydrogen and oxygen, as we have seen,

liberate even more (3,825).

In evaluating these data as they apply to my idea presented above,

we know the atomic weights of these elements: hydrogen, i; oxygen, 16;

carbon, 12; sulphur, 32; silicon, 28; copper, 63.

Of course, there are many exceptions to this rule, but in general

it is valid. Indeed, if we imagine a series of points whose abscissas

express the sum (or product) of the atomic weights of combining simple

bodies, while the ordinates represent the corresponding energy of chem-

ical combination, then by passing a curve through the points we shall

see a continuous decrease of the ordinates as the abscissas are in-

creased, which proves our point of view.

Therefore, if at some time in the future, the so-called simple

bodies turn out to be complex and are broken down into new elements, the

atomic weight of the latter must be less than that of the simple bodies
known.

According to this_ the newly discovered elements must release a

substantially larger quantity of energy during combination than those

bodies which are now arbitrarily called simple and which have a rela-

tively high atomic weight.

The very existence of ether with its almost infinite elasticity and

tremendous speed of its atoms points to an infinitesimally small atomic

weight of these atoms and an infinite energy in the case of their chemi-

cal combination.

20. No matter what happens at the present time, we cannot assume a

value of greater than 5,700 m/sec for V1 (see 15 and 19). However, in

time Perhaps this number will be increased by several magnitudes.
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Assuming 5,700 m/sec, we may compute by means of equation (16) not

only the ratio of velocities V/VI, but the absolute value of the final

(maximum) velocity V of the projectile as a function of the ratio M2/M !.

21. We can see from equation (16) that the mass of the rocket with

all passengers and all instruments M I may be arbitrarily large without

any loss in the velocity V of the projectile_ if the supply of the fuel

M 2 is increased proportionally to the mass M I of the rocket.

Thus, projectiles of any size with any number of passengers may

obtain velocities of any desired magnitude. As a matter of fact, an

increase in the speed of the rocket is accompanied, as we have seen, by

an incomparably large increase in the mass M 2 of the fuel. Therefore,

although it is easy to increase the mass of the projectile lifted into

space, it is difficult to increase its velocity.

/38

Flight Velocity as a Function of Fuel Consumption

22. From equation (16) we obtain the following table.

M2/M I V/VI Velocity V Velocity Vm/sec VlVl m/sec

0.i 0.095 543 7 2.079 11,800

0.2 0.182 1,037 8 2.197 12,500

0.3 0.262 1,493 9 2.303 13,100

0.4 0.336 1,915 i0 2.393 13,650

0.5 0.405 2,308 19 2.996 17,100

i 0.693 3,920 20 3.044 17,330

2 1.098 6,260 30 3.434 19,560

3 1.386 7,880 50 3.932 22,400

4 1.609 9,170 i00 4.615 26,280

5 1.792 i0,i00 193 5.268 30,038

6 1.946 ii,i00 Infinite - Infinite

23. We can see from the table that the velocity obtained by reac-

tive means is far from being small. Thus, when the mass of the explo-

sive substances is greater than the mass M I of the projectile (rocket)

by a factor of 193, its velocity at the end of the explosion, when all
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of the supply M2 has been used up, is equal to the velocity of the Earth

around the sun. Do not think that it will be necessary to have a large

mass of strong material to build containers for the explosive elements.

Indeed, hydrogen and oxygen in liquid form exhibit high pressure only

when the vessel which contains them is closed, and when the gases them-

selves are heated under the influence of surrounding warm bodies. In

our case, these liquefied gases must have free exit into the tube (in

addition to the one which carries them there in liquid form), where they
combine chemically and explode.

The continuous and rapid flow of gases, which corresponds to the

evaporation of the liquids, cools these latter until their vapors exert

almost no pressure on the surrounding walls. A large mass of material

is therefore not required as containers of the explosives.

24. When the supply of the explosives is equal to the mass of the

rocket (M2/M I = i), the velocity of the latter is almost twice as large

as the one necessary for a stone or gun shell, fired from the surface of

our moon, to leave it and become a permanent satellite of the Esrth.

This velocity (3,920 m/sec) is almost sufficient for the permanent

removal of bodies thrown off the surface of Mars or Mercury.

If the ratio M2/M I is equal to 3, then, when all of the fuel supply

is used_ the projectile will have a velocity slightly less than the one

necessary for it to orbit around the Earth as its satellite beyond the

limits of the atmosphere.

When the ratio M2/M I is equal to 6, the velocity of the rocket is

almost sufficient to move it away frc_ the Earth and cause it to rotate

permanently around the sun as an independent planet. When the fuel

supply is sufficiently large, it is possible to reach the belt of aster-

oids and even the heavy planets.

25. We can see from the table that even when the supply of com-

bustible materials is not too great, the terminal velocity of the pro-

jectile is still sufficient for various practical purposes. Thus, when

the supply is only 0.i part of the rocket's weight, the velocity is
equal to 543 m/sec, which is enough to lift the rocket to an altitude of

15 km. We can also see from the table that when the fuel supply is in-

significant, the velocity at the termination of the explosion is approx-

imately proportional to the mass of the fuel supply (M2) ; consequently,

in this case, the altitude reached by the projectile is proportional to
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the square of this mass (M2). When the fuel supply is half the mass of

the rocket M2/M I = 0.5, the latter will rise far beyond the limits of

the atmosphere.

The Efficiency of the Rocket during Ascent

26. It is interesting to determine what part of the total work

performed by the combustible materials_ i.e., what part of their chemi-

cal energy_ is transmitted to the rocket.

The work performed by the explosive substances will be expressed by

V2

_g 2, where g is the acceleration due to gravity; the mechanical work of

the rocket traveling with a velocity V, is expressed in the same units:

V_g i, or, on the basis of equation
(16),

2g 2g M_IJ

Now, dividinc the work of the rocket by the work of the explosive

material we obtain

M_

From this equation we compute the efficiency with which the rocket

uses the explosive materials (see table).

From this equation and the table we see that for very small quanti-

ties of explosive material its efficiency is equal to M2/MI_ i.e., it is

proportional to the relative amount of explosive substances. I

As the relative mass of explosives increases, the efficiency in-

creases and attains its maximum value of (0.65) when M2/M I is equal to

approximately 4.

x2 x3 x4

llndeed, in (i + x) = x - 7- + 7- - _-- .... Consequently, approximately_

)I'M,  d_M,



41

M2/M I Efficiency M2/M 1 Efficiency

0.i 0.090 7 0.62

0.2 0.165 8 0.60

o.3 o.223 9 o.59
0.4 0.282 i0 0.58

0.5 0.328 19 0.47
i 0.480 20 0.46

2 0.600 30 0.39

3 0.64 50 0.31

4 o.65 lOO 0.21
5 0.64 193 0.144

6 0.63 Infinite Zero

A further increase in the quantity of explosives decreases the

efficiency_ although rather slowly; when their quantity is infinitely

large the efficiency is zero_ as is the case when the quantity of fuel
is infinitely small. We can also see from the table that when the ratio

M2/M I varies from 2 to I0_ the efficiency is greater than one half; this

means that more than half of the potential energy of the explosives is

transformed into the kinetic energy of the rocket. In general_ the

efficiency is quite high when the mass ratio is i to 20 and is very
close to 0.5 in this range.

The Rocket under the Influence of Gravity

Vertical Ascent

27. We have determined the velocity achieved by the rocket in free

space_ where there is no gravity_ as a function of the mass of the

rocket_ the mass of the explosives_ and the energy of their chemical
combination.

Now let us study the effect of the constant force of gravity on the
vertical motion of a projectile.

We have seen that when gravity is absent the rocket achieves great

velocities_ and the utilization of the explosion energy is quite effi-

cient. This would also be true for a medium with gravity if the explo-

sion were to take place instantaneously. However_ such an explosion is

not suitable for our purposes because a deadly shock will be obtained_

which the projectile_ as well as the objects and people inside_ will be
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unable to withstand. It is obvious that we require a slow explosion;
however_during a slow explosion the efficiency decreases and may even
becomeequal to zero.

Indeed_ let us assumethat explosion takes place so slowly that the
acceleration of the rocket produced by this explosion is equal to the ac-
celeration g of the Earth. The projectile will then remain motionless
in the air without any support. Of course_ in this case_ it does not
achieve any velocity and the efficiency of the explosives_ despite the
large quantity expended_will be equal to zero. It is therefore very
important to analyze the effect of gravity on the projectile.

Determining the Velocity Which can be Achieved.
Analysis of the Numerical Values. Altitude of the Lift

Whenthe rocket moves in a mediumfree of gravity_ the time_ t_
during which the entire supply of explosive materials is expendedis
equal to

V
28. t = p,

where V is the velocity of the projectile when explosion is completed_

while p is the constant acceleration imparted to the rocket by the ex-

plosives each second of time.

The force of explosion_ i.e._ the quantity of substances expended

during explosion per unit time in this simple case of a uniformly ac-

celerated projectile_ is not constant; it decreases proportionally to

the decrease in the mass of the projectile and the remaining unexploded

materials.

29. If we know p or the acceleration in a medium without gravity,

we may also express the magnitude of the apparent (temporary) gravity

inside the rocket during its period of acceleration or during the period

of explosion.

If we assume that gravity at the surface of the Earth is equal to

unity_ we can find the magnitude of the temporary gravity in the projec-

tile equal to p/g_ where g is the acceleration due to the gravity of

Earth. This equation gives us a factor by which the pressure on the

bases of articles placed in the rocket is greater than the pressure on

the same articles on the table in our room under normal conditions. It

is very important to know the relative gravity in the projectile_ be-
cause it determines the safety of instruments and the welfare of people

embarked on a journey to study unknown spaces.
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30. When we have the effect of a constant or variable gravity of

any strength, the time during which the same amount of explosives is

used up will be the same as in the case when gravity is absent; it will

be expressed by equation (28), or by

V2

31. t =  uT,

where V 2 is the velocity of the rocket when explosion has ceased, in a

medium with constant gravitational acceleration_ g. Of course_ we as-

sume here that p and g are parallel and opposite; p - g expresses the

observed acceleration of the projectile (with respect to the Earth),

which is the result of two opposing forces: the force of explosion and
the force of gravity.

32. The action of the latter on the projectile has no effect on

the relative gravity within the projectile_ and it is expressed without

any change by equation (29) p/g. For example, if p = 0, i.e., if no

explosion occurs, then there is no temporary gravity_ because p/g = 0.

This means that if explosion stops and the projectile moves in some

direction only under the action of its own velocity and under the gravi-

tational effects of the sunj Earth_ and other stars and planets_ then

the observer in the projectile will apparently have no weight and will

be unable to detect it in any of the objects 3 even by means of the most

sensitive spring balances. By rising or falling inside it due to

inertia, even near the surface of the Earth_ the observer will not ex-

perience even the smallest gravity until_ of course, the projectile

meets some obstruction in the form of atmospheric resistance_ water or
hard soil.

33. If p = g, i.e., if the pressure of exploding gases is equal to

the weight of the projectile (p/g = i), then the relative gravity will

be equal to the Earth's gravity. I£ the projectile is initially at

rest_ it will continue to remain at rest during the entire action of the

explosion; if, on the other hand_ the projectile had some initial veloc-

ity (up, sideways or down) then this velocity will remain unchanged

until all of the explosives are used up; here the body_ i.e., the
rocket_ is in equilibrium and moves due to its inertia as if it were in

a medium devoid of gravity.

On the basis of equations (28) and (31), we obtain

34. V= V,(,
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From this, if we know the velocity, V2, which the projectile must

have when the process of explosion is completed, we compute V from which

by equation (16) we determine the required quantity M 2 of explosives.

From equations (16) and (34) we obtain

35. v,= v_(l-- _)ln(-_ _ l).

36. From this equation as well as from the preceding one it fol-

lows that the velocity attained by the rocket is less when gravity is

present than when it is not present (16). The velocity, V2, may even be

equal to zero, although we have a large supply of explosives, if p/g = i,

i.e., if the acceleration imparted to the projectile by the explosives

is equal to the acceleration due to the Earth's gravity, or if the pres-

sure of the gases is equal and directly opposite to the action of gravity

(see equations (34) and (35)).

In this case, the rocket remains stationary for several minutes and

does not rise; when the supply has been exhausted it drops like a stone.

37- The greater p is with respect to g, the greater is the veloc-

ity, V23 achieved by the projectile for a given quantity, M2, of explo-

sives (equation (35))-

Therefore, if we wish to go higher, we must make p as large as pos-

sible, i.e., we must make the explosion as active as possible. However,

in this case, it is necessary to have, first of all, a stronger and more

massive projectile and secondly, stronger objects and instruments in the

projectile, because from (32 ) the relative gravity within the projectile

will be quite large and particularly dangerous for a living observer

dispatched in the rocket.

In any case, on the basis of equation (35), we have in the limit

i.e., if p is infinitely large or if the explosion takes place instan-

taneously_ then the velocity V 2 of the rocket in a medium with gravity

is the same as in the medium without gravity.

According to equation (30), the explosion time does not depend on

the force of gravity, but only on the quantity M2/M I of the explosives

and on the rate of their explosion.
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39- It is interesting to determine this quantity. Let us assume

in equation (28) that V = ii,i00 m/sec (Table 22), while p = g = 9.8

m/sec 2, then, t = 1,133 sec.

This means that in a medium free of gravity the rocket would travel

with uniform acceleration for a period less than 19 minutes--and this

would be the case when the quantity of explosives compared to the mass

of the projectile is quite high (Table 22).

If the explosion took place at the surface of our planet, the pro-

jectile would remain stationary for the same period of 19 minutes.

40. If M2/M I = i, then, according to this table, V = 3,920 m/sec;

consequently, t = 400 sec, or 6-2/3 min.

When M2/M I is equal to 0.i, V = 543 m/sec, while t = 55.4 sec,

i.e., less than i min. In the latter case, the projectile would remain

motionless for 55-1/2 sec at the surface of the earth.

We can see from this that explosion at the surface of the planet

or_ generally, in any medium not free of gravity, may produce no results_

even though it occurs for a long period of time, but with insufficient

force. Indeed, the projectile will remain in place and will not have

any forward velocity unless it had been acquired earlier; in the latter

case_ it will undergo some displacement with uniform velocity. If this

displacement takes place upward, the projectile will perform a certain

amount of work. If the initial velocity is horizontal, then the dis-

placement will also occur in the horizontal direction; in this case no

work will be done. I However_ in this case, the projectile may be used

for the same purposes as a locomotive, steamer or a guided aerial bal-

loon. The projectile may perform this function of displacement for only

a few minutes_ while the explosion is taking place. However_ during

this period of time, it may travel a substantial distance, particularly

if it moves above the atmosphere. As a matter of fact, we reject the

practical application of a rocket for atmospheric flight. 2

llf we do not take into account the work done by atmospheric resistance.
Editor's Note.

2We must not forget that this statement was made iD 1903, before the

first flight of the Wright Brothers and_ consequently_ before the be-

ginning of aviation. This thought of Tsio!kovskiy was based on the low

efficiency of a_ airplane with a rocket engine.- Editor's Note.
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The period during which the device remains fixed in a medium with

gravity is inversely proportional to g_ i.e._ to the force of this grav-

ity.

Thus, at the moon_ the device would remain stationary without any

support for a period of 2 hours if M2/M I is equal to 6.

41. Let us substitute in equation (35) for a medium with gravity

g/p = i0, M2/M I = 6; then we compute V 2 = -9,990 m/sec. As before the

relative gravity will be equal to i0_ i.e._ a man weighing 70 kg during

the entire period of explosion (approximately 2 min) will experience a

force of gravity i0 times greater than at the Earth and will weigh 700 kg

on a spring balance. A traveler will be able to sustain this gravity

without injury only if special conditions are observed: if he is sub-

merged in a special liquid under special conditions.

On the basis of equation (28) let us compute the period of explo-

sion or the period of this increased gravity; we obtain 113 sec, i.e._ a

period less than 2 min. This period is very short and at first glance

appears amazing. How can the projectile during this insignificant

period of time attain a velocity almost sufficient to escape from the

Earth and move around the sun in a manner similar to that of a planet?

We have found V2 = 9,990 m/sec_ i.e., a velocity only slightly less

than the velocity V_ which is attained in a medium free of gravity under

the same conditions of explosion (Table 22).

In addition_ since the projectile reaches a certain altitude during

the explosion_ we may even think that the total work performed by the

explosives has not decreased at all compared with the work performed by

them in a medium free of gravity.

44. We shall now examine this problem.

The acceleration of the projectile in a gravitational field will be

given by Pl = p - g"

We shall assume g to be constant over distances from the surface of

the Earth which do not exceed several hundred versts. This will not in-

troduce any appreciable error and the error will be favorable_ i.e._ the

true numbers will be more favorable for the flight than those we com-

pute.

The altitude achieved by the projectile during the period t when

the explosion is taking place_ will be
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45. h--- .__pl_ = _.____ t;.

Eliminating t, according to equation (31) we obtain

46. h = 2(p _ g),

where V 2 is the velocity of the projectile in the gravitational medium

when all of the explosives have been exhausted.

By eliminating V2 we obtain from (34) and (46)

h -p-f V' _ (I--47.

where V is the velocity attained by the rocket in the medium free of

gravity.

Efficiency

The useful work performed by one unit of mass of the explosives in

a medium without gravity will be given by the expression

V2
48. T-

2g"

In a medium with gravity, however, the work, TI, will depend on the

altitude reached by the projectile and its velocity at the time when ex-

plosion ceases:

49. TI = h + --.
2g

The ratio of this work to the preceding ideal work is equal to

3o. ,,= +
T

Eliminating h and V from this equation by equations (46) and (34),
we find
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TI g

51. : 1 -

i.e., the work performed in a medium with gravity by a definite quantity

of explosives, M2, is less than in a medium without gravity: this dif-

ference g/p is smaller when the gases explode faster or when p is

greater. For example, in the case (41) the loss is only i/i0, while the

efficiency according to (51) is equal to 0.9. When p = g or when the

projectile remains stationary in air without even constant velocity, the

losses will be complete and the efficiency will be equal to zero. The

efficiency will also be the same if the projectile has a constant hori-

zontal velocity.

52. In Section 41 we computed V2 = 9,990 m/sec. Applying equation

(46) to case 41, we find h = 565 km; which means that during the period

of explosion the projectile will reach a point beyond the limits of the

atmosphere and will attain a forward motion of 9,990 m/sec.

We note that this velocity is less by i,ii0 m/sec than that in a

medium without gravity. This difference represents exactly one tenth of

the velocity in the medium without gravity (Table 22).

From this we can see that the loss in velocity follows the same law

as the loss of work (51) which, as a matter of fact, follows from equa-

tion (34). If we transform the latter we obtain

( v-V2 = V 1 - [ or V - V 2 = P

We find from (51)

56. T = TI( p

where TI is the work obtained by the projectile from the explosives in a

medium with gravity where acceleration is equal to g.

In order for the projectile to perform all the necessary work while

gaining altitude, resisting the atmosphere, and achieving the desired

terminal velocity, it is necessary that the sum of all these works be

equal to T I.

After we determine all these works, we compute T by means of equa-

tion (56). If we know T, we can compute V, i.e., the velocity in a

medium free of gravity, according to the equation
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V2

T = Ml_g.

Now_ knowing V, we may compute the required mass_ M2_ of explosives
by equation (16).

Thus_ by using these methods we find

57. M,_ e .

In carrying out our calculations, we replace M I _gg by T 2 for
simplicity.

Therefore, if we know the mass of the projectile M I with its entire

contents_ except the explosives M2_ the mechanical work T 2 of the explo-

sives when their mass is equal to the mass of the projectile MI, the

work TI, which must be performed by the projectile during its vertical

ascent, the acceleration caused by the force of explosion p, and force

of gravity g, we can then determine the quantity of explosives M2, nec-

essary for lifting the mass MI_ of the projectile.

The ratio, TI/T2, in the equation will not change if it is reduced

by M I. Thereforej by TI and T2 we understand the mechanical work TI

performed by the unit mass of the projectile and the mechanical work T 2
of the unit mass of explosives.

By g we understand the total sum of accelerations due to the forces

of gravity and the forces of friction of the medium. However, the force

of gravity decreases gradually as we move away from the center of the

Earth so that a larger quantity of mechanical work of the explosives is

utilized. On the other hand, the resistance of the atmosphere will be

rather insignificant compared with the weight of the projectile and, as

we shall see, it decreases the utilization of the energy of explosives.

Furthermore, we can see that the latter decrease (which lasts for a

short period of the flight time through the air) is more than compen-

sated by the decrease in gravitational attraction at substantial dis-

tances (500 km), where the action of the explosives ceases.
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Equation (20) may be readily applied to the vertical flight of the

projectile in spite of the complication due to the variation of gravity

and resistance of the atmosphere.

Gravitational Field

Vertical Descent to the Earth

59- First, let us consider coming to a stop in a medium without

gravity or coming to an instantaneous stop in a medium with gravity.

Let us assume, for example, that, due to the force of explosion

produced by partial consumption of the fuel, the rocket has attained a

velocity of i0,000 m/sec (Table 22). In order to bring the rocket to a

stop, it is necessary to attain the same velocity in the opposite direc-

tion. Obviously, the remaining quantity of explosives according to

Table 22, must be 5 times greater than the mass, MI, of the projectile.

At the end of the first part of the explosion, the projectile must

therefore contain a supply of explosives whose mass is given by the

equation 5MI = M2.

60. The entire mass, including the fuel supply, is M 2 + M I =

5M I + MI = 6M I. The initial explosion must accelerate this mass 6M I to

a velocity of i0,000 m/sec and for this purpose, we must have a quantity

of explosives also 5 times (Table 22) greater tham the projectile and

the mass of the fuel supply for bringing the projectile to a stop. This

means we must increase 6M I by a factor of 5: we obtain 30M I which, to-

gether with the supply for bringing the projectile to a stop, 5MI, con-

stitutes 35M I.

We designate the number in Table 22 which gives the ratio between

the mass of the explosive material and the mass of the projectile by

q = M2/M I. Then we can express M3/M I as

61. M, __q + (1 + q) q _ q (_ -t- q).
M,

or, by adding and subtracting unity from the second part of the equa-

tion, havewe

Ms-----.l--l-2qnUq' -- l---_(l -l- q)' -- I,
Ml
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from which it follows that

62. Ms _L 1._.(1 __..q),.
Ml

The latter expression is easy to remember.

When q is very small, the quantity of explosive substances is ap-

proximately equal to 2q (because q2 will be negligible), i.e., it is

twice as large as that necessary to achieve velocity once.

63. On the basis of equations which we have obtained and on the

basis of Table 22, we make up the following table in a medium without

gravity.

V

m/sec M2/M1 M3/M1 m/Vec M2/M1 M3/M1

543 0.i 0.21 11,800 7 63

1,037 0.2 0.44 12,500 8 80

1,493 0.3 0.69 13,100 9 99

1,915 0.4 0.96 13,650 I0 120

2,308 0.5 1.25 17,100 19 399

3,920 i 3 17,330 20 440

6,260 2 8 19,560 30 960

7,880 3 15 22,400 50 2,600

9,170 4 24 26,280 I00 10,200

i0,i00 5 35 30,038 193 37,248
ii,i00 6 48 Infinite - Infinite

We can see from this table how prohibitively large the reserve of

explosives must be if we are to attain a high velocity and then lose it.

From (62) and (16) we have

_2V --2V

MI + 1 = e--#, M, v--;-
or Hi--=e -- 1.

We note that the ratio -2V/V I is positive because the velocities of

the projectile and of the gases are opposite in direction and conse-

quently have different signs.
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64. If we are in a mediumwith gravity, then in the simplest case
of vertical motion the process of coming to a stop and descending to the
Earth will be as follows: whenthe rocket under the influence of its
terminal velocity has reached a certain altitude and stopped, it begins
to fall to the Earth.

Whenthe projectile has descendedto the point at which the action
of the explosive substances had ceased duming the ascent, it is again
subjected to the action of the remaining fuel in the samedirection as
before and in the sameorder. Obviously, at the end of their action and
the expenditure of the fuel supply, the rocket will stop at the same
point on the surface of the Earth from which it started its ascent. The
method of ascent is strictly identical to the method of descent; the
only difference is that the velocities are opposite at each point of the
path.

It requires more explosives and more work to cometo a stop in a
gravitational field than in a mediumwithout gravity; therefore q (in
equations (61) and (62)) must be greater.

Wedesignate this large ratio by ql' and on the basis of what we
have stated we find

65. =i----f .
ql T p

from which

substituting ql for q in equation (62)_ we find

P¢---)'--I.66. 1---- 1-1-
MI

Here_ M 4 designates a quantity or mass of the explosives necessary

for ascending from a given point and returning to the same point when

the rocket is brought to a complete stop and when it moves in a medium

with gravity.

67. On the basis of the last equation we may compile the following

tablej assuming that p/g = i0_ i.e._ that the pressure of the explosives

is i0 times greater than the weight of the rocket and the remaining ex-

plosives. For this, Table 5 gives only the work V2/2g; the velocity 3 on
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the other hand, will be less because part of this work is used for pro-
ducing lift in a medium with gravity.

For the Gravity Field

V

m/see ½A1 M4/M1

543 0.i 0.235

1,497 0.3 0.778

2,308 0.5 1.420

3,920 1.0 4.457

6,260 2 9.383

7,880 3 17.78

9,170 4 28.64

i0,i00 5 41.98

ii,i00 6 57.78

11,800 7 76.05

The Field of Gravity. Inclined Ascent

68. The vertical motion of the rocket would seem to be more advan-

tageous because the atmosphere is penetrated more rapidly and the pro-

jectile reaches a higher altitude. However, on the one hand, the work

required to penetrate the atmosphere compared with the total work of the

explosives is rather insignificant and, on the other hand, with inclined

motion we may provide for a permanent observatory moving beyond the

limits of the atmosphere for an indefinitely long period of time around

the Earth, just like our moon. In addition, and this is most important,

if the flight is inclined, we utilize a much larger paft of the energy
of explosion than during vertical motion.

First, let us consider a specific case--the horizontal flight of a
rocket.

If we let R (Figure 2) be the uniform horizontal acceleration ccm-

ponent of the rocket, and p the acceleration due to the action of explo-

sion, and g the acceleration due to gravity, we have
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69.
P

g

g

Figure 2.

70. R=Vp'--g'-

On the basis of the last equation_ the kinetic energy imparted to

the projectile after a period of time_ t; is equal to

where t is the period of explosion. This is the entire usefttl work ob-

tained by the rocket. Indeed; the rocket does not rise at all if we

assume that the direction of gravity is constant (in practice this is

only true for a small trajectory of the projectile). On the other hand 3
the work of the explosive_ imparted to the rocket in the medium free of

gravity is equal to

-_P t' p _ ps t'
72. 2 "

Dividing the useful work (71) by the total work (72), we obtain the

efficiency during the horizontal flight of the rocket

,): (-',)'
As before, we do not take into account air resistance at this time.

From the last equation we can see that the loss in work compared

with the work in a medium free of gravity is given by the expression

(g/p)2. It follows that this loss is substantially smaller than for the
case of vertical motion. Thus, for example, when g/p = i/I0 the loss

constitutes i/i00; i.e._ i percent; whereas_ during vertical motion_ it

is given by g/p; or equals to i/i0, i.e., i0 percent.

74. We present a table in which _ is the slope of the accelera-

tion_ p; with respect to the horizon:
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The Horizontal Motion of the Rocket

p/g (g/p)2 g/p So

1 1 i 9o
2 1:4 1:2 30

3 1:9 1:3 19.5

4 1:16 1:4 14.5

5 1:25 1:5 11.5

i0 i:iOO i:i0 5.7

I00 i:i0,000 i:iOO 0.57

Ascent Along an Inclined Path. The Work of Ascent with

Respect to the Work in a Medium without Gravity. Losses of Work.

75. Let us solve the general problem when R has any arbitrary

slope. The case when the trajectory is horizontal or the resultant is

horizontal is not advantageous 3 because in this case the path of the

projectile through the atmosphere is substantially increased and the

work for penetrating the atmosphere is also increased.

Let us remember that _ or the slope of the resultant with respect
to the vertical is greater than a right angle; we then have

76. R__.V p2_}_£2 _{_2pg cos T,

where _ = _ + # (the obtuse angle of the parallelogram) on the drawing.

Furthermore,

77. _'==-I-P; sln_: sinp: slnT-_p:g:R

and

R" +g'--._78. COS_'_----
_RZ

The kinetic energy is expressed by equation (71), where R is deter-

mined from equation (76). The vertical acceleration of the resultant R
is equal to

79- RI ----sin (_, -- 90 °) R-_-- cos -R.
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Consequently, the work of ascent of the projectile will be

80. R___It-- -- cos= RP,
2 2

where t is the period of explosion of the entire supply of explosives.

The total work imparted to the projectile in a medium with gravity,

according to (71) and (80), is

81. R=tq.. -c°s" Rt Ra ( R =).2 =T_T -c°s

By I unit of work we understand the ascent of the projectile by i

unit of altitude in a medium with acceleration g. If _>90°3 for exam-

ple, in the case the projectile ascends, cos a is a positive quantity

and vice versa.

The work in a medium free of gravity, according to (72), will be

2

to _gt 2 (we must not forget that the period t of explosion doesequal

not depend on the force of gravity).

By taking the ratio of these two works, we obtain the efficiency

with which the energy of explosives is utilized compared with the effi-

ciency of their utilization in a medium devoid of gravity, i.e.,

Eliminating R in accordance with equation (76), we find

83. l-_---_-l-2cos-_--- cos=-_- 1/// l--l-_-Jr-2cos'__-_-.p

Equations (51) and (73), for example, represent only the specific

case of this equation.

84. Let us now apply the equation which we have derived. Let us

assume that the rocket moves up at an angle of 14.5 ° with respect to the

horizon; the sine of this angle is 0.25; this means that the resistance

of the atmosphere increases by a factor of 4 compared with its resist-

ance during the vertical motion of the projectile inasmuch as its re-

sistance is approximately inversely proportional to the sine of the

slope _igle ( a - 90o ) of the rocket's trajectory with respect to the

horizon.
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85. The angle _ = 90 + 14-1/2 = 104-i/2 ° and cos _ = 0.25; if we

know _ we may determine _. Indeed, from (77), we find

sln_=,sln=g-K--J

P

so that if g/p = 0.i, then

sm 1_-=o,o968;_ =sV, =,

from which

7--110 a, cos y---=0.342.

Now, by means of equation (83) we compute an efficiency of 0.966.

The losses are 0.034 or approximately 1/20, more precisely, 3.4 percent.

This loss is 3 times smaller than for vertical motion. The result

is not bad if we also consider that the resistance of the atmosphere

even for inclined motion (14-I/2 °) is in no case greater than i percent

of the work necessary to remove the projectile from the Earth.

86. For various considerations we present the following table.

The first column shows the slope of the motion with respect to the hori-

zon, the last column shows the losses in the work; _ is the deviation in

the direction of the pressure produced by the explosives from the line
of true motion (69).
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Degrees

Inclined Motion

Efficiency Losses

0 90 5-3/4 95-2/3 0.9900 l:lO0

2 92 5-2/3 97-2/3 0.9860 1:72

5 95 5-2/3 lOO-2/3 o.980o 1:53
lO i00 5-2/3 105-2/3 0.9731 1:37

15 105 5-1/2 110-i/2 0.9651 1:29

20 ii0 5-1/3 i15-i/3 0.9573 1:23.4

30 120 5 125 0.9426 1:17.4

40 130 4-1/3 134-1/3 0.9300 i:14. 3

45 135 4 139 0.9246 1:13.3

90 180 0 180 0.9000 i:iO
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87. For very small slope angles ( _ - 90o ) equation (83) may be

substantially simplified by replacing the trigonometric terms with other

terms and by making other simplifications.

Then we obtain the following expression for the losses of work:

where b is the slope angle of motion ( a - 90o), expressed in terms of

the length of its arc with radius equal to unity, while x is the ratio

g/p. By neglecting infinitesimals of higher orders in the last equa-

tion, we obtain an expression for the losses

We may let b = 0.02N_ where 0.02 is the part of the circumference

corresponding approximately to i° (1-1/7), while N is the number of

these new degrees. Then the losses of work are expressed approximately

by

-_i+0.02 _N.P

From this equation it is easy to prepare a table by setting

t.L=O.l,

N 0 0.5 i 2 3 4 5 6 I0

Losses 1/lO0 1/91 1/83 1/70 1/60 1/55 1/50 1/45 1/33

We can see here that even for large angles (up to i0 °) the discrep-

ancy between this table and the preceding, more accurate, is very small.

We could consider many other aspects of the problem: the work of

gravity or the resistance of the atmosphere; we have said nothing about

how the explorer can spend a long time or even an indefinite time in the

medium with no traces of oxygen. We have not mentioned the heating of

the projectile during the short flight through the air, and we have not

presented the general picture of flight and of the very interesting phe-

nomena associated with it (theoretically). We have said very little

about the great prospects if the flight can be accomplished, which at

the present time appear to us only in a fog. Finally_ we could have

drawn cosmic curves for the motion of the rocket in space.
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Figure 3. A page from the journal "Nauchnoye Obozreniye, "
No. 5, 1903.

Printed for the first time in the Journal "Nauchnoye Obozreniye"

No. 5# 1903# under the title "Investigation of Universal Space by Means

of Reactive Devices. " In 1924, the article was published as a separate

pamphlet at Kaluga. It was included in "The Selected Works 3'' Vol. 2,
1934. K. E. Tsiolkovskiy considered the continuation of this work to be

"The Investigation of Universal Space by Means of Reactlve Devices 3''
Part 2 (Investigations of 1911-1912).- Editor's Note.
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THE INVESTIGATION OF UNIVERSAL SPACE BY

MEANS OF REACTIVE DEVICES

(1911)

A Summary of the Works of 1903
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In the course of our work on the reactive device since 1896 we have

come to the following conclusions.

The exterior view of the projectile has the form of a wingless bird

which separates the air in front of it with ease (Figure 1).

A large part of the projectile's interior is occupied by two sub-

stances in liquid form: hydrogen and oxygen. The liquids are separated

by a partition and are mixed only in small quantities. The remaining

part of the chamber, which has a smaller volume, isdesigned to house an
observer with the various instruments and equipment necessary to pre-

serve his life, to conduct scientific observations, and to control the

rocket.
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Explo sion

Liquid

oxygen

Figure 1.

The hydrogen and oxygen are mixed in the narrow part of a gradually

diverging tube, unite chemically, and form water vapor at an extremely

high temperature. This _apor possesses very high elasticity and is

ejected from the nozzle of the tube with a tremendous velocity along the

direction of the tube or the longitddinal axis of the chamber.

The simplest way of controlling the rocket is to rotate the end of

the exhaust nozzle or the rudder in front of it. The energy of the

chemical combination of hydrogen and oxygen is tremendous. A substantial

part of it, specifically up to 0.65 (65 percent) is imparted to the

rocket, i.e., is transformed into the energy of its motion. The remain-

ing part (35 percent) is used to move the water vapor. This large part

of the energy of explosives is imparted to the rocket in a medium free

of gravity; on the other hand, in a medium with gravity, such a utiliza-

tion of energy can only be accomplished if we have an instantaneous

explosion, which, from the practical standpoint, is entirely unsuitable.

The slower the explosion, the longer it lasts in a medium with gravity

and the stronger the latter, the less is the efficiency of utilization

of the energy of explosives.

In a medium without gravity the utilization of energy does not de-

pend on time and order of explosion.

Due to the acceleration of the rocket, an apparent or temporary

gravity is formed inside it which becomes greater when explosion takes

place faster, or when the pressure of the vapors ejected from the tube

is greater. This relative gravity, from the standpoint .of its effect

inside the projectile, does not vary in any way from natural gravity.

The highest efficiency (65 percent), both in a medium with gravity

as well as in a medium without gravity, is obtained when the quantity of

combustible mixture is 4 times greater than the weight of the missile

with all its contents; in any other case the efficiency is less than 65

percent. With this ratio of the quantity of explosives to the weight of

the projectile, the latter attains a velocity up to 9 km/sec. The pro-

jectile may also obtain an arbitrarily large or arbitrarily small veloc-

ity, but in this case a smaller portion of the energy of explosives is

effectively utilized. The efficiency becomes smaller as the relative

quantity of combustible substances deviates further from the value 4.
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Whenthis ratio is between i and 18 the efficiency is greater than
48 percent; the corresponding velocities in the mediumwithout gravity
vary from 3.9 to 16.9 km/sec. The latter velocity is greater than that
necessary to overcomethe attraction of the sun and the Earth, and to
movethe rocket between the stars if it is launched in the direction of
the annual motion of the Earth.
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K. E. Tsiolkovskiy in 1910

In my calculations I have assumed that the temporary gravity in the

rocket is i0 times the normal gravity; however_ the magnitude of this

gravity is under our control and we can make it only slightly greater

than that of the Earth_ particularly when the launching is inclined or
horizontal.

Let us imagine something that is absolutely impossible: let us

assume that a beautiful vertical or inclined highway is constructed for

a distance of thousands or millions of kilometers with cars_ machines_
and all devices for convenient travel beyond the limits of the atmos-

phere. As we rise along this highway to a definite altitude_ we shall

expend a definite quantity of useful work. If we achieve our claim by

means of some prime moversj even those which are the most perfected

under the present state of the art_ we shall utilize not more than i0

percent of the chemical energy of the fuel we take with us.

If we were to reach the same altitude, without a ladder or ele-

vators, but by means of our projectile, we utilize, as we have seen, not

less than 50 percent of the chemical energy of combination of hydrogen

and oxygen under rational conditions. Thus, if we were to use the
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imaginary vertical highway, we would use at least 5 times more fuel than

would be used by a reactive device. This conclusion is only valid if we

are to reach an altitude not less than 700 km 3 in which case a large

portion of the energy of explosives is utilized.

The result may be quite deplorable when the relative gravity is
small and the altitude is low.

It is precisely these miserable reactive phenomena which are usually

observed on Earth. This is why they have never inspired any one to

dream and to investigate. Only intelligence and science could point to

the transformation of these phenomena into those magnificent ones almost

beyond comprehension. I

The Work of Gravity during Movement Away from the Planet /61

By means of a very simple integration we obtain the following rela-

tion for the work T necessary to remove a unit mass from the surface of

a planet with radius rI to an altitude of h:

T.__ __ rz ( l r, ).gi rz+_

Here g is the acceleration due to gravity on the surface of the

given planet, while gl is the acceleration due to Earth's gravity on its
surface.

Let us assume that in this equation h is equal to infinity. Then

we determine the maximum work in removing a unit mass from the surface

of the planet to infinity and obtain

We note that g/gl is the ratio of the acceleration due to gravity

on the surface of the planet to the acceleration due to gravity on

Earth. The work performed to remove a unit mass from the surface of the

planet to infinity is equal to the work of raising this mass from the

surface to an altitude equal to i r of the planet, if we assume that the

force of gravity does not decrease as we move away from the surface.

IThe following sections contain the equations (left out here) in the

article "A Rocket Into Cosmic Space."- Editor's Note.
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From the last equation we can see that the limiting work T I is pro-

portional to the force of gravity g/gl at the surface of the planet and

to the magnitude of its radius.

For planets of the same density, i.e., for planets with the same

density as Earth, namely 5.5_ the force of gravity at the surface, as we

know, is proportional to the radius of the planet and is expressed as

the ratio of the radius of the planet rI to the radius of Earth r2.

Consequently_

and

From the preceding equations we find that for any planet

&

T h r!
h "

T1 h Jr rl I -i-
rl

Here we have expressed the work T done in ascending to an altitude

h from the surface of the planet of radius rI with respect to the total

maximum work T I.

Required Velocity of the Body to Move Away from the Planet /62

We shall not present the calculations which are used to determine

these velocities, but only concern ourselves with the conclusions.

The velocity V I required to raise the rocket to an altitude h with

a terminal velocity V, is equal to

Vl_//f _ 2gr, hv

If we assume here that V = O, i.e._ if the body moves upwards until

it is stopped by the force of gravity_ we find



65

¥ ri + h

When h is infinitely large, i.e., if we continue to rise indefi-

nitely and if the terminal velocity is O, then the velocity required at

the surface of the planet is given by the expression

V, = )/'_s-

From this equation we compute for Earth: VI = 113170 m/sec.

For planets of the same density as Earth, we obtain

' V1..--.. _ ]
[ tl

where gl and r2 refer to the Earth's sphere. We can see from the equa-

tion that the limiting launching velocity VI in this case is propor-

tional to the radius rI of the given planet.

To achieve eternal orbiting around the planet we require only half

of the work and the velocity, which is smaller by a factor q2 = 1.41...
than the one required for escape into infinity.

Period of Flight

We shall not present here the rather complex equations which deter-

mine the period of flight of the projectile. This question is not new

and has been solved, so that we would repeat something already known.

Let us make use of only one conclusion which is extremely simple

and useful for solving the simplest problems on the period of motion of
the rocket.

The period of fall of a body initially at rest onto a planet (or

sun) concentrated at one point (with the same mass) is given by the ex-

pression

t_  ,,FTf , .
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Here r2 is the distance from which the body begins to fall; r is

the path traveled by the falling body; rI is the radius of the planet,

and g is the acceleration due to gravity at the surface of the planet.

Of course, the same equation expresses the period of fall from

r2 - r to r2 when the body loses all its velocity.

If we assume that r = r2, i.e., if we determine the period of fall

to the center of the concentrated planet_ we obtain from the last equa-

tion

Under ordinary conditions, this equation also gives us approxi-

mately the period of fall to the surface of the planet or the time it
takes the rocket to rise from this surface until it comes to a stop.

On the other hand, the period of one complete orbit of some partic-

ular body, e.g., a projectile, around the planet (or the sun) is equal

to

' #'1

where rI is the radius of the planet with acceleration g at the surface

while r2 is the distance of the body from the center of the planet.

By comparing both equations, we find

t._-' ---_ 4 ]/___5,657.
t

Thus, the ratio of the period of revolution of a satellite to the

period of its central fall to a planet, which is concentrated at one

point, is equal to 5.66.

To determine the time of fall of some heavenly body to the center

around which it rotates, the sidereal period of rotation of this body

must be divided by 5.66.

However; a rocket launched from _arth and coming to a stop at the

distance of the moon would fly for a period of 4.8 days, or approxi-

mately 5 days.
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In the same way a rocket launched from the sun which comes to rest

at the distance of the Earth, due to the strong action of solar gravita-

tion and insufficient velocity would take 64 days or over 2 months to

perform its flight•

Resistance of the Atmosphere

Let us determine the work performed by the rocket in penetrating

the air during its normal rectilinear uniform acceleration; we must

take into account the variable density d of the atmosphere at various

altitudes.

It is equal to (see my work "Aerostat and Airplane," 1905)

( a,h )_+'d = d: I 2 (,4 + l).f
(i)

where

A= dIMTIC
I

In these equations dI is the density of the air at sea level

(dI = 0.0013); h is the altitude of the projectile or the altitude of

the atmosphere under consideration; f is the air pressure at sea level

per unit area (f = 10.33 ton per m2); M is the mechanical equivalent of

heat (M = 424 ton-meters); T I is the temperature of absolute 0 (TI =

273)9 C is the specific heat of the air at constant volume (C = 0.169).

Then A = 2.441, and the first equation takes the form

where a = 2A + i = 5.88, h I = 54.540 km and expresses the limiting theo-

retical altitude of the atmosphere under the assumptions which have been

made. Indeed, if in equation (i) d = 0, then

2(A+ I)1h--
da

By letting this altitude be equal to hI we obtain equation (2).

/64



68

Although this altitude of 54.5 km is extremely small 3 as we can see

from observations on falling stars, there is no doubt however, that the

atmosphere above 54 km is so rarefied that its resistance may be ne-

glected. Indeed, if we compute the density of the air cover at this

altitude, assuming a constant temperature equal to the one at sea level

and_ consequently_ that the atmosphere is without bounds_ then in this

case we find d/d I = 0.001_ i.e., at this altitude the air is i_000 times

less dense, which means that above 54 km there is not more than one

thousandth (0.001) of the mass of the entire atmosphere.

However, since the temperature decreases_ this remaining mass is

obviously much smaller.

The differential of the work T of resistance is given by

dT= Fgh,

where F signifies the resistance of the air to the motion of the pro-

jectile. It is equal to

Here K is the coefficient which according to Langley is equal to

1.4;

S is the area of the maximum cross section of the projectile;

d is the density of the air at the place where the rocket

moves at a given time; d, of course, is a variable because the air

density decreases very rapidly with altitude;

V is the velocity of the projectile;

g is the acceleration due to Earth's gravity at the surface of

the Earth (g = 9.8 m/sec2);

U is the efficiency of the rocket shape; this number shows

how much the resistance decreases due to the bird-like form of the pro-

jectile compared with the resistance of the area of its maximum cross

section. U is also a variable which, as shown by many experiments,

increases when the velocity V of the moving body increases; we might

also point out that it increases with an increase in the dimensions of

the body. We shall assume U to be constant.
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Furthermore, since the air resistance is small compared with the

pressure exerted on the rocket by the explosives (approximately i per-

cent or less), the velocity V of the projectile may be set equal to

v = V2 (l, - g) h.

where (p - g) is the true acceleration of the projectile per second.

This proposition, which increases the velocity, also increases the work

of atmospheric resistance, and consequently corrects for the error due

to the contraction of the altitude of the atmosphere.

On the basis of equation (2) and of the three last equations we

obtain

here

b_ Kd_S (p - g)

and

a = 5.88.

Integrating by parts and determining the constant_ we find

t(a+ l) (a+2) -_'_" J--
(ll)

If we let h = hl, we obtain the total work T I of atmospheric re-

sistance. Specifically:

TI---
(a + 1) (a + 2)

Let us assume that K = 1.4; d = O.0013; S = 2 m2; p/g = iO; g = 9.8

m/sec2; U = iO0; then b = 0.0003276; a : 5.88 and hI = 54,540 m.

/66

Then TI = 17,975 ton-meters.
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The work performed by i ton of explosives whenwe obtain i ton of
water from hydrogen and oxygen is equal to 1,600,000 ton-meters. If the
projectile with all its instruments and the traveler were to weigh i
ton, and if the supply of explosives were to be 6 times that or 6 tons,
then the rocket would carry with it a potential energy of 9,600,000
ton-meters. More than half of this energy would be transformed into the
mechanical work of rocket motion.

The work of atmospheric resistance in this case would then consti-
tute only 1/300 of the work of gravity. Weobtain the sameresult by
directly comparing the work of atmospheric resistance (17,975) with the
total work of gravity (6,336,000) . This gives us approximately 1/353.

I introduce here a table which shows,under conditions which we have
assumed,the time in seconds from the beginning of the vertical flight,
the corresponding velocity of the rocket in meters, the altitude
achieved in meters, and the density of the surrounding air, assuming
that the density at sea level is unity and that the temperature drops
uniformly by 5° C every kilometer.
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Period of Velocity of Altitude
Relative

Flight of Ascent of of
Rocket Rocket Ascent Density

of Air
in sec m/see m

0 0 0 i

i 9o 45 -
2 180 180 -

3 270 405 -

5 450 1,125 1:1.13

7 630 2,205 -

i0 900 4,500 1:1.653

15 1,350 10,125 -

20 1,800 18,000 1:10.63

30 2,700 40,500 1:2828

40 3,600 72,000 Approaching

50 4,500 112,500 zero

70 6,300 220,550 0

i00 9,000 450,000 0

113 9,900 574,000 0

The entire period of explosion, when we have 6 times the fuel

weight, lasts for 113 seconds, and at the end of this time the body has

a speed of 9,990 m/see and rises to an altitude of 575 km; ascent of the

body beyond this point will be due to its inertia.
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The work of atmospheric resistance is rather small; the loss during
vertical motion due to the force of gravity is not quite as small: spe-
cifically_ the first loss is 35 times smaller than the second. There-
fore_ it is advantageous to incline the path of the rocket in order to
increase several times the resistance of air_ and at the sametime to
decrease the loss of energy due to the effects of gravity.

It is easy to see that the work of atmospheric resistance is ap-

proximately proportional to cosec2 ( _ - 90°), where ( _ - 90°) is the

angle of inclination of the projectile's trajectory with respect to the
horizon.

We present a table based on the previous law, which is quite valid

when we depart to some degree from horizontal flight. I

The first column shows the angle of inclination of trajectory with

respect to the horizon in degrees; the fourth column gives the sum of

all losses when the efficiency U of rocket shape is assumed to be I00.

Angle of inclination

of trajectory with

respect to horizon

_- 90 °

Losses

Sum

due to of
due to

gravity2 atmosphere losses
U = i00

0 0.010 co -

2 0.014 2.47 2.48

5 0.020 0.395 0.417

i0 0.027 0.099 0.126

15 0.035 0.0477 0.0827

2o 0.045 o.0255 o.o2o5

30 0.057 0.0120 0.069

40 0.070 0.0073 0-0773

45 o.o75 o.oo59 o.o8o9

9o 0.100 0.0030 0.1o3o

In a medium without gravity when the weight of the explosives is 6

times that of the projectile, 0.63 percent of all latent energy of the
explosives is utilized.

iThe table is presented with corrections made by Tsiolkovskiy. The

corrections were made by him before 1931.- Editor's Note.

2See table in Paragraph 86 "Rocket in Cosmic Space."- Editor's Note.
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If, in the worst case_ wedestroy 8 percent of this_ we find that
during inclined motion wemay utilize 58 percent of the entire chemical
energy of the explosives.

The work done by the resistance of air maybe decreased by several
times if the flight starts from the peak of a high mountain_ or if the
rocket is raised by meansof an airship to a sufficient altitude and the
flight is started there. A flight which starts at an altitude of 5 km
will decrease the work done by air resistance by half, while flight from
an altitude of i0 km will decrease it by a factor of 4.

Picture of the Flight

Relative phenomena. Although space travel is very far off_ let us
assumenevertheless that everything is ready: everything has been in-
vented, perfected, and tested and we are situated inside the rocket and
are ready for blast-off, while our friends are observing us.

Weshall refer the phenomenato our rocket, ou_ friends will refer
them to Earth and the astronomers on Mars will refer them to their own
planet, etc. All these phenomenawill be relative and entirely differ-
ent, because a phenomenonof any type depends on the form of motion of
the body to which it is referred.

Wehave started on our voyage and shall experience rather strange,
completely amazing and unexpected sensations which we shall now
describe.

Tile signal has been given; the explosion_ accompaniedby deafening
noise, has started. The rocket has shivered and is on its way. We
experience a tremendous increase in weight. The 4 poods of my weight
have been transformed into 40 poods. I have fallen to the floor, have
been knocked out or even have died; this is not the time for carrying on
observations! There are meansof surviving such terrible gravity 3 but
this has to be done in a special packed way or by being placed into a
liquid (we shall discuss this later).

If we are placed into a liquid_ it is also doubtful that we would
feel like making any observations. No matter what is done, the gravity
in the rocket apparently has increased by a factor of i0. Wecould
learn of this from spring balances or a dynamometer(i pound of gold
hanging on a hook changes its weight to i0 pounds), from the accelerated
swinging of a pendulum(it oscillates more than 3 times faster), a more
rapid fall of bodies_ from a decrease in the size of drops (the diameter
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decreases by a factor of i0)_ from an increase in weight of all objects_
and many other phenomena.

If the density of Earth were to increase by a factor of i0 or if we

were on a planet where the force of gravity is i0 times greater_ we

would not distinguish between the phenomena in the rocket and the phe-

nomena on the planet with increased gravity. The force of gravity could

be less in the rocket_ but then the explosion period would be longer_
although the rocket would rise to a lower altitude and would achieve a

lower terminal velocity with the same fuel consumption. We are consid-

ering the case of vertical ascent when the direction of the relative

gravity is the same as it is on Earth. If we were in an inclined

flight_ we should see the change in direction of relative gravity_ but

by not more than 90°_ while for the case of the optimum flight by not

more than 75-80 ° , compared with its direction on Earth at a given place.

If_ in this case_ we were to look out of the window of the rocket_

Earth would appear to us as an almost vertical wall moving towards the

sky on one side and to the abyss on the other.

The hellish gravity which we experience will last for 113 seconds

or approximately 2 minutes, until the explosion and its noise have

ceased. Then when dead silence occurs_ gravity disappears as quickly as

it appeared. Now we have risen beyond the limits of the atmosphere to

an altitude of 575 km. Gravity has not only weakened: it has disap-

peared without any trace. We do not experience even Earth's gravity to

which we are accustomed as we are accustomed to air_ but which is not at

all as necessary for us as the latter. At 575 km--this is a very short

distance--we are almost at the surface of the Earth and gravity should

have decreased insignificantly. This is_ indeed_ the case. However_ we

are dealing with relative phenomena and for them gravity does not exist.

The force of Earth's gravity has the same effect on the rocket as

on the bodies contained within the rocket. Therefore_ there is no dif-

ference in the motion of the rocket and of the bodies placed inside of

it. They are carried by the same stream and by the same force, and for

the rocket there appears to be no gravity.

We become convinced of this by many signs. All the objects which

have not been secured inside the rocket have moved from their places and

hang in air_ not touching anything; and even if they are touching_ they

do not exert pressure on each other or on the supports. We also do not

touch the floor and we assume any position and direction: we stand on

the floor, on the ceiling, on the wall; we stand perpendicular and at an

angle; we float in the middle of the rocket like fish, but without any

exertion and without touching anything; none of the objects press on

each other unless they are deliberately pressed together.

/69
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Water does not flow from the pitcher, the pendulum does not swing

and hangs sideways. A huge mass attached to a hook of a spring balance

does not produce stress in the spring and the reading is always zero.

The beam balance is also useless: the beam assumes all types of posi-

tions regardless of whether equal or unequal weights are placed in the

cups. Gold cannot be sold by weight. Mass cannot be determined by the

usual methods used on Earth.

Oil shaken out of the bottle with some difficulty (since the pres-

sure or elasticity of the air we breathe in the rocket interferes) takes

on the shape of an oscillating sphere; after a few minutes the oscilla-

tions cease and we have a liquid sphere of unusual precision: we break

it into parts and obtain groups made up of small spheres of different

size. All this creeps in different directions, flows over walls and

wets them.

The mercury barometer has risen to the top and the mercury has

filled the entire tube.

The double-knee syphon does not transfuse the water.

An object released from the hands carefully does not drop, while

one that has been pushed moves in a straight line at uniform speed until

it hits the wall or some other obstacle, after which it again begins to

move, although with smaller velocity. In general it also rotates simul-

taneously like a toy top. It is even difficult to push a body without

causing it to rotate.

We feel well and light as if we were lying on the most gentle

feather bed. However, the blood goes slightly to our head; this is

detrimental to those who are full-blooded.

We are capable of making observations and of reasoning. In spite

of the fact that the powerful hold of Earth continuously retards the

ascent of the projectile, i.e., the force of Earth's gravity does not

cease for one moment; in the rocket we feel exactly the way we would on

a planet whose gravity suddenly disappeared by some miracle or was para-

lyzed by a centrifugal force.

Everything is quiet, well, and peaceful. We open the external

shutters of all the windows and observe through thick glass in all six

directions. We see two skies, two hemispheres, which together form one

sphere at whose center we appear to be. We feel as if we were inside a

ball consisting of _o colored halves. One half is black, with stars

and the sun; the other is yellowish_ with a multitude of bright and dark

spots and with expansive spaces which are not so bright. This is Earth,

which we have just left. It does not appear convex like a sphere, but
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on the contrary_ according to the laws of perspective, it appears con-

cave like a round cup whose inside we are observing.

In the month of March we took off from the equator at noon and

therefore Earth occupies almost half the sky. By flying at night or in

the morning we would see that it covers a quarter of the sky in the form

of a gigantic curved sickle; at midnight we would have seen only the

zone or ring glowing with a purple light--the light of dawn--which sepa-

rates the sky into two: one half, without stars, is almost black, just

slightly reddish; the other half is black as soot, populated with an in-

finite number of rather bright stars which do not twinkle.

As we move further away from the surface of Earth_ the zone becomes

smaller and smaller, but also brighter and brighter. The Earth's sphere

either in this form or in the form of a sickle or a cup appears to be-

come smaller and, at the same time_ we observe an ever increasing part

of its surface. Now it appears to us in the form of a huge dish_ which

gradually decreases and turns to a saucer. Later it looks like a moon.

Strictly speaking_ the rocket does not have top and bottom, since

there is no relative gravity and a body left without support does not

gravitate to any part of the rocket; however, subjectively the feeling

of top and bottom still remains. We feel top and bottom only when their

positions change_ as ollr body changes its direction in space. In the

direction where we have our head we see the top, and where we have our

feet we see the bottom. Thus_ if our head is towards the planet, it

appears to be up high; if our feet are towards the planet, it appears to

be below us. The picture is magnificent and, at first sight, it is

frightening; then we get used to it and truly lose our concept of top

and bottc_.

Those who observed us from Earth saw how the rocket started to buzz_

moved from its place and flew upwards like a falling stone except in the

other direction and with iO times the energy. The velocity of the

rocket increases all the time, but it is difficult to see this_ due to

its high speed. After i see the rocket has reached an altitude of 45 m;

after 5 see it is at an altitude of i verst and after 15 sec it is up to

iO versts; it is hardly noticeable in the form of a thin vertical line

rapidly moving upwards. After half a minute it is at an altitude of

40 km, but we continue to observe it with our naked eyes because_ due to

its ever increasing motion, it has become white hot and its protective_

highly resistant and nonoxidizing shell shines like a star. This star-

like flight continues for over a minute; then everything disappears

gradually because, having left the atmosphere, the rocket is no longer

subject to air friction, it cools and gradually fades. Now it can be

discovered only by a telescope.

/71
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The heat did not penetrate to us as we sat in the rocket because we

were protected by a heat-insulating layer, and in addition to this we

had a huge source of cold: the evaporation of liquid gases. Besides,

we only had to be protected for 1-2 minutes.

The apparent absence of gravity in the projectile continues as long

as there is no explosion and as long as the rocket does not rotate. It

moves away from Earth and moves at a tremendous distance from its planet

along some curve, but there is no gravity. The rocket races round the

sun, it flies to the stars and is subject to the strong or weak action

of all suns and all planets. We do not detect any gravity: all of the

phenomena peculiar to a medium devoid of gravity are observed in the

rocket and close to it 3 as before. Th_s conclusion is not strictly

accurate but is approximately true; the effect of its inaccuracy cannot

be stated within the limits of rocket space, it cannot even be stated

for tens_ hundreds, and sometimes thousands of versts around it. There

is a small effect produced by the force of attraction of the rocket it-

self on the people and the objects they have taken with them. However,

their interaction is very small and is detected by the displacement of

strictly stationary bodies only over periods of hours. If the objects,

however, have an insignificant motion, the effect of Newton's gravita-

tion cannot be detected.
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Around the Earth

By limiting the explosion it is possible to ascend only up to a

desired altitude; then, when we have lost almost all speed, in order not

to fall back on the planet, we rotate the rocket by rotating the bodies

inside it and produce a new explosion in the direction perpendicular to

the initial one.

Again relative gravity is born; but in this case we can limit it to

a substantially small value. Again all the phenomena well-known in the

presence of gravity are repeated; and again they disappear. Peace and

quiet prevail, and the rocket is now prevented from falling; it assumes

the velocity normal to the radius vector, i.e., a velocity along a cir-

cle like the moon and, like the latter, it will rotate around Earth in-

definitely.

Now we can become completely calm since the rocket has obtained a

stable position; it has become Earth's satellite.

From the rocket we can see the huge sphere of the planet in one or

another phase like the moon. We can see how the sphere rotates, and how

within a few hours it shows all its sides successively. The closer it
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is to the rocket the larger it appears, the more concave its form s the

more brightness it gives to its satellite (rocket) and the faster the

latter rotates around Earth. This distance can be so small that travel

around it can be carried out in 2 hours, and we shall observe various

points on the surface of Earth for several minutes from different

sides and very closely. This picture is so majestic s attractive and

infinitely varied that I wish with all my soul that you and I could see

it. Every two hours the rocket is eclipsed and enters the Earth's

shadow and night. This latter lasts for less than an hour; then for

over an hour the sun shines before giving way again to darkness.

If we wanted to make use of a larger quantity of light s i.e., of a

longer day s we must either move further away from Earth or rotate not in

the direction of the equator but in the direction of the meridian, so

that our path would intersect the poles of Earth. In this case, i.e.,

when the orbit of the rocket is normal to the rays of the sun_ even at

the relatively small distance from the planet we will experience a

longer day lasting a month or more; the picture of Earth in this case is

even more varied s more enchanting and more unexpected_ because we shall

see the relief of the edges of the illuminated part of Earth s which will

also be moving very rapidly. The poles will be particularly clear.

We do not feel the motion of the rocket just as we do not feel the

motion of Earth (when we are on it)--and it seems to us that the planet

itself is racing past us together with the entire magic horizon; to our

senses the rocket becomes the center of the universe_ the way Earth
never was_...

2

The Trajectory of the Rocket and Its Velocity

During vertical ascent of the rocket in the absence of Earth's

rotation, the relative path of the rocket will be very simple; it will

be a straight line, more or less long, depending on the quantity of ex-

plosives.

The path of the rocket will be the same_ if it is launched from the

poles of a rotating planet, if we neglect the effect of other heavenly

bodies. When the quantity of explosives is 8 times greater than the

mass of the rocket, the path of the latter which starts on the surface

of Earth has no end; it is infinite and the rocket will never return to

Earth_ assuming, of course_ the absence of heavenly bodies and their

gravitation.

As far as Earth is concerned s the minimum velocity for moving away

from it to infinity is equal to 11,170 m/sec, or more than ii km/sec.
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The weak rotation of a planet, which is observed in all average and

small planets of the solar system beginning with Earth_ has a very small

effect on the straightness of the path; specifically_ the path of the

rocket becomes a rather elongated ellipse in the case when the projectile

returns to Earth--and into a parabola or hyperbola in the case when it

moves away to infinity.

When speaking of the rocket's trajectory_ we did not have in mind

the relatively short portion corresponding to the period of explosion

when, as a matter of fact_ it is close to a straight line_ if the direc-

tion of explosion does not change.

First_ during the period of explosion, movement of the rocket is

accelerated very rapidly. Later_ velocity changes more slowly-°only

under the influence of the forces of gravity. Specifically_ when we

rise or move away from the center of the planet, the velocity which has

been obtained by the projectile during the period of explosion de-

creases; as we approach the planet or fall 3 the velocity increases.

If we are moving away to infinity, the velocity of the projectile

during this infinite time approaches zero or some constant value. In

this and in other cases_ the rocket will never stop and will never re-

turn to Earth_ if we do not take into account the friction of ether and

the attraction of other heavenly bodies.

However_ vertical ascent is not advantageous--an inclined ascent is

more advantageous. In the case of initial (i.e._ during the period of

explosion) horizontal flight_ the path of the projectile is one of the

curves of the second order tangent to Earth's sphere at the point of

initial motion. The focus of the curves will be at the center of Earth.

When we have an insufficient relative quantity of explosives (less than

3-4)_ flight will not take place and the rocket will touch Earth or fall

on the planet like an ordinary cannon shell fired horizontally.

If the velocity of the rocket produced by the action of the explo-

sives is less by a factor_than the minimum velocity necessary for

escape to infinity (11,170 m/sec), then the path of the rocket will be a

circle coinciding with the large circle of Earth's sphere (with the

equator or the meridian). This case also has no application because the

rocket which flies continuously in Earth's atmosphere rapidly loses all

its velocity due to air resistance and falls to Earth. However, if the

atmosphere were absent or if the rocket were to begin its flight from a

mountain whose peaks protrude above the limits of the atmosphere_ then

the path of the rocket would be circular and eternal_ like the moon, it

would never fall to Earth. Apparently this too is impossible.

On the basis of what we ha_e said the required angular velocity is
computed approximately as 8 km/_ec or 7,904 m/sec.

/74
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If we make use of Earth's rotation and launch the rocket at the

equator in the direction of motion of the equatorial planes on Earth's

sphere, then the necessary velocity will be decreased by 465 m/sec (such

is the small velocity of rotation of Earth's points), i.e., it would be

equal to 7441 m/sec. We can see that this is slightly more advantage-

ous. The required relative quantity of explosives would be expressed by

the number 3 to 4 (if the weight of the rocket is taken to be equal

to i).

The work done during movement along the circle is exactly half of

the minimum work required for infinite escape from the planet.

When the velocity of the rocket is further increased, we obtain an

ellipse which gradually extends beyond the limits of the atmosphere. A

further increase in the velocity will elongate the ellipse more and more

until it is transformed into a parabola; in this case the work and the

velocity necessary for the projectile to combat the force of gravity,

will be the same as for the case of permanent escape in the direction of

the planet's radius (for Earth: 11,170 m/sec).

When the velocity of the rocket is further increased, the path be-

comes a hyperbola. In all these cases the rocket loses a great deal of

velocity due to resistance of the atmosphere; therefore this path_ which

is tangential to Earth_ is also not practical.

We have seen that the most advantageous path for the rocket is one

inclined by 20 ° to 30 ° with respect to the horizon. In this case the

losses due to gravity and the resistance of the atmosphere are only 7

percent of that energy which the rocket attains in space free of air and

of gravity. The path of the rocket in this case is the same, i.e._ it is

one of the second order curves (ellipse, parabola and hyperbola); how-

ever, the curve is no longer tangent to the surface of Earth's sphere.

If the quantity of explosives is insufficient or very small_ then after

tracing an ellipse and moving a short distance, the rocket returns to

Earth. In this case it becomes necessary to explode a new quantity of

materials in order to stop slowly and not perish. The total amount of

explosives necessary to ascend and return safely from a short distance

is twice as large as required for only the ascent; for large altitudes

it is three times greater and for even greater altitudes it is four

times greater, etc. I

If we wanted to leave the rocket permanently in air-free space and

make it a constant satellite of Earth, then at its most remote point

from Earth (apogee) we must again explode a certain quantity of fuel to

increase the velocity of the projectile. When this point is not too far

iSee equation (66) "A Rocket into Cosmic Space."-Editor's Note.
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from the surface of Earth, the necessary rocket velocity is close to 8
km/sec, and the quantity of the entire supply of explosives would be
only 3-4 times greater than the weight of the remaining mass of the pro-
jectile. As a matter of fact, no matter how far away our observation
station is, even if it were a million versts from the center of Earth,
the quantity of explosives will be less than that necessary for perma-
nent escape from the planet along a straight line or along a parabola.
It would be expressed by a number less than 8.

With a new explosion a circular orbit maybe transformed into an
elliptic orbit and the latter, as we have described, mayagain be trans-
formed into a circular orbit with a greater radius. Thus we can arbi-
trarily change the magnitude of the radius of our circular motion, i.e._
wemaymove further away or closer to Earth's sphere at will.

If, after we have achieved circular motion, we produce a very weak
explosion but one which is constant and which is in the direction of
motion, the rocket, during the entire period of explosion, will move
along a spiral orbit whoseequation depends on the manner in which the
explosion takes place.

The subsequent trajectory of the rocket, after explosion has
ceased, will be somesecond order curve, e.g., a circle, which depends
entirely on us. In the case of an explosion which retards the motion of
the projectile, the spiral curves inside the initial circular orbit, and
the rocket approaches Earth.

For motion along the spiral which is almost perpendicular to the
direction of the forces of gravity, almost the samepercentage (up to
65 percent) of the energy of the explosives is utilized as in the medium
without gravity; the samething takes place during the process of trans-
forming the elliptical orbit into a circular orbit.

During the inclined ascent of the rocket to its elliptical path,
the moonwill produce a greater effect than whenthere is a more ex-
tended orbit, which in turn depends on the relative quantity of expended
explosives and the relative positions of the moonand the rocket. It
mayturn out, or we mayprogram the movementof the rocket in such a
manner, that under the influence of lunar attraction the rocket will
leave its orbit and fall to the moon.

The velocity of fall will be not less than 2,373 m/sec, i.e., twice
as great as the velocity of a cannon shell. However, this velocity is
less than the one achieved whenthe projectile falls to Earth. The
energy of fall on the latter is 22 times greater than during the fall to
the moon.



81

If we take into account the velocity and rotation of the moonand
also the movementof the rocket, wemay compute the insignificant quan-
tity of explosives required for a safe landing on the surface of the
moon. I can report that the total quantity of explosives for a safe
voyage to the moonis expressed by a figure not greater than 8. At a
sufficiently insignificant distance from the moon, the velocity of the
rocket must be continuously decreased by meansof explosions. Every-
thing must be computedand controlled in such a way that at the instant
the surface of the lunar soil is touched, this relative velocity becomes
equal to zero. The problem is, of course, rather delicate but quite
feasible. An error in this calculation may be corrected by a new ex-
plosion provided we have a sufficient reserve of explosives.

In the case of a miss, i.e., if the rocket flies close to the moon
but does not touch its surface, the rocket will not becomethe satellite
of the moonbut, having approached it, will leave it again and rotate
around Earth along a rather complex curve which sometimespasses close
to Earth and sometimesclose to the moon. The possibility of falling
onto one or the other remains. At the instant of the closest approach
to the moon, it is possible to set off another explosion with the idea
of retarding the motion of the rocket; thus it becomesan eternal satel-
lite of the moonand a great-grandson of the sun. From this circular
orbit it is also possible to descend to the moonor moveawayfrom it by
various methods.

From the description of the flight we can see that the rocket may
becomean eternal satellite of Earth moving around it like the moon.
The distance of this artificial satellite, the small brother of the
moon, from Earth's surface maybe arbitrarily small or great; its motion
is eternal because the resistance of ether has not been observed even
for small bodies of low density, such as the aerolites which apparently
enter into the composition of comets. If small bodies were, indeed, to
experience resistance from ether, then how could the rings of Saturn
exist millions of years? According to the conclusions of astronomers
these rings consist of small individual solid bodies which moveextremely
rapidly around Saturn.

The movementaround Earth of a series of rockets fully instrumented
to house intelligent beings may serve as a base for further propagation
of mankind. By settling around Earth in a multitude of rings similar to
the rings of Saturn, people will increase the supply of solar energy by
a factor of 100-1,O00, comparedto what they have on the surface of
Earth. However, this may not satisfy maneither, and, having conquered
these bases, he mayextend his hands for the remaining solar energy
which is two billion times greater than that received by Earth. In this
case eternal motion around the Earth must be replaced by similar motion
around the sun. For this purpose it will be necessary to move further
away from Earth and becomean independent planet--a satellite of the sun

7Lu
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and a brother of Earth. By means of explosions it will be necessary to

impart to the rocket a velocity in the direction of the Earth's orbit

around the sun_ when the rocket moves with the maximum velocity with re-

spect to the sun. The amount of energy required for this purpose de-

pends on the magnitude of the distance between the rocket and Earth:

the greater the distance, the less the work. However_ the total energy

necessary for circular motion around Earth and then for almost complete

escape from Earth does not exceed the energy required for escape from

Earth, if we assume that the sun and other heavenly bodies are absent,

i.e._ a seven-fold or eight-fold quantity of explosives (compared with
the remaining mass of the projectile).

When an even larger quantity of energy is consumed, the circle be-

comes a more or less extended ellipse, whose perigee (minimum distance
from the sun) is approximately the same distance from the sun as the
Earth.

In the first case_ when an average amount of energy is consumed_
the rocket will travel under the influence of a new shock at a much

greater velocity than necessary for circular motion around the Earth and

even around the sun; then_ due to Earth's gravity (we neglect the effect

of the moon), this velocity will be decreased more and more and finally_

at a considerable distance from Earth (by approximately 1,000 Earth's

diameters)_ it will become equal to the velocity of the latter around

the sun. The Earth and the rocket will follow the same circle at the

same velocity and therefore may not see each other for hundreds of

years. However_ it is improbable that this equilibrium will last for

centuries. To maintain a decent distance, it will be necessary to ac-

celerate or to slow down the rocket_ so that the Earth and other planets

do not disturb this distance. If this is not done, the rocket may fall
to Earth.

In the second case_ when a great deal of energy is used up and when

the path of the rocket is elliptical 3 it is also possible to collide

with the Earth; however 3 the escape of the rocket may be used to get to

some "upper" planet: to Mars or its satellites_ to Venus or to some

other of the 500 small planets (planetoids, asteroids).

I am not speaking of reaching the heaviest planets_ such as Jupiter_

Saturn, and others because it will require a tremendous amount of explo-

sives to make a safe landing on these planets_ and at this time we

should not even dream about it. However_ it would be easier to become

their satellites, particularly remote ones; it is easier to reach the

ring of Saturn and to join it. The quantity of energy required to reach

some planetary orbit (but not to descend to the planet) depends on its

distance from Earth's orbit: the greater this distance, obviously the

greater will be the energy required. However_ no matter how large this

distance is_ the required work will be less than that necessary to
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escape completely from the solar system and to travel among the stars.

This work too is not as great as it may appear at first glance. Indeed,
would it be possible to overcome the powerful attraction of the sun

whose mass is 324,000 greater than the mass of Earth? Calculations show

that if the rocket is launched during its most rapid movement around the

sun, or directly from the surface of Earth at an opportune time and in

an optimum direction_ the velocity with respect to Earth necessary for

total escape from it and from the sun does not exceed 16. 3 km/sec, which

corresponds to an expenditure of explosives corresponding to the relative

mass of the rocket equal to 20. Under the most unfavorable rocket

launching this velocity reaches a value of 76.3 km/sec, and the quantity

of explosives relative to the remaining mass of the rocket must be ex-

tremely high. The escape velocity from the sun would be the same re-

gardless of how we launch the rocket. In favorable case the energy is

25 times less because we derive it from the motion of Earth, which_ in

this case, will be retarded by an insignificant amount.

The circular path of the rocket around the sun may be made ellipti-

cal by increasing or decreasing the velocity of the projectile by ex-
plosions.

When the velocity is decreased, the perigee of the rocket will be

less than the distance from Earth to the sun_ and the rocket will then

be capable of reaching one of the lower planets: Venus or Mercury.

Their masses are not very high and a descent to them will not require

the impossible quantity of explosives necessary to descend to Jupiter_

Saturn or Neptune. The energy required to descend to Mercury, as well

as to Mars 3 is 5 times less than that required to descend to our planet;

at the same time the energy required to descend to Venus is 0.82 of the

energy required to descend to Earth. As far as the asteroids and the

large number of planetary satellites (moons) are concerned, the mass of

explosives required to make a safe descent to their surface is quite

insignificant.

Theoretically it is possible to approach the sun closer 3 or even to

fall into it, with a complete loss of velocity relative to the sun. If

the rocket is already rotating around the sun like the Earth and at the

same distance away, the stoppage of its motion requires a relative (re-

verse) velocity of approximately 30 km/sec. The quantity of required

explosives will be expressed by the figure 200. The descent to the sun

will last for a period of 64-1/4 days, i.e., approximately 2 months.

Thus we can see that in order to descend to the fiery ocean of the

sun, we shall require i0 times more explosives than is necessary for

escape from our sun and approach to a new one.

As in the case of motion on Earth, by using interrupted and ex-

tremely small explosions we may cause the rocket to travel along any

7Lm
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trajectory. We may cause it to travel along any path with respect to

the sun, e.g., along a spiral, and to reach the desired planet, to ap-

proach or move away from the sun, to drop to the sun or to leave it com-

pletely, thereby becoming a comet which travels for many thousands of

years in darkness among stars, until one of these is reached and becomes

a new sun for the travelers or their descendants.

We note that in all cases when we wish to decrease the velocity of

the rocket, the explosives must be ejected in the direction of motion of

Earth; however, the motion of the rocket with respect .to the sun will

remain the same, i.e., in the direction of motion of our planet.

The program for the future exploitation of solar energy will appar-

ently be carried out as follows:

Mankind will send his missiles to one of the asteroids and make it

a base for preliminary work. He will make use of the material of the

small planetoid and will decompose it or take it apart to the center to

construct the first ring traveling around the sun. This ring, filled

with intelligent beings, will consist of mobile sections similar to the

ring of Saturn.

Having broken down and utilized these and other tiny asteroids, the

intelligent beings will construct a series of other rings in space free

of asteroids, somewhere between the orbits of Mars and Jupiter.

For various technical and other requirements other rings will be

placed close to the sun between the orbits of the "lower" planets.

When solar energy is expended, the intelligent beings will leave

it and move to another sun which has only recently become lighted and

which is in its prime. Maybe this will take place even sooner: some of

the beings will want to move to another world or to populate the

deserts.

It is not necessary to have anything to do with the surface of the

sun, even when it has become a cold crust; nor is it necessary to be on

the heavy planets except perhaps for purposes of investigation. It is

difficult to reach them; to live on them means to chain oneself to grav-

ity which sometimes is stronger than the chains on earth, to subject

oneself to a multitude of obstacles, to attach oneself to meaningless

space, to live a miserable life in the womb of matter. A planet is a

ship of intelligence, but we cannot live in a ship forever.
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Subsistence During Flight /8o

Nourishment and Respiration

First of all we need oxygen for respiration; we take a large quan-

tity of it for explosions; we may take even more, so that there will be

enough for respiration for a given period of time.

It is doubtful that pure oxygen is suitable for man even in a rare-

fied state. Indeed, in this case its pressure on the body will be in-

sufficient and bleeding may take place for purely mechanical reasons.

It would probably be necessary to use a mixture of oxygen with some

other gas which is safe for breathing, e.g., nitrogen, but not carbon

dioxide which impedes removal of carbon dioxide from the lungs and skin

of the animal and which poisons the animal. It is quite good to breathe

a mixture consisting of 20 percent oxygen and 80 percent nitrogen under

a pressure of 1,000 to 500 mm Hg. Nitrogen is preferred to hydrogen

because it does not present the danger of explosion.

Obviously the cabin for the passengers must be hermetically sealed

and sufficiently strong to withstand gas pressure not exceeding 1 kg/cm 2

on the walls during ascent into the rarefied layers of the atmosphere

and beyond its limits. The elongated fish-like or bird-like form of the

rocket is desirable for penetrating the air, is suitable for preserving

the gases, and is good for the strength of the rocket, which must with-

stand an acceleration equal to lO times that of gravity. The metallic

material prevents the loss of gas by diffusion.

However, it is not enough to have a mixture of nitrogen and oxygen.

It is also necessary to add oxygen because part of it is converted to

carbon dioxide, and to destroy or, more accurately, to separate the

products of respiration: carbon dioxide, ammonia gas, excess humidity,

etc. There are many substances which absorb carbon dioxide, e.g., water

vapor, ammonia gas, etc. Therefore, a supply of these substances will

also be required. Of course, if the trip is carried out for only a few

minutes or hours, then such supplies together with breakfast will not

overload the rocket. However, the situation is different if we have to

travel for weeks or years or if we do not return at all, in which case

this approach must be rejected.

In order to exist for an indefinite period of time without the

atmosphere of the planet, we may utilize the energy of solar rays. Our

artificial atmosphere may be replenished in exactly the same way as

Earth's atmosphere is purified by plants with the aid of the sun. On

Earth the plants absorb impurities by means of their leaves and roots
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and in return produce food. In the same way we can utilize plants tak-

ing them with us on our travels. All the beings on earth utilize the

same quantity of gases, liquids and solid bodies, and this quantity does

not ever increase or decrease (if we do not take into the account the

fall of aerolites). In the same way we can live indefinitely with the

aid of materials which we take with us. On Earth there is an endless

cycle of mechanical and chemical substances. This cycle can also take

place in our small world. From the scientific point of view there is no

doubting the possibility of what we have stated. Now let us see how it

can be realized in the future--perhaps in a very distant future.

According to Langley, i m 2 of a surface exposed to solar rays re-

ceives a quantity of solar energy equal to 30 cal per min. This means

that i kg of water spilled over i m2 of the surface and illuminated by

perpendicular solar rays is heated by 30o C per min, if we neglect heat

losses due to radiation, heat transfer, etc.

By transforming this thermal energy into mechanical energy we ob-

tain 12,720 kg. Thus, in one 24 hr period at the distance of the Earth

from the sun we obtain 18,316,800 kg, or 43,200 cal. (In one second we

obtain 0.5 cal or 212 kg, i.e., a continuous work of almost 3 hp.)

According to Timiryazev, during physiological experiments with

plants approximately 5 percent of solar energy is utilized, which corre-

sponds to 2,160 cal per day stored in the roots, leaves and fruits of

plants.

On the other hand, according to Lebon, i k_ of flour contains

almost twice as much energy, so that the daily supply of potential

energy of a plant corresponds to 0.5 kg of flour, or almost I/2 kg of

bread.

This same gift of the sun utilized over one square meter of the

surface continuously illuminated by solar rays, may be expressed by any

of the following quantities: 4 kg of carrots, 5 kg of cabbage, 2/3 kg

of sugar, and more than 0.5 kg of rice.

In the experiments which we mentioned, 5 percent accumulation takes

place in all parts of the plants. The fruits will, of eourse, contain

a much smaller percentage. These experiments were conducted under the

best possible conditions, but our artificial atmosphere and feeding of

the plants may take place under conditions even more favorable. Accord-

ing to Timiryazev, a field_ in the optimum case, will use 5 times less,

i.e., approximately i percent of the solar energy. From this we can

see that artificial conditions turn out to be even 5 times better.

/81
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Let us turn directly to practical results. One hectare (i0,000 m2)

yields up to 25,000 poods of bananas each year, which corresponds to

0.ii kg per day per i m2 of cultivated area (i pood = 36.11 ib).

HoWever, Earth has clouds and is covered with a thick layer of

atmosphere and water vapor which absorb much of the energy; Earth

has a period of night and the solar rays are inclined; the quantity of

carbon dioxide in the air is also unfavorable as shown experimentally

(according to Timiryazev the optimum amount is 8 percent whereas Earth

contains less than i/i0 of i percent). If we take into account what

we have said, we must increase the solar gifts by at least a factor of

i@ and assume that the productivity of i m 2 in our artificial vegetable

garden will be not less than i.i kg of bananas per day. According to

Humbolt, the bread tree is almost as productive as the banana tree.

It follows from what we have said above that I m2 of greenhouse

directed toward the solar light is sufficient to feed i man. I

However, who prevents us from taking a greenhouse with a large

surface area with us in a paekaged form, i.e._ in a small form_ When

the orbit around Earth or the sun is established, we collect and extend

from the rocket hermetically sealed, cylindrical boxes with various

plants and a suitable soil. The solar rays will penetrate the trans-

parent cover of the greenhouse and will quickly set our splendid table

for us. They will give us oxygen and in the process purify the air

and the soil of animal excretions. Since neither objects nor people

will experience gravity, the strength of the vessels containing plants

need only be sufficient to combat the elasticity of contained gases.

Of these the principal ones are carbon dioxide and oxygen. In Earth's

atmosphere carbon dioxide constitutes not more than 1/2,000 of its

composition. Nitrogen and other gases also play a role in the feeding

of plants, but their density (like the density of oxygen of which they

use 20 times less than, according to Timiryazev) of carbon dioxide may

be quite small without any ill effects on the plants.

Thus the atmosphere of our greenhouses may be so rarefied that the

gas pressure on the walls will be 1,000 times less than the air pressure
at sea level. 2

IAII of these reasonings of Tsiolkovskiy were necessary to prove the

possibility of a closed and autonomous life cycle in cosmic space.

The conditional value of his calculations is justified by the fact

that the problems were not investigated sufficiently. Editor's Note.

21n the margin of his book opposite this statement Tsiolkovskiy wrote

"what about water vapor?" Editor's Note.
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Thus, we can see that we shall not have to combat gravity or the

elasticity of gases, so that for every passenger, if necessary, we may

take hundreds of square meters of these narrow glass boxes with vegetables

and fruits growing inside them.

It is entirely possible on Earth to develop and test methods which

provide for respiration and nutrition of man in isolated space.

It would be possible to determine the minimum square surface illu-

minated by solar rays and sufficient for man for respiration and

nutrition; it is possible to select and test plants suitable for this

purpose. It is true that conditions on Earth are quite different from

those in ether away from the planet; however, the latter still can be

made to approach those of Earth. Thus, in the medium free of gravity it

is quite easy to produce day and night; for this purpose it is only

necessary to give the greenhouse a slow rotating motion. Then light will

alternate with darkmess at any arbitrary rate. Due to inertia the motion

will last indefinitely. I believe that the conditions there are even

more favorable than they are on Earth. Indeed Earth plants mostly

suffer and even die due to unfavorable temperature changes during the

night or in winter; they also suffer from bacteria_ parasitic fungus,

worms, insects, rodents, and birds, and from lack of moisture and soil

depletion. In ether space these enemies are absent, because everything

taken from the soil is returned to it. The temperature fluctuations

are under our control as well as the duration of night; there will be

no time of the year, if the motion of the rocket is circular; there will

be no detrimental bacteria or insects when the greenhousefs compartments

are small, because those can easily be destroyed by suitable pesticides,

by raising the temperature or directly by solar light which kills

bacteria and other harmful germs. Moisture will not escape due to the

hermetically sealed space.

On Earth it would be quite difficult to construct experimental

greenhouses, particularly such as are well insulated from external air
and with the favorable rarefied medium. It would be necessary to have

very strong material and massive construction to resist the external

atmospheric pressure. In experimental greenhouses we must be satisfied

at first with having the same pressure inside and outside. This corre-

sponds to the most favorable mixture of gases for the plants. The sum

of the internal pressures will be equal to i atm, whereas in ether

space we will be able to expand the gaseous mixture to a more favorable

degree. During experiments on Earth, the rays of light pass not only

through the glass, but also through a heavy layer of atmosphere filled

with water vapor, fog, and clouds, which makes access of virgin solar

energy to the plants very difficult. We are virtually unfamiliar with

the true energy of solar light which has never touched the air. It may

be entirely unusual in its chemical properties.
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Figure 2. Greenhouse. This drawing is taken from

Tsiolkovskiy's manuscript "Album of Cosmic Travels"

(see introductory article). The inscriptions on

the drawing are made in Tsiolkovskiy's handwriting. -
Editor's Note.
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Safety from Increased Gra_'ity

At the very beginning of the flight when the explosives are still

producing noise, the relative gravity in the projectile increases several

times. Let us assume that it increases by a factor of i0.

The question may be asked as to whether man can withstand this in-

creased gravity for several minutes without ill effects. This problem

may also be solved on Earth, and optimum conditions can be developed

under which this gravity or even greater gravity can be endured by man

without ill effects. Sometime ago I carried out experiments with various

animals, subjecting them to increased gravity on special centrifugal

machines. I was unable to kill any creature--of course, this was not

my purpose; however, I felt that it could happen. I remember that i

increased the weight of a cockroach, removed from the kitchen, by a fac-

tor of 300, and the weight of a chicken by a factor of i0; I did not

notice at the time that the experiment had any harmful effects on them.

In preliminary experiments with man, the apparent gravity _r_y be

increased most simply by means of a centrifugal machine with a vertical

axis of rotation and with as large a radius as possible, i.e., with the

largest possible dimensions in the horizontal direction. The greater

the distance between the axis and the experimental chamber with man,

the easier it will be, because there will be less chance of vertigo.

Rotation harms an organism, even when the centrifugal force is

small or when the absolute velocity is small with high angular velocity,

i.e., when the radius of rotation is small. Everyone has experienced

this insignificant harm when as a child he spun around somewhere in the

garden or on the lawn.

As a matter of' fact, rotation and the resulting disorders do not

take place when gravity is increased by the rocket moving along the

rectilinear path. The fact that sufficiently slow rotation does not

produce painful sensations or is even noticeable, can be seen from the

phenomenon of the continuous rotation of the Earth, to which we are

subjected from the time of our birth. The same conclusion can be made

by observing the amusement of children and adults on merry-go-rounds.

Once I saw two young girls on the merry-go-round who day and night

rode on wooden horses to attract the public.

Any experiment on the effect of increased gravity need last only

2 to i0 min, i.e., the time during which explosion in the rocket takes

place.

I shall not derive the well-known equations from which we can

make the following conclusions. It is possible to obtain by experimental

means any desired artificial gravity; the more we wish to reduce rotation,
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the greater must be the velocity of the chamber to obtain the same

gravity. For a radius of i00 m and the velocity of i00 m/sec and with

a complete revolution every 6. 3 sec, we get a force of gravity i0

times greater than normal; if the radius is i0 times smaller than for

the same artificial gravity, the number of revolutions or the angular

velocity must be 3 times greater, and the circumferential absolute

velocity will be less by the same factor.

By carrying out experiments with centrifugal machines or by rapid

circular motion of a car along an inclined track, we may determine the

maximum safe value of gravity which may be endured by a subject during

a certain period of time. If, contrary to expectations, these experi-

ments were to show that even a small, for example, double gravity is

the limiting safe gravity, even then we should not consider our case

lost: first, because during its inclined motion the rocket may utilize

the work of explosives more advantageously even with this small gravity

inside it, and, in the second place, because by placing a man in water

and by conducting experiments on the effect of gravity on the subject

in this state, we shall probably obtain more encouraging results.

Let us explain what happens. Let us take a very strong open or

closed vessel with a liquid and immerse in it some thin figure made of

very fragile material with density equal to the density of the liquid

in the vessel. This figure by itself, i.e., outside the liquid, is

very fragile and delicate, so that it shatters when it is dropped and

is very difficult to hold in the hand without crumbling or breaking.

Now let us take it with the vessel where it is under equilibrium in

the liquid, such that it remains stationary at the point or in the

position in which we wish it to be (like the oil sphere in the wine
during Plato's experiment).

If experiments on the centrifugal I_chine are carried out, mot

by using a human being, but by using this fragile, thin figure which

outside the liquid barely sustains its own weight, the results will be

most brilliant: the figure will remain intact and even motionless, no
matter how much the relative gravity is increased.

Furthermore, without using a centrifugal machine, we may strike

the vessel on the table or hit it with a hammer; as long as the latter

is not broken and the liquid has not run out, the figure will remain

unharmed. However, let us assume that the liquid is removed; then the

entire effect disappears: even strong objects break during sufficiently

rapid rotation or when the blows are sufficiently hard. The same suc-

cessful experiments can be carried out using small fish in water. From

this we can see that the flui_ surrounding a body with the same density

as the body apparently eliminates the destructive consequences of gravity,

no matter how high it is. Thus, if we are to take a liquid with density

equal to the average density of man and place the man inside it, then
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our experiments on the effects of increased gravity should give results

which are at least partially good. I say partially, because everything

we have said pertains to bodies all of whose parts have the same density.

The various organs of animals do not have this property; particularly

the density of bones and the air cavities of animals are different in

density from other organs. The bones of a body submerged in the liquid

will exert a downward force in the direction of relative gravities; the

lighter parts will tend to move upwards, and stresses will develop
between various cells which may end with their rupture and even death

of an organism, if gravity is increased by a sufficient amount.

The greatest gravity which can be endured by a human being without

detrimental effects is, therefore, not unlimited even when submerged in

a liquid. I think this limit is not less than i0, and that it can be

determined for each subject only by means of experiment. It is best

that, during the time of the experiment, the human being place his body

horizontally in a case of approximately the same shape and volume as

himself; then filling the empty spaces with a liquid will require only a

small quantity of this liquid (this is important from the economic

standpoint during actual rocket travel). Mouth, nose, and ears must be

covered very thoroughly with a hood, with a tube for free breathing.

There is no doubt that the human being will be able to endure great

gravity without being placed in a liquid. Indeed, when a body falls

from a height, it hits the soil; the latter, due to its elasticity,

imparts an accelerated motion in the opposite direction to the man to

cancel the velocity which the man achieved during his fall. Here the

elasticity of the animal's body also plays a role, particularly that

of the cartilages between the bones. In a skillful jump the force of

the muscles of bent legs also has an effect. In this case an apparent

rather high gravity must be developed, because the time of impact is

short, while the reverse accelerated motion at this instant of time is

rather high.

In these cases nature itself does not ignore this property of

liquid to prevent the destructive action of relative gravity, and

therefore thoughtfully immerses all gentle organs of an animal in special

fluids contained within strong natural vessels. The brain is like this

and floats in a liquid filling the skull; such also is the fetus of a

mammal, which is surrounded by a liquid until it is ready to be born.

Even industry uses this principle for preserving fragile fruits by re-

placing the liquid with its rough likeness--a loose material: grapes

are covered with wood or cork shavings.
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Combatting the Absence of Gravity

Now the explosion in the rocket has ended and with it the tre-

mendous gravity. We emerge safely from our case, remove the remnants
of the liquid from our body and put on our clothes. As if rewarded for

the increased gravity which we have just survived, we now become com-
pletely free of it.

The question may be asked as to whether this absence of gravity

would not have a fatal effect on us. Must we here take some preventive
means?

During the time of fall or of a simple jump on the surface of our

planet when our feet have not yet touched the soil, we also remain free

of gravity with respect to our body, our clothing, and objects on our

person. However, this phenomenon lasts only a fraction of a second.

During this period of time the various parts of our body do not press

on each other, the coat does not press on the shoulders, the watch does
not weigh down the pocket, and the glasses on our nose do not tend to

form a horizontal line. When we bathe on the surface of Earth the

weight of our body is also almost completely negated by the opposite

action of water. Such an absence of weight may prevail for an indefinite

period of time, if the water is sufficiently warm. We can see that it

is hardly necessary to carry out experiments to show that the medium

free of gravity is harmless. Possibly, for obese people who tend towards

apoplexy and the influx of blood to the brain, such a medium may be

responsible for premature death, just as is untimely horizontal position

or swimming. All other mortals, we may assume, will quickly become

accustomed to the new order of things. For the majority of sick and

weak persons this medium will be outright beneficial.

Horizontal position also increases blood pressure many times,
making this state approach lack of gravity. We cannot assume that the

position of lying down is fatal. For weak and sick people it is bene-

ficial, while healthy people must curtail their nourishment so that it

does not become unhealthy for them to lie down. I

If it were to turn out that people cannot live without gravity,

then it may beeasily produced artificially in a medium where it does not

exist. In this case the abode of the human being, even if it be the

rocket, must simply be rotated; then, due to the centrifugal force, an

apparent gravity will be formed of any desired magnitude, depending on
the size of the abode and the velocity of its rotation. This

iThe last three phrases were inserted by Tsiolkovskiy at a later date. -
Editor's Note.
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transformation of the medium will not cost us anything, since the rotation

of the body in air-free space, and particularly space free of gravity,

will persist indefinitely once it is started. This gravity is particularly

useful because it may be arbitrarily small or large, may be eliminated

at any time, or be reactivated. However, this gravity, like natural

gravity, will require greater strength in the construction of the abode

and other objects, since it will tend to destroy them; in addition, rapid

curvilinear motion has a bad effect on the organism.

The action of increased gravity on plants was investigated a long

time ago, but nothing unusual was noted. However, when gravitational

direction is changed, the direction of growth is also changed: specifi-

cally, the trunk is pointed to the side directly opposite that of arti-

ficial gravity. It would be interesting to know which way it would grow

if gravity were removed completely; in all probability the direction of

growth would be a matter of chance or would depend on the action of

light.
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The Future of Reactive Devices

In the first published work on reactive devices we dreamed of future,

as yet undiscovered, more elementary substances whose combination would

be accompanied by a tremendous release of energy, compared with that of

known simple bodies, e.g., of hydrogen and oxygen. In this case the

volatile product of combination would have to achieve a very high

velocity V1 as it leaves the nozzle of the reactive tube.

From equation (35) 1 we see that as VI increases, V2, i.e., the

velocity of the rocket, also increases proportionately when we have the

same relative consumption of explosives (M2/MI).

It is believed that radium, which breaks down continuously into

more elementary _terials, gives off particles of different gases which

move with astonishingly, unimaginable velocity close to the velocity of

light. Atoms of helium, which are emitted, move with the velocity of

30_000-i00,000 km/sec. The atoms of helimm are four times heavier than

the atoms of hydrogen. Other bodies emitted by radium are 1,0@0 times

lighter than hydrogen, but move with the velocity of 150,000-250,000

km/sec. The total mass of these bodies (electrons) is substantially
less than the mass of helium atoms. These velocities are 6,000-50,000

iSee Section 35 in "A Rocket into Cosmic Space." - Editor's Note.
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times greater than the velocity of gases flowing out of a nozzle of our
reactive tube. Therefore, if it were possible to accelerate the break-
downof radium or other radioactive materials, and apparently all bodies
are radioactive, then by utilizing this breakdownwe would obtain (see
equatiom (35) and all other conditions being equal) a velocity for the
reactive device with which we could reach the closest sun (star) in
10-40 years.

Then, for a rocket weighing one ton, we would only require a
pinch of radium, equation (16), to break its ties with the solar system.

It is possible that future discoveries in science will showthat
this is not so, but it is good that even mowwe can dream about it.

It is possible that in time we mayuse electricity to produce a
huge velocity for the particles ejected from the rocket device. It is
knownat the present that the cathode rays in Crookes' tube, just like
the rays of radium, are accompaniedby a flux of electrons whose in-
dividual mass is 4,000 times less than the massof the helium atom,
while the velocities obtained are 30,000-100,000 km/sec, i.e., 6,000
to 20,000 times greater than the velocity of the ordinary products of
combustion flying from our reactive tube.
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What Is Impossible Today Will Become Possible Tomorrow

There was a time, and not too far back, when the idea of the pos-

sibility of establishing the composition of heavenly bodies was con-

sidered foolhardy even by famous scientists and thinkers. Now this time

has passed. The idea of the possibility of a much closer direct in-

vestigation of the universe at the present time will, I believe, appear

even more absurd. To place one's feet on the soil of asteroids, to lift

a stone from the moon with your hand_ to construct moving stations in

ether space, to organize inhabitated rings around Earth, moon and sun,

to observe Mars at the distance of several tens of miles, to descend

to its satellites or even to its own surface--what could be more insane_

However, only at such a time when reactive devices are applied, will a

new great era begin in astronomy: the era of more intensive study of

the heavens. Does not the frightening huge force of gravity scare us

more than it should_

A shell leaving a cannon with the velocity of 2 km/sec does not

appear to us surprising. Why should a missile flying at a velocity of

16 km/sec and escaping forever from the solar system into the universe,

overcoming Earth's gravity, the gravity of the sun, and of the entire

system--horrify us. Is there such a big abyss between numbers 2 and 16!

One is greater than the other only by a factor of 8.
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No. 19, 1911, with a preface to his article by K. E.

Tsiolkovskiy.
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If a unit velocity is possible, why is a velocity equal to 8 times

this unit impossible. Does not everything progress and move ahead with

great speed which amazes our mind?

It was not so long ago that a i0 mile-per hour movement over the

Earth appeared incredible to our grandmothers; now the automobile makes

100-200 versts per hour, i.e., 20 times.faster than during Newton's time.

Not so long ago it was strange to utilize any force other than that of

human muscle, wind, and water_ If we speak on the subject, we may never

end. I

iWe omit several general remarks made by Tsiolkovskiy on the question of

adapting living organisms to ether space. ° Editor's Note.
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Title page to 1914 edition of "The Investigation of Univer-

sal Space by Reactive Devices."
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THE INVESTIGATION OF UNIVERSAL SPACE BY REACTIVE DEVICES

(Supplement, 191h)

/93

In this supplement I would like to present a popular exposition of

my ideas, to clarify them to some extent and to refute the viewpoint

that the rocket is something far removed from us in time.

Below are some uf the theorems which l have proven.

Theorem i. Let us assume that the force of gravity does not decrease

when the body moves away from the planet. Let us assume that this body

has risen to a height equal to the radius of the planet; it will then

perform work equal to that necessary for entirely escaping the force of

gravity of the planet.

For Earth, e.g., and for i ton of material, this work is equal to

6,366,000 ton-meters. If the projectile, as described by Esno Peltri,

operates for 24 minutes and weighs i ton, it is easy to see that for

every second of time its engine must supply to the rocket work equiva-

lent to k,420 ton-meters or 55,$00 horsepower, and not 400_000, as

coml uted by Esno Peltri.l

In my device explosion takes place faster and lasts only for ii0

seconds. Thus, in i second, the projectile weighing i ton must release

57,$70 ton-meters, which constitutes 771_600 horsepower. Of course,

everyone will say: is this possible? A projectile weighing only one

ton releases almost one million horsepowerJ

TLe Lightest engines at the present time release not more than

L,©_.!<' horsepower per ton of weight.

However, the fact is that we are not speaking of a conventional

en<[ne, but (_f devices which are similar to a cannon.

Let us imagine a cannon i0 m long, which fires a projectile weigh-

ing I ton with the velocity of i km/sec.

tgee article by K. E. Veygelin, Priroda i lyudi, No. 4, 1914. Obviously

I am here correcting a typographical error and not Esno Peltri's error.
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This is not too far from reality. What is the work performed by

the explosive and imparted to the shell? It is easy to compute and show

that it is approximately 50,000 ton-meters--and this is released during

a small fraction of a second. The average velocity of the shell in the

cannon is not less than 500 m/sec. Consequently, the projectile travels

a distance of i0 m in 1/50 of a second. This means that the work per-

formed by the cannon per second of time is equal to 2,500,000 ton-meters,

or approximately 33,300,000 horsepower.

From this we can see that the useful work performed by the artillery

piece is 566 times greater than the work performed by the rocket of Esno

Peltri and 43 times greater than that performed by my reactive device.

Thus, qualitatively speaking, there is nothing in common between a

reactive missile and an ordinary motor.

Theorem 2. In the medium without gravity the terminal velocity "of

the rocket," when the direction of explosion is constant, does not depend

on the force and order of explosion, but only on the quantity of explo-

sives (with respect to the mass of the rocket), its quality and the

construction of the explosive tube.

Theorem 3. If the mass of the explosives is equal to the mass of

the rocket, then almost half of the work performed by the explosives
is transmitted to the rocket.

This can be easily verified if we imagine two spheres of equal

mass with a spring between them. When the spring expands, it divides

the energy equally between the two spheres.

If, e.g., we have a shell with a tube and an equal mass of hydrogen

which explodes from it at zero temperature, the latent energy of hydrogen

will be divided by half, of which one part will be imparted to the shell.

It is well known that the velocity of the molecules of hydrogen is ap-

proximately 2 km/sec. Therefore, the shell will achieve the velocity

of approximately 1,410 m/sec. However, if we take into account the

specific heat of hydrogen or the rotational motion of the two atoms of

which a molecule is composed, the shell will obtain a velocity of

approximately 2 km/sec.

After this, it should not be difficult to believe my calculations; they

show that during the chemical combination of hydrogen and oxygen the

velocity of the newly formed molecules of water ejected from the sta-

tionary tube is greater than 5 km/sec, and that the velocity imparted

to the moving tube of the same mass is, therefore, greater than 3-1/2
km/sec. Indeed, if all of the heat of combustion were transmitted to

the compound, i.e., the water vapor, its temperature would reach

lO,O00°C (if it did not expand). In this case the velocity of the water

/94
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vapor particles will be approximately 6 times greater than at 0 ° (plus

273 ° absolute temperature).

The velocity of molecules of water vapor at 0° as we know, is greater

than i km/sec; consequently, when a vapor is formed from oxygen and hydro-

gen, a velocity of 6 km/sec is developed due to chemical reaction.

Of course, I am making only a rough and illustrative verification of

my previous computations.

When the mass of burning gas is equal to the mass of the rocket, its

velocity of 3-1/2 km/sec is quite natural, and this number is very

conservative.

Theorem 4. When the mass of the rocket plus the mass of explosives

contained within it increase in geometric progression, the velocity of

the rocket increases in arithmetic progression.

This law is expressed by two series of numbers:

Mass ....... 2 _ 8 16 32 64 128

Velocity ..... i 2 3 4 5 6 7.

Let us assume, for example, that the mass of the rocket and of the

explosive constitutes 8 units.

I eject 4 units of explosives and obtain a velocity which we shall

set equal to unity.

Then I eject 2 more units of explosives and obtain another unit of

velocity; finally, I eject the remaining unit of mass of explosives and

achieve one more unit of velocity; altogether we have 3 units of velocity.

It is clear from this theorem that the velocity is far from pro-

portional to the mass of the explosives: it increases rather slowly,

but without a limit.

There is an optimum ratio of the quantity of explosives for which

the energy is utilized most efficiently. This number is close to 4.

However, the absolute velocity of the rocket increases as the

supply of explosives becomes substantial. Below we show the relative

supply of explosives and the corresponding velocity in kilometers per

second:

The mass of explosives, i 3 7 31 63 127 256

Velocities ......... 3-1/2 7 10-1/2 lh 17-1/2 21 24-1/2
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Theorem5- In a mediumwith gravity, for example, on Earth, when
the rocket rises vertically, part of the work performed by explosives
disappears--more so whenthe pressure of the exploding gases approaches
the weight of the rocket.

For example, if the rocket with all its contents weighs i ton and
the pressure of the explosives on the missile is also i ton, then the
efficiency is equal to 0, and the explosion does not produce any results
since the rocket remains stationary in one place and no energy is trans-
mitted to it.

This is why, in my projects, I propose to use pressure on the rocket
which is ten times greater than the weight of the projectile with all its
contents.

Esno Peltri took a rocket weight of i ton, of which 1/3 was for the
explosives. If the explosive is radium and if it releases its energy
a million times faster than it actually does, interplanetary flight is
assured.

I have also dreamedof using radium. However, recently I have
carried Out a series of calculations which showthat if the particles
(alpha and beta) released by radium are directed in a parallel beam,
its weight decreases by approximately one millionth of its natural
weight.

After this, I gave up my thoughts on using radium. Discoveries
of all types are possible, and our dreams maycometrue quite unex
pectedly, but I wanted to stand on more practical ground.

Esno Peltri computesthat 1/3 of i ton of burning, gas is capable
of transmitting only 1/130 of the required work to the rocket for
escaping the force of gravity.

My calculations showthat even a smaller part is transmitted,
specifically 1/540. The reason for this is not only that the relative
quantity of explosives (1/3) seemsinsignificant, but principally because
the gas pressure on Peltri's projectile is assumedto be only i/i0
greater than the weight of the rocket. This pressure is i00 times
smaller than the one I propose.

On the basis of the last theorem (5), we see that explosion in the
mediumwith gravity maynot produce any results if the pressure of the
gases in the device is equal to its weight.

Indeed, the relative quantity of explosives (1/3) proposed by Esno
Peltri is far from the optimum (4); therefore, according to my tables
the projectile will achieve a velocity of not greater than 1-1/2 km/sec,
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and that only when the pressure of the gases is the same as in my case.

However, since his pressure is 9 times less, the efficiency is i0 times

less and the velocity will be only approximately 0.5 km/sec. To over-

come Earth's gravity we must have a velocity of ii kmsec; consequently,

the velocity must be 22 times greater and the energy consumed for this
purpose 484 times greater.

I repeat that the errors which I noted in the report of Esno Peltri

are apparently simple typographical errors, as happens frequently; how-

ever, I think that it is useful to correct them.

The successful construction of the reactive device, to my way of

thinking, is associatea with extreme difficulties and will require many

years of preliminary work as well as theoretical and practical investi-

gation. Nevertheless, these difficulties are not so great that we must

limit ourselves to dreaming about radium and about phenomena in bodies

which do not exist at the present time.

Is it possible to carry a supply of explosives which is several times

the weight of the rocket?

Let us imagine that half of an elongated spindle-shaped rocket is

filled with liquid freely evaporating explosives.

These explosives are under the influence of the increased relative

gravity, because of the acceleration of the rocket and, therefore, the

walls of the latter experience a pressure (produced by the liquid) which

is greater than that during the stationary position of the rocket on

Earth. Calculations show that if we use steel with a safety factor of 6,

and have a rocket length of i0 m and gravity which is 5 times greater

than F_rth's gravity_ the weight of the explosives may be _0 times greater
than the weight of the rocket with all its other contents. This is true

for the most common material and with the greatest factor of safety.

Theory also shows that when the size of the rocket is increased, the

relative supply of explosives decreases, and vice versa. Therefore, it

is desirable to have a rocket of small dimensions: i0 m of length will
be quite sufficient.

Another important problem concerns the temperature of the explosives.

Calculations show that for the case of free expansion (as in our

explosive tube) of the products of combination of the detonating gas,

the maximum temperature must reach 8,000°C.

However, in practice, detonating gases do not even fuse lime. Con-

sequently the temperature is far from very high. The reason lies in the
phenomenon of dissociation.
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When hydrogen and oxygen begin to combine chemically, the tempera-

ture rises so high that it prevents large numbers of molecules from pro-

ducing a chemical compound (the latter is impossible at high temperatures).

Water begins to decompose into hydrogen and oxygen even at l,O00°C.

DeVille discovered that the temperature for the decomposition of water

vapor is from 900 to 2,pO0°C. Therefore, we im_y assume that the maximum

temperature of a burning detonating gas does n<_t exceed 2,500°C.

The problem of finding r_terials which can withstand this tempera-

ture is not insurmou_table. Here are some of %he fusion temperatures of

materials known to me: nickel - 1,500 °, iron - 1,700 °, indium - 1,760 °,

palladium - 1,800 °, platinum - 2,100 °, iridium- 2,200 ° , osmium - 2,500 °,

and tungsten - 3,2<)<)°; carbon does not fus_ even at a temperature of

3,500°C. On the one hand, the explosive tube must be subjected to forced

cooling; on the other hand, the investigators must find materials which

are both strong and fire-resistant.

Investigations must also be carried out t<_ i'ir_d the most suitable

explosives. Of all known chemical reactions, the maximum amount of heat

is released by the combination of hydrogen and oxygen.

We will show here the amount of heat liberated per unit weight of

various substances during their combination with oxygen. During forma-

tion of water_ hydrogen gives off J_,i30 calories and 28,780 cal during

formation of steam; carbon gives off 8,080 cal during formation of carbon

dioxide and hydrocarbons produce from i0,000 to 13,00 cal. However,

these are not the numbers of interest to us; we are more interested in

those which apply to the unit mass of the products of combustion: only

they tell us whether the combustible materials are suitable for a rocket.

For a unit mass of water vapor we find 2,200 for carbon dioxide and

2,370 to 3,200 calories for benzene. In general, hydrocarbons during

combustion give a larger number per unit of their mass than carbon, i.e.,

greater than 2,200, but less than 3,200. The more hydrogen there is in

a hydrocarbon, the more efficient it is for a rocket. We can not use

materials which give nonvolatile products, such as calcium oxide or lime.

One of the gases in liquid forms, specifically oxygen, is very use-

fuL for cooling the explosion tube. Hydrogen in liquid form may be

replaced by a liquid or condensed hydrocarbon. We must seek those com-

pounds of hydrogen and carbon which contain as much hydrogen as possible

and which were formed from the elements with large absorption of heat,

like, e.g., acetylene which, unfortunately, contains little hydrogen.

In the last respect turpentine or methane are most satisfactory; the

latter is unsuitable, however, because it is very difficult to compress

it into a fluid.

It would be desirable to find a similar compound for oxygen.
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It is necessary to find a stable combination with itself (like

ozone), or with other bodies which would give stable and volatile products

when they combine with the elements of hydrocarbon, and release a large

quantity of heat.

If we use benzol or benzene instead of hydrogen in the rocket, then

in the case when the mass of explosives is equal to the mass of the rocket

with its other contents, we find that the velocity of the particles

leaving the tube is no longer 5,700 m/sec, but only 4,350 m/sec. The

velocity of the rocket will be only 3,100 m/sec. Therefore, in this case

we obtain the following table for the mass of explosives and the velocity
of the rocket:

Mass .......... i 3 7 15 31 63 127

Velocity, km/sec .... 3 6 9 12 15 18 21

These velocities are also sufficient for interstellar travel.

Hydrocarbons are desirable because they give very volatile products:

water vapor and carbon dioxide; in addition, a liquid hydrocarbon at

ordinary temperature does not absorb any substantial quantity of heat like

the liquid and very cold pure hydrogen.

The question concerning the weight of the explosion tube is very

important. For this purpose it is necessary to know the pressure of the

gases inside. This question is complicated and requires special mathe-

matical formulation (I shall prepare this for the press). At the present

time we shall consider it very briefly.

Let us imagine the beginning of the explosion tube, where gases in

liquid form arrive in a definite ratio (for example, hydrogen and oxygen).

Only part of the atoms engage in chemical union, because the temperature

which has risen to 2,500 ° impedes the union of other atoms. If we assume

that the density of the gas mixture is unity, we find that its elasticity

(if we take into the account the high temperature) will not be greater

than 5,000 atmospheres or approximately 5,000 kg/cm2 on the tube surface

at its very beginning.

During the motion of the gases in the tube and during their expan- /99
sion, the temperature should drop, but this will not take place for some

time because a drop in the temperature will immediately extend the

chemical reaction, which, in turn, will raise the temperature to 2,500 ° .

Thus, to some degree of gas expansion the temperature will remain constant,

since it will be sustained by the heat of combustion.

After the total combination of atoms and the formation of water

vapor there will be a rapid drop in temperature. Calculations show that

when the volume is increased by a factor of 6, the absolute temperature
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drops by half.

the expansion and corresponding absolute and ordinary temperatures

(approximately):

On this basis we construct the following table, showing

Expansion i 6 R6 216 IE96 7776

Absolute Temperature 2800 1400 700 350 175 87

Temperature, °C +2500 +ilO0 +bOO +pO -125 -2L3

We can see that when expansion by a factor of 200 has taken place,

almost all of the heat is converted into the work of the forward motion

of the gases in the rocket. With {urther expar_sion the vapor turns into

a liquid and even into crystals of ice which t_-avel with arr_azing speed

from the tube.

Such is a rough picture of the phenomena in the explosion tube.

Let us assume_ for simplicity, that it is of cylindrical form, and

let us determine its maximum thickness and the area of its base.

Let us assume that the weight of the rocket with the man and with

other parts, excluding the explosives, is i ton; we assume that the

quantity of explosives is 9 tons.

We assume that the pressure on the rocket is equal to 5 times its

weight. The relative gravity of the rocket and of all objects in it will

be 5, i.e., 5 times greater than the gravity on Earth. The person inside

the rocket must be in a reclined position and submerged in a case with

water. In this case we may guarantee the entire safety of his body.

The pressure of the gases on the rocket or on the base of the tube

will then be 50 tons or 50,000 kg. Since the gases at the beginning of"

the tube produce a pressure of 5,000 kg per cm 2, the area of the tube's

base will be LO <_m2. The thickness of the wail of the tube, if we

utilize the best steel and the ordinary factor of safety (6), will be

equal to 4.5 cm with an internal diameter of _._6 ca. Then the external

diameter will be less than 13 cm and the internal diameter less than

4 ell.

The weight of I dm of such a tube will be :_!_proximately i0 kg and

the weisht of i m will be i00 kg. We must net f%.rget that the weight

of the tube will de "ease rapidly as we move away from its origin,

since the gases will expand r'apidly and their [_ressure wLll decrease

proportionately, to say nothing of the temperature drop which does not

start immediately, but, at a certain distance from the beginning of the

tube.

/' l 0,0
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Nevertheless, it is clear that the tube consumes a large part of the

rocket's weight. Therefore, investigations must be directed toward find-

ing materials which are much stronger than the ordinary steel. The latter

may not necessarily satisfy our purpose, except perhaps by being easily
fused.

It is difficult to determine the total weight without applying higher

mathematics. We shall leave this problem until we present a more com-
prehensive treatise.

The explosive materials must be forced into the tube by some means;

a tremendous amount of work will be required for this purpose, which is

one of the principal difficulties. However, we should not close our eyes

to this. If the rocket weighs i ton and the explosives weigh 9 tons and

the acceleration of the rocket is 50 m/sec 2, the pressure on the rocket

during its inclined ascent (more advantageous) will be approximately

50 tons. The initial elasticity of gases and the base of the tube will

be 50 tons. We have assumed that the pressure of gases per square

centimeter is 5 tons. From this data we find that in corder to obtain a

velocity of i0 km/sec, an explosion must last for approximately 200 sec]

we must supply approximately 45 kg of explosives to the tube each second.

The velocity of their flow, assuming that their average density is

unity, will be about hg'm/sec. The work performed in forcing the explo-

sives under very high pressure into the orifice will be equivalent to

2,250 ton-meters during a period of i sec, which is equal to 30,000
steam horsesJ]

We have obtained a resuit unthinkable for engines at the present

state of technology. Therefore, we must reject the idea of using the

conventional pmnping methods. The simplest thing to do is to insert a

specific charge into the tube and to let it explode and evaporate. Then,

when the pressure is absent in the tube, a second charge should be in-

troduced, etc. This must be performed by a machine and with unusual

rapidity. We see difficulties here, too.

We know that the useful work performed by the explosives in our

missile will be, on the average, not less than 400,000 horsepower, which

is 13 times greater than the work done in forcing the explosive material

into the tube. Would it not be possible to force this material by using

the energy of the explosion, like Giffard forces water into the boiler

by using the steam pressure inside the boiler?

At its mouth the tube must have a branch pipe through which the

gases are redirected back to the mouth, and with their high velocity

pull and push the explosives in a continuous stream into the very mouth
of the explosion tube.
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There is no doubt that this could be realized, if we could find

structural materials with the necessary strength and heat resistance.

If we consider the huge pressure force produced by the gases on the

rocket, 5 tons and more per ton of rocket, the question of controlling

the rocket will not appear simple. If we bend the exit end of the ex-

plosion tube and thus change the direction of the exhaust gases, we will

produce a lateral force and change the position of the rocket. However,

the total pressure on the rocket is so great that before you have

finished turning the exhaust, the rocket will receive a very strong

deviation or may evem tumble. Rockets and projectiles designed for

military purposes are usually made to rotate around their longitudinal

axes to achieve stability of direction. We cannot do this with our

rocket, because rotation will produce a centrifugal force which will

harm the living being. However, we may achieve stability if we place

two rapidly rotating bodies inside, with mutually perpendicular axes of

rotation. This will increase the weight of the rocket, which is not

very attractive.

Even among the educated people the concepts of phenomena in the

rocket during its ascent are very hazy. Science fiction writers either

do not describe these phenomena or else describe them incorrectly.

/i01

The apparent gravity in the rocket depends on acceleration obtained

from the pressure of gases. Thus, if the acceleration of the rocket is

50 m/sec 2, then the relative gravity inside the rocket will be 5 times

greater than earth's gravity, since the acceleration due to the latter

is i0 m/sec 2. Therefore_ during explosion there will be increased gravity

in the rocket for a period of 3-4 minutes; after explosion has ceased,

gravity will appear to vanish because there will be no acceleration.

Increased gravity may be endured by placing yourself into a strong box of

human form containing a very small amount of water. Preliminary experi-

ments must be made by a centrifugal machine which also produces artifi-

cial gravity.

Similar experiments will have to be conducted to work out conditions

necessary for respiration and nutrition of man when the rocket is in the

air.

What we have presented above is sufficient to provide a concept of

a reactive projectile for cosmic travel.

The rear, stern part of the rocket consists of two chambers separated

by a partition.
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The first chambercontains liquid; freely evaporating oxygen. It has
a very low temperature and surrounds part of the explosion tube and other
componentssubjected to high temperature.

The other compartment contains hydrocarbons in liquid form. Two
branch tubes moveaway from the mouth of the tube and contain rapidly
moving gases which attract and force the liquid explosives into the mouth
in a manner similar to that of the jet steam pump.

The freely evaporating, liquid oxygen in gaseous form and in a cold
state flows through the intermediate space between the two shells of the
rocket and prevents the internal part of the rocket from overheating during II02
its rapid movementin the air.

The compartment in the bow which is isolated, i.e., enclosed from all
sides, contains the following:

i. Gasesand vapors necessary for respiration.

2. Devices for' preserving the life of beings from a 5-fold or lO-
fold increase in the force of gravity.

3- Food supplies.

4. Devices for control in spite of the reclined position in water.

5. Substances which absorb carbon dioxide_ miasmas, and all det-
rimental products of respiration in general.

Let us makesomemore rough calculations to co_are the artillery
devices with the rocket tube.

Although I have read that experiments with the cannon shells have
yielded velocities up to 1200 m/sec, in practice I am satisfied with a
velocity of 500 m/sec. In this case, if we do not take into account the
resistance of the air, the shell move_vertically to an altitude of 12_i/2
km. If it is launched at an angle of h5°, it passes the maximumdistance
it± the horizontal direction, specifically 25 km. In the first case the
shel_ flies for about i00 seconds; in the second case it flies for 70
seconds.

On the other hand, when the velocity is 1,O00 m/sec the maximum
altitude is 50 km2while the maximumhorizontal displacement is i00 km.
The time of flight will be twice as great.

With a Lh" gun i0 m Long and with a shell weighing i ton, we find
that the average kressure in the barrel is approximately 1,250 kg/cm 2 or

1,250 atmospheres. When the velocity of the shell is double, the average
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pressure reaches a value of 5,000 atm. The maximumvalue of the pressure
is, of course, muchhigher. Consequently, the pressure in a cannon is
close to the pressure which we have assumedfor the rocket (5,000 atm).

If we assumethat the massof explosives in our cannon is i ton and
that the shell movesin a channel in 1/25 sec (the terminal velocity is
500 m/sec), we find that on the average 25 tons of explosive is consumed
every second.

In our rocket we consumeonly 45 kg, i.e., 555 times less. It is
clear that the bulk of the rocket explosion tube is also not very large.

In the explosion tube of the rocket we eject only molecules of gas,
rather than a hea_y shell. It is natural that this velocity is much
greater than the velocity of the shell and reaches the value of 5 km/
sec. The velocity achieved by the rocket is of the sameorder of magni-
tude. The hot gases transmit their work to a cannon shell in a very
incomplete way, and only while the latter is in the barrel. Having left
the barrel the gases still have tremendouselasticity and high tempera-
ture, as exhibited by the sound and light flash accompanyingan explosion.
The explosion tube of the rocket which diverges gradually is so long that
the temperature and elasticity of the gases at the exit are entirely
negligible. In the rocket chemical energy is therefore utilized almost
without a loss.

This article was first published in 1914.
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INVESTIGATION OF UNIVERSAL SPACE BY REACTIVE DEVICES

(1926)

Preface

I owe my interest in space travel to the well-known science fiction

writer Jules Verne. He has caused my mind to work in this direction.

A desire was born. This desire in turn was followed by activities of

the mind. Of course_ this would not have led to anything had I not found
assistance in science.

Even as a young man I found the path to cosmic flights in the form

of centrifugal force and rapid motion (see my article "Earth and Sky,"

1895). The first compensates for gravity and reduces it to zero. The

second lifts bodies into the sky and carries them far away, depending

on their velocity. Calculation showed me those velocities which had to

be achieved in order to escape from Earth's gravity and reach the planets.

But how could these velocities be obtained? This is the question that

tormented me all my life, and it was only in 1896 that I became confident
it could be solved.

For a long time_ like everyone else, I considered the rocket as a

form of amusement with but few applications. It never interested me even

as a toy. However, ever since the distant past, many people have looked

upon the rocket as one of the methods in aeronautics. If we search history,

we shall find many inventors in this field. Such were the inventors

Kibal'chich and Fedorov. Sometimes ancient drawings themselves show that
there was a desire to use the rocket for aeronautics.

In 1896 1 purchased by mail a copy of the book by A. P. Fedorov

entitled "A New Principle of Aeronautics" (St. Petersburg, 1896). The

book appeared quite vague to me (since it contained no calculations of

any kind). In a case like this I make my own calculations beginning with

the A, B, C's. This was the beginning of my theoretical investigations

on the possibility on applying reactive devices to cosmic travel. Before

me, no one had mentioned the book by Fedorov. I got nothing out of it,

but_ nevertheless, it directed me toward serious work just like the fall

of the apple directed Newton to the discovery of gravity.

It is quite possible that there is still a very large number of

serious works on rockets unknown to me and which perhaps were published
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a long time ago. In the sameyear, after m_pycalculations, I wrote a
story entitled "Beyondthe Earth" which was later published in the
journal "Priroda i lyudi," and was even published as a separate book
(1920).

An old piece of paper with the final equations, accidentally pre-
served, is dated August 25, 1898. However, it is obvious from the pre-
ceding that I was concerned with the theory of the rocket before this
time, specifically since 1896.

I never claimed to have solved this problem completely. Initially
there is an inevitable trend of thought, phantasy and fiction. These
are followed by scientific calculations. And only at the very end does
realization crown the thoughts. My works on cosmic travels pertain to
the middle phase of creativity. More than anyone else, I comprehendthe
abyss which separates the idea from its realization, because in the
course of my life I not only thought and madecalculations, but I also
worked with my hands.

However, an idea must exist: realization must be preceded by
thought, accurate calculations must be preceded by phantasy.

This is what I wrote to M. Filippov, the editor of "Nauchnoye
obozreniye," before I sent him my notebook (published in 1903): "I
have developed someaspects of the problem of going up into space by
meansof a reactive device similar to a rocket. Mathematical conclusions
are based on scientific data and have been checked manytimes and point
to the possibility of using such devices to go up into the sky and
possibly to go beyond the limits of Earth's atmosphere. Apparently
hundreds of years will pass before the ideas expressed by mewill find
application, and people will use them to settle not only over the face
of Earth but over the face of the entire universe.

"Almost the entire energy of the sun at the present time is useless
for mankindbecauseEarth obtains two billion (more precisely 2.23) times
less energy than what is released by the sun.

'_hat is so strange about utilizing this energy_ What is so strange
about the idea of controlling the infinite space which surround Earth's
sphere.... "

Everyone knowshow limitless and great the universe is. Everyone
also knows that the entire solar system with its hundreds of planets is
a point in the Milky Way. And the Milky Wayitself is nothing but a
point in the ether island. The latter is a point in the universe.

Let us assumethat people have penetrated the solar system, and
have it under their control like the housewife has her home: will the

/104
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mysteries of the universe be revealed at that time? Not at all_ This

will be like examining some tiny stone or shell which does not reveal the

secrets of the ocean. Even if mankind were to achieve control over other

suns or even over the entire Milky Way with its billions of suns and

hundreds of billions of planets, even then the answer will be the same.

These billions also constitute a point which will not reveal all the

secrets of the heavens.

It was not so long ago that efforts to fly in the air were punish-

able by execution, and discussions on the rotation of Earth were punished

by burning at the stake. Is it possible that even today mankind must

make errors of this typeJ

It is rather difficult to obtain copies of my earlier works.

Therefore, in this edition of mine I combine my previous works with my

more recent achievements.

/i05

A Space Ship Must be Similar to the Rocket

The principal action of every vehicle and ship is the same: they

repel some mass in one direction and move in the opposite direction.

The steamer repels the water, the airship and the aeroplane repel the

air, man and the horse repel the Earth's sphere; a reactive device, for

example, a rocket, and Segner's wheel repel not only the air, but the

substance which is contained within them: gun powder, water. If the

rocket were situated in vacuum or in ether, it could still achieve motion,

since it would carry its own supply of repelling material: gunpowder

or other explosives, containing both mass and energy.

It is obvious that the device for propulsion in space must be

similar to the rocket, i.e., it must contain not only energy but its

own structural mass.

In order to travel outside the atmosphere and in any other mate-

rial medium at an altitude of 300 km or further among the planets and

stars, we require a special device which we shall call a rocket for the

sake of brevity.

We know that the ether which exists between the stars is the same

material medium as water, but it is rarefied to a point that it cannot

serve as a support for anything. It is not considered to be immaterial

only conditionally. Even heavenly stones (bolides, aerolites and fall-

ing stars), which weigh several g, may move with a tremendous velocity

(up to 50 km/sec and more) without encountering any noticeable resistance.

In other words, as far as resistance to bodies is concerned, ether may

be considered a vacuum. Similarly, its fluxes in the form of radiant

or electrical energy exhibit only very small pressure on the body. For

the time being we may neglect this pressure.
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Explosion maybe used not only to rise from the surface of the
planet, but also to descend to it] it can be used not only to gain
velocity, but also to lose it. A projectile is capable of escaping from
Narth, moving amongthe planets, amongthe stars, to visit planets, their
satellite rings and other heavenly bodies, and to return to Earth. It
is only necessary to have a sufficient amount of explosives containing
energy. As a matter of fact, we shall see that there are possibilities
for descending to a planet with atmospherewithout expending any
explosives.

Basic Data Which Are Required to Study the Problem /lo6

The Work of Cravity during Escape from the Planet

By simple integration we obtain the following expression for the

work T necessary to remove a particle of unit mass from the surface of

a planet of radius r. at altitude h
i

T= ,,)gl r_+_ "

Here g is the acceleration due to gravity on the surface of the

given planet, and gl is the acceleration due to gravity on the surface
of Earth.

Let us assume in the above equation that h is equal to infinity.

Then we find the work required to remove the mass from the surface of

the planet to infinity and obtain

If we note that g/gl is the gravity at the surface of the planet

with respect to the gravity on Earth, we find that the work required to

remove the unit mass from the surface of the planet to infinity is equal

to the work required to move this same mass from the surface to an alti-

tude of i r of the planet, if we assume that the force of gravity does

not decrease as we move away from the surface. Thus, although the space

to which the force of gravity of any planet extends is infinite, this
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force constitutes a wall or sphere of insignificant resistance, covering

the planet at the distance of its radius. If ,you overcome this wall and

break through this illusive equi-planetary shell, gravity is conquered

over its entire infinite extent.

From the last equation we see that the limiting work TI is propor-
tional to the force of gravity (g/gl) at the surface of the planet, a_d

to the magnitude of its radius.

For planets of the same density, for example, those having the same

density as Earth (_.5), the force of gravity at the surface is propor-

tional to the radius of the planet and is given by the ratio of radius

rI of the planet to the radius r2 of Earth.

Consequently,

g rz r1
_'-_-_ and Ta_-_rl_--"
gt rz r| rI

This means that the limiting work TI decreases very rapidly as the

radius rI of the planet decreases exactly as its surface decreases.

Thus, if the work for Earth's sphere (rI r ) is equal to r or
2 2

6,366,000 kgm, then for a planet with a dialneter i0 times smaller, it is

equal to 63,600 kgm.

However_ from some point of view it is not very great for Farth.

Indeed, if we assume that the heat content of petroleum is i0,000 cal,

then it is sufficiently accurate to assume that the energy of combustion

will be equivalent to mechanical work of 4,240,000 kgm per i kg of fuel.

It turns out that the escape of a unit mass from the surface of our

planet will require a quantity of work stored as potential energy in

1-1/2 mass units of petroleum.

If we apply this to a man weighing 70 kg, we obtain a quantity of

petroleum equal to 105 kg.

We only lack the ability to make use of this tremendous chemical

energy.

However, it becomes clearer why an 8-fold quantitj of explosive

material compared with the weight of the projectile may help the latter

in overcoming the force of Earth's gravity.

/io7
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According to Langley, i m2 of surface illuminated by the normal rays

of the sun yields 30 cal per minute, or 12,720 kgm.

To obtain all of the work necessary for i kg to overcome Earth's

gravity, we must use an area of I m2 illuminated by the sun's rays for a

period of 501 minutes, or approximately 8 hours.

This is all quite small, but in comparing the human force with the

force of gravity, the latter will appear very huge to us.

Let us assume that a man climbs a perfectly constructed ladder to

a height of 20 cm every second. Then he will perform the limiting work

only after 500 days of hard labor, if we give him a 6 hour rest period

every day. If we utilize i horsepower to achieve the climb, the work

will be reduced by 5 times. If we use i0 horsepower, then only i0 days

will be required, and if the work is done continuously, it will only take

i week.

If we use the energy consumed by a flying aeroplane (70 hp), only

i day will be required.

For the majority of the asteroids and for the moons of Mars, this

work required to overcome gravity completely is amazingly small. The

moons of Mars are not greater in diameter than i0 km. If we assume that

they have Earth's density of 5.5, then the work TI will not be more than

4 kgm, i.e., equal to that necessary to climb a birch tree 4 in in height.

If our moon or if Mars were to contain intelligent beings, it would be

much easier for these beings to overcome gravity than it would be for

the inhabitants of Earth.

Therefore, TI is 22 times smaller for the moon than for Earth.

On large planetoids and satellites of planets it would be extremely easy

to overcome gravity by the reactive devices I have described. For ex-

ample, on Vesta TI is 1,000 times smaller than on Earth because the

cross section of Vesta is equal to 400 km. A cross section of Metissa is

approximately 107 km, and TI is 15,000 times smaller.

However, these are the huge asteroids; most of the others are 5-10

times smaller. For them TI is millions of times smaller than for Earth.

From the preceding equations we find the following expression valid

for any planet

/108
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h

T h
m --m _ ---- __

TI h+rl I+_
r|

We have expressed the work T necessary to achieve the altitude h

from the surface of the planet of radius rI with respect to the total

maximum work T . From this expression we compute
i

h/r I = i/i0, 1/5, 1/4, 1/3 , 1/2, i, 2, 3, 9, 99, infinity.

T/T I = i/li, 1/6, 1/5, i/4, i/3 , i/2, 2/3, 3/4, 9/i0, 99/100, i.

The first line shows the altitude in terms of planet radii; the

second gives the corresponding work, if we assume that the work for com-

plete escape from gravity is unity. For example, to move from the surface

of the planet by a distance equal to its radius, we must perform half of

the total work, and if we are to move to infinity, we must only perform
twice as much.

The Necessary Velocities

It is interesting to know the velocities that must be achieved by the

rocket (by the action of explosives) to overcome gravity.

We shall not present the calculations used to determine these veloci-

ties and shall limit ourselves only to the conclusions.

Thus, the velocity VI necessary to lift the rocket to an altitude h

and give it a velocity of V, is equal to

If we let V : O, i.e., if the body moves upwards until it is brought

to a stop by the force of gravity, we find
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When h is infinitely large, i.e., if we rise without limit and the

terminal velocity is zero, then the velocity at the surface of the planet

required for this purpose will be given by

v,: v ffgr,.

Using this equation we find that for the Earth V I equals 11,170

m/sec, which is 5 times greater than the velocity of the fastest cannon

shell when it leaves the gun barrel.

For our moon V I = 2,373 m/sec, i.e., it is close to the velocity of

the shell and to the velocity of hydrogen xlo_ecules. For the planetoid

Agata, which is 65 km in diameter, if we assume that its density is not

greater than the density of the Earth (5.5), V 1 is less than 5.7 m/sec;

we also find that for the satellites of Mars the velocity V I is almost

the same. On these bodies of the solar system it is sufficient to start

running in order to become eternally free of their gravity and to become

an independent planet.

For planets with the same density as Earth, we have

/i09

where gl and r 2 refer to the Earth's sphere. From the equation we can

see that the limiting exit velocity VI in this case is proportional to

the radius r of t_e given planet.
I

Thus, for the small] planetoid Vesta whose diameter is kO0 km we find

that V I = 324 m/sec.

This means that even a rifle bullet wilk keave Vesta permanentlj and

become an aerolite rotating around the sun.

The latter equation is convenient for getti:ig a quick idea of the

exit velocities on _lanets of various dimensicn:_ but of equal densit,/.

Thus Metissa, one of the large asteroids, has a diameter approximately

4 times smaller than that of Vesta, and, consequentlj, the velocity will

also be smaller b 9 the same factor, i.e., ap_roxi_r_teiy 30 m/'sec.
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Permanent orbiting around the planet requires half as much work and

velocities, which are less by a factor_ = 1.41..., than those required

for escape to infinity.

Flight Duration

We shall not present the rather complicated equations used to com-

pute the flight time of the projectile. This problem is not new and has

been solved, and we would only repeat what is already known.

We shall make use of only one conclusion, a very simple and useful

one to solve the simplest problems pertaining to the flight time of the
rocket.

The time t required for a body initially at rest to fall to the

planet (or to the sun) which is concentrated at one point (the point

having the same mass) is given by

r_ V'_g IV r_----1 +arcsin/-_}.

Here r 2 is the distance from which the body begins to fall;

r is the magnitude of this fall] rI is the radius of the planet, and g

is acceleratiom due to gravity during this time on its surface.

The same equation, of course, gives ascent time from (r2 r) to

r2, when the body loses all its velocity.

If we assume that r = r2, i.e., if we determine the time of fall to

the center of the concentrated planet, we obtain from the last equation

/ii0

t= 2 r_ V'_g

Under ordinary conditions this equatio_ also expresses the approxi-

mate time of fall to the surface of the planet or the time it takes the

rocket to ascend from the surface of the planet until it comes to a stop.
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On the other hand the period of total circular rotation of somebody,
for example, that of a projectile around the planet (or around the sun),
is equal to

f
tl_2 _ r_ ]/ ,

rlVg

where rI is the radius of the planet with acceleration g at the surface,

and r is the distance of the body from its center.
2

If we compare both equations we find

t_ : t_-4 _2_--5.657.

Consequently, the ratio of the period of rotation of some satellite

to the period of its central fall onto a planet concentrated at one point

is equal to 5.66.

In order to obtain the time of fall of some heavenly body (for ex-

ample, our rocket) to the center (or approximately to the surface) around

which it revolves, we must divide the sidereal period of its rotation

by 5.66. Thus we establish that the moon will fall to Earth in 4.8 days,

while Earth will fall into the sun in 64-1/4 days.

Conversely, the rocket launched from Earth and coming to a stop at

the distance of the moon will fly 4.8 days or about 5 days.

Similarly, a rocket launched from the sun, and coming to a stop due

to the sun's gravity at the distance of the Earth, would have spent 64

days on its flight or over 2 months.

The Work of Solar Gravity

Let us determine the work of solar gravity performed when the rocket

is dispatched from the Earth's sphere. It would, of course, be most

advantageous for the projectile to have a velocity in the direction of
the annual motion of Earth around the sun. We may also make use of the

rotation of our planet around its axis.

The work of the rocket is composed of two parts. The first is re-

quired to overcome Earth's gravity, the second to overcome atmospheric

resistance. For a unit mass, for example, of i ton, the first work is
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given by 6,366,000 ton-meters or a velocity of 11,170 m/sec. If the
rocket is launched in the direction of the annual motion of Earth, then
it will escape from Earth and becomea satellite of the sun like Earth.
It will also have a velocity (average) of 29.5 km/sec. In order for the
rocket to escape completely from the sun, the work of its annual motion

must be increased by a factor of 2 or its velocity by_, i.e., it must

have a velocity increment equal to 29.5 (_ - i) = 12.21 km/sec. The

total work is expressed by the relative number (11.17) 2 + (12.21) 2,

while the velocity required to perform all the work will be

_ii.172 + 12.212 = 16.55 km/sec. Since the rocket does not have a
second support, it must acquire this velocity immediately after it leaves
Earth. If it makesuse of the rotation of points on the equator of Earth,
then this velocity will be further decreased by 465 m/see and will be
16,085 m/see, i.e., about 16 km/sec. This velocity is more than is
necessary to reach any planet of the solar system. If we achieve this
velocity, we can float between the stars, (suns), without ever stopping.
However, it will not be possible to escape from our Milky Way. If we
were to initiate our flight against the annual motion of Earth, then a
huge velocity would be required and a tremendous amount of work would
have to be done to overcomeour solar gravity. Indeed, in the first
case we moveaway from Earth but do not lose our annual velocity of
29.5 km/sec. If we leave Earth in the opposite direction and wish to move
away from the sun, we must acquire this velocity and also acquire the
velocity of 41.7 km/sec opposite to that of the annual motion, i.e., a
total of 71.2 km/sec. The entire velocity necessary for our purpose

will be_71.22 + 11.22 : 72.1. This velocity is 4-1/2 times greater
and the work is 20 times greater, and the quantity of explosives becomes
unbelievably high. It would be less disadvantageous to launch the
projectile in the direction normal to Earth's annual path.

/iii

The Resistance of the Atmosphere to the Motion

of the Projectile

At this time we shall show that the work done to overcome the re-

sistance of the atmosphere is insignificant compared to the work done

to overcome gravity. Later we shall consider these problems in more

detail. Let us assume that the projectile has a vertical motion. If

its acceleration is 30 m/sec, it will penetrate a distance of 53 km, i.e.,

almost the entire atmosphere, in a period of 33 sec. Under these con-

ditions its maximum velocity will be i km/sec. However, this velocity

exists at an altitude where there is almost no atmosphere. We may assume



122

that the average velocity is not greater than 0.5 km. With this velocity
the pressure on 4 m2 of the rocketfs cross section will not exceed i00
tons, according to the well-known equations. But since the rocket is very
long and has a suitable shape and movesvery rapidly, this pressure on
the cross section will be decreased at least by a factor of i00. There-
fore_ it will be not more than i ton. Our large rocket weighs not less
than i0 tons, and the pressure on it will not be less than 40 tons.
Therefore, this pressure will be LOtimes greater than that which ex-
presses the average resistance of the atmosphere. The total work per-
formed by the projectile or the work of gravity will, of course, be
1,000 times greater than the work performed to resist the atmosphere.
From this we also see that air should have no substantial effect on the
velocity of the rocket.

Available Energy

Wepresent the table which showsthe quantity of energy released
whenI kg of various substances is burned.

Wehave seen that the work performed by Earth's gravity on i kg mass

is 6.37"106 kgmor a velocity of ii km/sec. We shall comparethis work
with the energy at the disposal of man. The upper part of the table
refers to the case whenwe are flying in a vacuumand carry the oxygen
supply with us. In this case the energy of explosives is at least 4
times smaller than that required to achieve escape velocity, if we assume
that the energy is completely utilized. The corresponding velocity would
be twice as small. The lower part of the table refers to flight in the
atmosphere, whenwe can acquire oxygen from surrounding mediumwithout
storing it in the rocket. In this case the available energy will be 2
times greater than necessary, and the velocity will also be more

substantial. I

In general, it turns out that the energy supplied by the explosives
is quite insufficient for these substances to acquire the escape velocity

from Earth's gravitation even by themselves. 2

/113

iThe last column in Table i gives the ratio of the work obtained from i

kg of a given explosive to the work obtained from i kg of CO + 02 when

it is burned to produce CO 2.

2This pertains to the case when the entire mass of the explosives must

escape from Earth's gravitation. Remark by Tsander.
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Combustion: oxygen
self-contained

H2 and 02 with water

vapor forming

The same, with water

forming

The same, with ice

forming

C and 02, with CO 2

forming

Benzene H6C 6 and 02,

forming H20 and CO 2

Table i

Large Work Velocity Ratio of

cal kgm m/sec the works

3,200 i. 37.106 5,180 1.455

3,736 1.6"106 5,600 1.702

3,816 1.63"106 5,650 1.730

2,200 0.94.106 4,290 1.000

2,370 1.01"106 4,450 1.078

Combustion: oxygen

supplied externally

H2 burns_ and H20 is

formed

C burns, and CO is
2

formed

A hydrocarbon burns

and CO 2 and H20 are

formed

Radium

Large Work Velocity Ratio of

cal kgm m/sec the works

28,780 12.3"106 15,520 13.08

8,080 3.46.106 8,240 3.673

i0,O00 4.28"106 9,160 4.545

13,000 5.56"106 10,440 5.909

1.43.109 0.611.1012 3.44.106 0.65.106

It is simple to show that, in spite of this, the projectile may

achieve any desired velocity as long as we can provide a large enough

supply of explosives. When the ratio of the fuel supply to the weight

of the empty projectile is equal to unity, it is obvious that the velocity
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will be close to 5 km/sec,I since the repelled massesare the same
(see Table i). Whenthe relative supply is equal to three units, the
velocity of the rocket will becomei0 km/sec. Indeed, if we discard
2 units of explosives, we obtain a rocket velocity (with the remaining
fuel) of 5 km/sec. Exploding the remaining fuel will impart another
5 km/sec to the velocity of the projectile. The total velocity will
be i0 km/sec. It is therefore easy to showthat whenthe relative fuel
supplies are 7, 15, and 31, the velocities achieved by the ship will be
15, 20, and 25 km/sec, respectively. At the sametime, to escape solar
gravitation a velocity of 16-17 km/sec is sufficient.

The breakdownof atoms is a source of great energy, as we can see
from the last line of Table i. This energy is 400,000 times greater
than the most powerful chemical energy. Its disadvantage is that it is
extremely expensive, inaccessible and takes place very slowly, even though
for thousands of year_. Even if we were to procure i kg of radium (a
quantity not yet produced in the whole world), the total energy released
by it would be only 15 kgm/sec. Therefore, an engine of this type, of
the sameweight as an aeroplane engine, will be at least 7 times less
powerful than the other. Furthermore, we do not yet possess the radium
motor, and the price of radium per kg is no less than one billion rubles.
However, we must not be convinced that in the future cheap sources of
quickly released energy will not be available.

General Problems of Obtaining Cosmic Speeds

Wecan obtain this velocity on the planet. Having achieved it, we
move into ether space and float amongthe planets or even amongthe stars.
However, if we do not have a reactive device, then our motion there will
be similar to the motion of a bolite_ i.e._ we shall be unable to control
it. Consequently, we cannot do without a reactive device.

There would be a tremendous advantage in achieving the velocity on
Earth, because if we movealong its surface we could have a continuous
inflow of energy without using up our supply.

I list below the unrealized methods of obtaining cosmic velocities.

i. It is impossible to launch a projectile from a rotating wheel
or from a gigantic merry-go-round, because the velocity at the circum-
ference of the wheel, regardless of its size, cannot be more than 500-
1,000 m/sec, and this velocity is not cosmic. Evenat this velocity,
the wheel would break downunder the action of centrifugal force. In

lln this case it is assumedthat the explosive remains in place, while
the empty projectile flies with a given velocity. - Remarkby Tsander.
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addition, not a single organism will be able to survive this centrifugal

force, even if the diameter of the wheel is i km.

2. A short cannon is also impossible because the relative gravity

produced in the projectile will destroy living organisms. Even a cannon

6 km long is too small. It does not matter whether the projectile is

placed in motion by an explosive or an electromagnetic force.

3- A vertical cannon is impossible because high constructions of

this type cannot be implemented.

4. A horizontal cannon is also impractical, regardless of length,

since the projectile leaving the cannon will quickly lose almost all its

velocity in the dense air of the atmosphere (Table 2). From the 8th line

of Table 2 we see that the rocket, weighing i0 tons and a cross section

area of 4 m 2, during horizontal velocity of 8 km/sec loses 20 percent of

its kinetic energy. This occurs when it travels 50 km. However, with

this velocity it will follow a curvilinear path and will not leave the

atmosphere. Therefore, it will quickly lose all its velocity or fall to

Earth sooner. At a velocity of 16 km/sec, it will lose 80 percent of

its energy. If the rocket has a smaller mass, i.e., without a supply

of explosives, for example, of mass of i ton, then with a velocity of

4 km/sec it will lose half of its energy. The massiveness of the

projectile makes the flight much easier. From the 10th line of Table 2

we see that a cannon placed on the top of the highest mountains is

acceptable, because the shell loses only 13.6 percent of its energy at

a velocity of 12 km/sec.

5. It is impossible to achieve cosmic velocities on small cir-

cular paths, since the centrifugal force will kill the organism,

although it may not destroy the runway which is firmly secured to the
ground.

6. It is also impractical to achieve cosmic velocities along great

paths situated horizontally along the equator, because the resistance

of the air, as in the previous case, will absorb all the energy of motion.

Wheels (to decrease friction) are unsuitable for a moving cosmic vehicle.

ZII5

There is some possibility in the use of a gas or, particularly, an

electromagnetic gun whose length is not less than 60 km, inclined on a

mountain, so that the exit is at an altitude of 8 km where the air is

already quite rarefied.

Much has already been written about the fact that the cannons cannot

be very short. We shall repeat a few of these thoughts. Let us assume

that the man placed into water is able to withstand a relative gravity

of i00. Then the acceleration of the projectile in the cannon cannot

be more than i000 m/sec 2 (i0 x i00). If we are to escape Earth's gravity, /116



126

Table 2. Weight of the Rocket is I0 Tons. Area of the Rocket's

Cross Section is 4 m2. Efficiency of the Shape is i00 Percent.

Specific Weight of the Air is 0.0013 Times the Specific

Weight of Water. Air Resistance and the Work Performed during

the Constant Velocity of the Projectile

i. Velocity in km/
sec 4 6 8 i0 12 16 17

2. Air pressure I on

the plane 4 m2 in

tons

P = 0.0001 c2 4

6,400 14,400 25,600 40,000 576,000 102,400 115,600

3. Pressure on the
rocket with effi-

ciency of i00

percent, in tons 64 144 256 400 576 1,024 1,1561

4. Work performed by
the rocket when

displaced by dis-

tance of i0 km,

in thousands of

tons 640 1,440 2,560 4,000 5,760 10,240 11,560

5- If the rocket weighs i0 tons and is to escape the Earth's gravity, we

must perform work not less than 6,370,000"10"2 = 127,400,000 ton-

meters. We multiply this by 2, since the efficiency is not greater

than 50 percent of the energy of the explosives

6. Work performed to

overcome friction

compared with

work perfor_ed by

the explosives in

percent; path

equal to i0 km o.5o 1.13 2.02 3.15 4.54 8.06 9.10

llt is necessary to point out that in the new edition of the book called

"Pressure on the Plane," published in 1930 , K. E. Tsiolkovskiy derives

equations which show that the air pressure on the body is substantially

greater and increases, proportionately, to the seventh power of the

velocity (see paragraph 67 in the referenced book). Although this law

represents only the first approximation, nevertheless the resistances

computed in the present book require corrections which would tend to

increase them at velocities greater than the velocity of sound.

Remark by Tsander.
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7. The samewith re-
spect to work
associated with
the motion of the
projectile, per-
cent

8. The same, but with
a travelled path
of 50 km, percent

9. The same, if the
empty rocket
weighs i ton,
percent

i0. Cannonat an alti-
tude of $ km
weighing 10 tons,
travelled path 50
km, work, percent

Table 2 - Continued

1.00 2.26 4.04 6.30 9.08 16.12 18.20

).00 ii.30 20.2 31.5 45.4 80.6 91.0

50 ii 3 202 315 454 806 910

1.5 3.4 6.0 9.4 13.6 24.2 27.3

we w_uld require a velocity of 12 km/sec in the barrel. This may take

place in a period of 12 sec. The average velocity of the projectile will

be 6,000 m/sec. In 12 sec it will travel a distance of 72 km. This is

the minimum length of the cannon. However, in all probability it must

be lO times greater, since a human being placed in a liquid will prob-

ably not be able to withstand a relative acceleration greater than i0.

Short steel cannons are only suitable for firing solid steel shells.

Such cannons must also be at least one hundred times longer than con-

ventional artillery pieces, otherwise the shells which do not contain

people will also be shattered.

e

• - 0

Figure i
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At first glance it would appear that a gas with particles whose

velocity at ordinary temperature does not exceed 2 km/sec cannot produce

cosmic velocity. But this is an error which we shall now clarify.

Let us consider a large reservoir A with hydrogen or another gas and

with an attached barrel B (Figure i). The shell is subjected to pressure,

which is more constant if the reservoir A is greater compared with the

volume of the cylinder B. This means that in the limiting case the work

obtained by the shell is proportional to the square root of this length.

Consequently_ it is infinitely high. This strange paradoxical conclusion

is explained by the fact that the work is performed at the expense of the

entire gaseous mass A; and, since it can be very high_ the work trans-

mitted to the projectile may also be very large. High velocity is only

reached by an insignificant mass of the gas in the barrel and by the

projectile itself. The remaining mass in the reservoir A has small

velocity, but is cooled. Release of this tremendous heat provides the

work necessary to move the projectile and the gas in the barrel. It is

clear that to obtain maximum work and maximum velocity, the gas should

be heated by steam jets or by numerous other methods. It is also con-
venient to use an electric current for producing heat (by passing the

current through conductors inside A).

In the subsequent calculations we shall assume that the pressure on

the projectile is constant, i.e., the reservoir A is very large, is filled

with hydrogen, and is heated. The action of gravity on hydrogen is 14-1/2

times less than it is on air (compared with the condensation below), and

we shall therefore assume, even though the altitude of the cannon's mouth

is very high, that the density of the gas in the entire system is constant.

We obtain equations

/ii e

From these equations we find

p = pa.n.F. (1)

J:ge = P:G. " _2)

v = 2j.L. (3)
t =_. (4)

K = J:ge" (5)

j = ge.K. (6)
P (G-j):g e. (7)

n = P:(F.Pa). (8)

L V2:(2j). (9)
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Here

K is the relative gravity in the projectile;
j is the acceleration of the projectile per second;
P is the pressure on the projectile;
n is the pressure in atmospheres;
L is the length of the cannon, in km;
t is the time spent in the barrel;
F is the cross section area of the cannon's channel;
V is the maximumvelocity in seconds;
D is the cross section of the shell and of the cannon's channel;

= i0 tons/m2; pressure i atm;ais the weight of the projectile measureon the surface of Earth;
g is the acceleration due to gravity on Earth.
e

By using these equations we compiled Table 3-

Table 3 shows that when the gas is condensed to 1,000 atm and the

length of the cannon is 720 km, we obtain a velocity of 380 km/sec,

whereas to escape from the sun and float in the Milky Way we only need a

velocity of 17 km/sec. In the sixth column of Table 3 we see that this

velocity is obtained when the relative gravity is i00, the gas is com-

pressed by a factor of i00, and when the length of the cannon is 145

km. In the eighth colman we see that a velocity of 4 km fs obtained

when the relative gravity is i0, when compression is i0 arm, and when

the length of the cannon is 80 km. If the cross section of the channel is

increased by a factor of 4 or the diameter is increased by a factor of 2,

then (col. 14) the velocity of the same mass will be doubled, i.e., the

first cosmic velocity will be reached (the velocity necessary to become

Earth's satellite close to its surface). The length of the cannon and the

compression of the gas remain the same, but the acceleration and the rela-

tive gravity are increased by a factor of 4.

Electromagnetic guns have a tremendous advantage because they do not

require a reservoir of energy, are easier to construct, are more economi-

cal, and have an ample inflow of useful energy over their length easily

supplied by conductors from side stations.

In time cannons may have a great application for mass launching of

projectiles, for cosmic migration on a large scale, and as a supplement

to the rocket method. Indeed, if the first cosmic velocity of 8 km/sec

is achieved by means of a cannon, the projectile returns to Earth and

breaks up, because its velocity is.not parallel to the equator (or to the

meridian). For the first important achievements, i.e., for migration

close to Earth but outside the atmosphere, it is necessary to combine the

cannon method with the rocket method: the projectile will achieve a ve-

locity of less than 8 km/sec, but will later increase this velocity by



13o

-¢ 0 0 0 0 0
_-I _ 0 0 _1 00

0 _t CO

,-I 0
@ 0 tP_ LP_ 0q 0 <0
,-I Pq 0 0 0 0 rkl -- 0 0
._ _ _ _-_ _-_ [_- oq _-{ cO

@

o o
Od 0 -J _t Od 0 _ 0 0

O_ ,--t 0 0 0 0 Od _-I ,--t 0.1
? ,-d ,-I _1 ['--©

0
,-I 0 --¢ -el '-'d aO

0 ,--I 0 0 0 0 (XI 0 co
(XI _-I ,--I ,--I _ _ ,--! Pq

bOm
._ _ O

o o o -.I- --J- oq co _d cO
_3: E-_ --I 0 0 0 0 0d oq

.,--4

[) II O
@ o _t 0d _ (kl o] _-I 0d
r_ _1 o_ o o o o --

O _

m cO 0 0 0 0 0 0 _
II _ r-_ r-t r-t ,--I CO 4

_D

Ill Oq Oq
;>_ 0 0 0 0 CO --.-I ,--I

.._ o _- o _t ,-I o

,._ r-,q pq Lrh
0 P-_ 0 0 0 0 -- _ I _

r_ <O 0 ,--t _ 0 -4 _1 ,--1

_+_

o o o o Od cO _ cO
_1 if', o _-I ,-I o

o
-P o _ oq

E-I o 0 0 0 0_1 0.1 0 Od
-ct 0 ,--t _ ,--I _ _ _ _-I

::d 0 ,-d

o 0_ o_ 0 o o od

h
pq 0q

0 0 0 0 Od (_1 _-I Od
@ Od 0 _1 r--I 0 [_- ,--f _1
r.4 _-I ,--t
0

r-! 0 0 0
,--I

0 o o

o_
o

_-- o
+_

o

r_

@

4

,-4 Od

o
@

o_

'.D
('d

OJ

b-
t_

t---
t_

A

,--t

oq
,-t

c_

c_

,--4

,-t

u_

tfx

c_
,---t

i1)

-o

o_

_P o

•r--_ [1]

0 -_

® do

+o

0 0

0
_0
•_ -Io

_._

do 40

@ 0

.H
O_

0

© 4._

4._ _
_3 o

c_

o
%,.cI

rH 4._

_ o

,--4

r_

!

.d

b
O

O

r/l

/118



131

explosions, like a rocket. Since the direction of the explosion is

variable and is controlled by us, the projectile may achieve sufficient

velocity along its circumference and may become a close and small moon
of Earth.

We may eliminate the rocket device when the projectile (ejected from

the cannon) is to be placed in the orbit of Earth or pass close to the

planets of our system. The same is true for the case when it is to escape

from the gravitational force of the sun and float among other stars in

the Milky Way.

In any case, cannons (and electromagnetic ones) due to their large

size are extremely expensive and very difficult to construct (at the

present time); furthermore, a reactive device can be made to work without

them.

/119

Action of the Rocket

A rocket compared with a cannon is the same as a battery compared

with an elephant. I used the term "rocket" to describe a reactive device

which moves by repelling a substance previously stored in it. There are

no machines or organisms which do not repel matter from themselves: the

human being constantly gives off steam from his skin, and the steam engine

does the same; but this action is weak compared with the other forces

which work inside them, and therefore devices of this type cannot be

called reactive. The rocket is similar to the toy rocket. It differs

from other vehicles and ships in that the latter repel substances which

are not contained within them.

Efficiency of the Rocket

First, let us imagine that we are dealing with weightless energy like

electricity, with negligible mass. Let us also assume that the projectile

is not subjected to the forces of gravity or to other external forces.

Then, for the case of two stationary masses repelled by an intermediate

immaterial force, the laws of the conservation of momentum give us the

following equation

M, W + M,c=O.
(12)

If the velocity of the rocket c is assumed to be positive, the

exhaust velocity W will be negative, because the momentum will be zero

and cannot be changed by internal forces. MI and M 2 designate the ejected
mass and the mass of the rocket, respectively.
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The work obtained by a rocket will be

(13)

The work of repelled mass will be

E Ml_'
(14)

The efficiency of the rocket will be

=I:(I+ • (15)wl_ -Fz+E2 E,I -M_¥1

However, from equation (12) we see that

MI:Mz_-- c:W. (16)

Therefore, the efficiency of the rocket is equal to

(17)

It is clear that as the mass of the rocket decreases, with respect

to the mass of the ejected material, the efficiency goes up. Table 4 has

been prepared on the basis of the last equation.
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Mass of rocket M
2

Mass of ejected material MI

Efficiency

Same in percent

Table 4

i0 9 8 7 6 5 4 3 2 i

01 2 3 4 5 6 7 8 9

0 0.i 0.2 O.3 O.4 O.5 O.6 O.7 O.8 O.9

0 i0 20 30 40 50 60 70 80 90

0

i0

i

i00
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Table 4 showsthat in practice the efficiency cannot be equal to
unity, since the rocket always has somemass. Whenthe massof the
rocket is equal to the massof the ejected material, efficiency is 50
percent.

However, the situation will not be the sameif the projectile with
its supply of fuel already has somevelocity which, for example, was
obtained by an electromagnetic gun by explosion or by other methods.
Here we mayhave an interesting case, when utilization of energy maybe
i00 percent regardless of the ejected mass. Indeed_ if, for example,
the rocket has a velocity of i m/sec, then if we throw the ejected
element in the opposite direction with the relative velocity of i m/sec,
we obtain a small ejected particle with an absolute velocity equal to
0. It is obvious that all of the consumedenergy was used entirely for
the benefit of the projectile. In this case, instead of equation (12),
we obtain

M_ (w+y)+_,(c+ V)-----(MI+M,iv. (18)

By reduction we obtain equation (12) and all of the conclusions

which follow from it. Here V is the total initial velocity of the system

before ejection. Further we have

E,=_ (c+ v),. (19)

E MI'--F (_+ v),. ( 20)

_=1 :[1--I-M, cw+ v_,] (2l)M2 (c+ Y)" "

From equations (18) and (12), in place of this, we find

_=,: [, _ _w+ _.]W(c + V)" "
(22)
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If the rocket has an increment in velocity (of course, in the same

direction), then the ejected matter has a negative velocity. If, how-

ever, the velocity of the ejected matter is equal to the total velocity

of the rocket I V = W, then the numerator in equation (22) is equal to O,

and therefore _ = i, i.e., the efficiency will be i00 percent. It is

thus more advantageous for the particles of ejection to be repelled in a

direction opposite to that of the projectile, with a velocity equal to

that of a rocket itself; we then obtain the ideal utilization of work.

However, we have in mind obtaining the maximum projectile velocity

from a given supply of ejected mass. It is advantageous to combine

energy with ejected matter, so that the ejected matter would itself be

the source of energy. Otherwise things will be much worse. Indeed, if

we take sand, for example, for the ejected material and carbon and oxygen

(as the combination of energy with the ejected material), we shall gain

less than if we take only the supply of combustible materials.

In the second case, when the mass of the fuel supply is the same,

the energy per unit mass of supply will be greater and therefore we shall

achieve a much greater ejection velocity, and hence a much greater

velocity for the rocket. In general, energy is of a material nature.

Even electricity amd light are material, to say nothing of explosives.

In order for a projectile to achieve maximum velocity, it is necessary

that each particle of the products of combustion or of any other ejected

material obtain the maximum relative velocity. This velocity is constant

for specific ejected substances. What happens if we save energy by not

having an ejection? In this case there would be no economy of energy:

it is impossible and undesirable. In other words, the basic principle

of the theory of rockets must be taken as a constant relative velocity

of the particles of ejected material. The situation is different for a

case of a reactive aeroplane using air as the ejected substance. In this

case it is desirable to save the stored energy which, incidentally, must

also be used as an ejected material. However, a projectile of this type

is not a purely reactive device.

/121

Velocity of the Rocket When External Energy is Utilized

We may have a case when, in addition to the energy of ejected mate-

rial, we also have an influx of energy from the outside. This influx

may be supplied from Earth during the motion of the projectile in the

form of radiant energy of some wavelength, as well as in the form of

and B particles; it can also be obtained from the sun.

The influx of energy from Earth is attractive, but there are few

data available for its consideration. The influx of energy from the sun

lln absolute value. Remark by Tsander.
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takes place when the rocket is already outside the atmosphere. In both

cases it is unnecessary to have a supply of ejected materials; hence the

energy which flows from the outside contains the ejection material in

the form of _ and _ particles. It is only necessary to know how to direct

them opposite to the desired movement of the rocket. The situation will

be clearer, if we take a supply of radioactive material. The velocity of

its particles is so large that its supply may be very small compared with

the mass of the rocket. Then the latter may be considered constant, as
in the case when energy flows in from the outside.

In this case we have

/122

ew aM, (23)
W Mz '

where W is the relative velocity of the ejected particles, for example,

of alpha particles. Assuming that the direction of ejection _s constant

and integrating, we have

c= m,+Co, (24)

where co is the initial velocity of the rocket before ejection or explo-

sion. If it is equal to zero, then

c=M' w. (25)
Ms

We can see from the equation that the final velocity of the projec-

tile is proportional to the relative supply of ejected material (or, in

general, to the ejected material, since its supply may not exist) and to

the relative velocity of ejection (for example, of _-particles).

If

W-._3.10 8 m/sec M,=M,,

then

c=3- IOs m/sec.
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This velocity is 18,000 times greater than the one necessary for
escaping the attraction of the sun. The energy of this motion is 324
million times greater than is required. Flying with this speed, the ether
ship reaches the closest sun in a period of 4 years. Here we assumethat
we are going to derive energy from the outside. In applying the equations
to a radioactive substance, it is necessary that the ratio MI:M2 be small.

If, for example, it is equa± to 0.i, then to reach someother neighboring
sun will require 40 years.

It is impossible to obtain so manyparticles from the sun because,
as we moveaway, the flux of these particles almost ceases. The known
radioactive materials, in addition to this, break downvery slowly and
produce an insufficient amount of work every second. The quantity of
these materials in the hands of manis rather negligible. However, the
future is unknown: Earth's sphere and its .materials have not been in-
vestigated very much. It mayyet yield manyunexpected things.

Let us substitute in equation (25)

W_30"|06m/sec while ¢=IT-I03m/sec,

i.e., a projectile velocity only slightly greater than the one necessary

to escape permanentky from the sun.

By dropping the sign which appears in equation (16), i.e., taking

the same sign for c and W, we obtain

/123

M, _ c --0.00057. (26)
M= w

This means that the relative mass of the ejected material or of the

radioactive substances constitutes in this case approximately 1/2,000 of

the projectile's mass. If, e.g., the projectile weighs i ton, the mass

of the ejected material will be only 568 g or less than 1-1/2 pounds.

The mass of the ejected material is so small that the mass of the rocket

may be considered constant, and the equations are valid almost without
error for the utilization of future suitable radioactive materials, if

the velocity of the particles are of the same order as the velocity of

_-particles (electricity or radium).

What will be the utilization of energy? We have
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(27)

(28)

The efficiency will be (23)

,,a,,it
(29)

By means of (26) we obtain

,=, (,+2) (30 )

When we are dealing with radioactive substances or with energy

which flows from the outside, the ratio in the last equation is very large
and therefore we have

"q c M n=V= M-;" (3_)

Thus, in the case considered, where M2:M I = 1,765, the efficiency is

approximately 1/2,000. Although the efficiency is poor, the supply of

material to be ejected is negligible.

In the Franklin wheel the efficiency is better, because the par-

ticles give motion to a rather large mass of air (electric wind).

But in a vacuum the utilization of energy is so small the wheel does not

turn, i.e., the work obtained is insufficient to overcome friction. The

principle of the Franklin wheel may have an application in the flight of

the projectile through air.
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Conversion of Thermal Energy into Mechanical Motion /124

Let us consider explosive materials. The source of their energy is

chemical. In general, they give us only heat, i.e., an irregular motion

of particles (molecules). Special machines are required to obtain from

this motion (from heat) a movement of particles which is coordinated,

parallel, and directed towards one side, in other words, a simple visible

motion. For a reactive device, it is necessary that the largest possible

part of the thermal or chemical energy of the particles be transformed

into coordinated forward motion. Then heat will disappear, and in its

place we shall have mechanical motion or a rapidly moving jet. A long

tube is used to achieve this. Explosion or co_ustion takes place at

one end oT the tube, while from its other end gases and vapors fly out.

The wails of the tube have the property of directing the random (in all

directions, oscillating) thermal or chemical motion (which is invisible

and is felt as heat), and to transform it into a stream, like that of a

river. However, it is necessary that the products of combustion be a gas

or a vapor (volatile) with the lowest possible temperature of condensation.

If this is so, then the gas which expands in the tube is cooled more

and more, the heat disappears and is replaced by the gas jet. If the tube

is short, then the gas flies out of it at high temperature and its

energy is not utilized (as is the case with cannons and guns). After it

has left the tube, gas continues to expand and to cool, but motion takes

place in all directions, so that it is unsuitable for us. Things are

even worse if the explosion takes place without a tube. An extremely long

tube is desirable, but it overloads the rocket with its mass and is there-

fore also unsuitable.

During the 6-fold expansion of the gases the absolute temperature

drops in half. The utilization of the heat will be 50 percent. If ex-

pansion takes place by a factor of 36, then 75 percent is utilized, etc.

The tube must therefore be long enough, so that the gas _hich leaves it

has expanded at least 36 times. It would still be better if it had ex-

panded by 1,300 times. Then only 5 percent of the entire thermal energy is

lost. Substances which give nonvolatile products are entirely unsuit-

able, as, for example, calcium oxide; the energy is very high, but it is
difficult to utilize it since we do not have it in gaseous form (it exists

only at a very high temperature like the one on the sun), and there is no

expansion. The energy is transformed into radiant energy and is lost in

the ether. I Vapor-forming products may be tolerated, particularly when

iMy recent investigations show that if we use metallic fuel in air-

reactive engines, where the nitrogen of the atmosphere is a volatile

gas and is adde6 t the solid products of combustion, it will be profit-

able, particularly when part of the rocket's structure, which, for

example, is made out of aluminum or magnesium alloy, is used as fuel.

There will be enough fuel to reach cosmic velocities. The same is true

when oxygen is used, when there is simultaneous application of fuel

giving volatile products. - Remark by Tsander.
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they are mixed with gaseous products. For example, whenhydrocarbons
burn with oxygen or with its nitrogen compounds,gases are liberated
(carbon dioxide, nitrogen) and water vapor. During strong expansion the
water vapor is the first to condense into droplets. However, in the
presence of gases, these droplets transmit their heat to the gases which
utilize their energy. Similarly, we can makeuse of the energy released
during freezing of water. The absolute temperature of the exploded gas
at the initial momentmust reach i0,000°; however, at this temperature
only a small part of the elements are combined, the remaining part de-
composing. The first complex part increases gradually only when it
expands and whenthe temperature drops. Therefore, it is doubtful that
the temperature of the explosives exceeds 3,000° . On this basis, in
Table 5, we express by numbersnot the degree of heat, but the degree
of potential energy. As a matter of fact, beginning at 1,000-2,000,
this will be only an approximate temperature.

/125

Table 5.

Expansion of gases

Absolute temperature of

energy

o
Temperature in C

Thermal efficiency,

percent

Losses_ percent

Approximate density of

gases with respect to air

Utilization of Heat in the Tube

i 6 36 216 1,300 7,800 46,800

i0,000 5,000 2,500 1,250 625 312 156

9,727 4,727 2,227 977 352 39 -147

0 50 75 87 95 97 98.4

I00 5O 25 13 5 3 1.6

1,000 167 28 4.6 0.77 0.13 0.02

We can see that when the efficiency is 95 percent, the temperature

is still 352°C. At this temperature the vapors do not condense, so that

here even the latent heat of condensation is not utilized. Therefore,

further expansion is desirable, but this can only take place in a vacuum.

In this case the tube must be even longer.

Explosion at high pressure is particularly necessary during flight

through the atmosphere. The explosion must not produce pressure less

than atmospheric pressure. Otherwise there will be no expansion and no

flow. But even at a much higher pressure the efficiency will be less

when the pressure is small, compared with air pressure. If, for example,

the gas pressure is 6 times greater than air pressure, then the effi-

ciency cannot be greater than 50 percent. If the gas pressure is 36 /126
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times greater than the pressure of the medium, then the efficiency is

less than 75 percent (Table 5).

In a vacuum things are different. There the elasticity of exploding

gases may be small; only the tube will be wider, while its weight remains

almost unchanged. Theoretically our efficiency is not lost, no matter

how small the pressure of the explosion, if the rocket is in space. It

turns out, therefore, that at the beginning of the projectile's flight,

the pressure in the tube must be very high compared with atmospheric

pressure; then_ as the projectile moves up, this pressure may be pro-

portionately increased_ and in the ether outside the atmosphere it may

be arbitrarily small. In practice this has little application, since

for this purpose the tube must be first narrow with heavy walls, and

then wide with thin walls.

It is necessary to select the average pressure, which, of course,

exceeds atmospheric pressure_ and maintain it until a stable position is

achieved, like the position of heavenly bodies. After this the pressure

may be arbitrarily small. I

The pressure of the same explosives may vary from 5,000 atm to any

desired small value. The fact is that in the same tube the force of

explosion depends on a thorough mixing of the elements of combustion.

Mixing may be carried out in such a way that the explosion will be

instantaneous. And, to the contrary, it may be slow, like combustion,

during poor mixing, when the parts of the combining substances are very

large. The pressure is controlled in this way. A more or less strong

action of gunpowder depends, therefore, on its preparation.

At high pressure utilization of energy is high, but a prohibitively

large amount of work is required to push the mass into the explosion

tube. Therefore_ maximum pressure in the tube must be lowered without

losing too much efficiency. As far as temperature is concerned, we do

not gain anything in this case. It is unavoidably high, specifically

3_000-4_000°C. Artificial cooling of the outer walls of the tube be-

comes necessary.

We can now state the required minimum pressure. It would be deter-

mined by the effect of the atmosphere, by its pressure. If the flight

is started from high mountains, then the atmospheric pressure may be

assumed to be 0. 3 kg/cm 2. This constitutes about i/3 of the pressure

iThe author here neglects friction in the tube; due Zo friction, kinetic

energy is transformed into heat, and at very high gas temperatures _nd

small pressures the velocity of the gases in the tube again decreases.

The very low temperature is obtained only under special conditions. -

Remark by Tsander.
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at sea level. This means that the gases which fly out from the tube

must not have less than 0. 3 kg/cm 2. On the other hand, at the beginning

of the tube the pressure must be at least 36 times greater (efficiency

of 75 percent). The maximum pressure of the gases must not be less than

i0 atm. In the lower layers it must not be less than 30 atm. In any

case, we can set the limit as i00 atm.

Let us compute the area of the base of the cylindrical explosion

tube under this pressure. If the rocket weighs I ton, and 5 tons with

the explosives, and if the pressure on it due to explosion exceeds its

weight by a factor of 2, then the pressure at the base must be i0 toms.

The area of the base of tube will be equal to i00 cm2. The diameter

of the circular area of the base will be 11. 3 cm2. We have already

stated how to obtain low pressure: the larger the elements of com-

bustion, i.e., the worse they are mixed, the weaker the explosion.

Nevertheless, in a closed space the pressure eventually reaches a very

high value. However, in the first place the tube is wide and open,

and in the second place mixing is such that the desired pressure is

obtained. I repeat: we do not lose any energy of combustion due to low

pressure. When we have an irregular explosion (a partial explosion in

a general mass), cooling and violent motion (of the vapors) takes place.

However, this motion does not perform any work and is i_nediately con-

verted into heat, restoring the temperature. Even if the utilization

of the energy at low pressure is worse, the guilty party in this case

is the atmosphere. It does not permit explosives to expand indefinitely.

When the pressure is high, the tube will be shorter, giving economy in

weight. By extending the length of the tube we may achieve an efficiency

up to i00 percent in vacuum_ however, the tube in this case will be

prohibitively long. I have shown many times that the work of pushing

explosives into the tube is rather large, and it is insurmountable when

the pressure is very high. To prevent this, we may cause the pressure

at the beginning of the tube to vary periodically_ for example from

200 atm to 0 and from 0 arm to 200 atm. It will have a wave form. The

average pressure in this case may be quite large, if the h_nan being

could only endure it. The explosives in this case will be pushed in

during the instant of low ]oressure, periodically. Then the work of

pushing in the fuel will. be _nsignificant, and the utilization of the

heat or of the chemical affinity will be much larger. The shocks will

not have a detrimental effect on a person in water.
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Motion of a Rocket Produced by Explosion in a Vacuum or

_n a Medium Free of Gravity

Al.though it is undesirable to give the ejected material a relative

velocity greater or smaller than the absolute velocity of the projectile,
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nevertheless, when explosives are used, their relative velocity is

necessarily constant. In general, the greater it is, the greater is the

velocity obtained by the device. In this case the initial velocity of

the ejected particles is greater than the velocity of the rocket, and

efficiency is very small; then both velocities are the same and utiliza-

tion is complete. Later, the velocity of the ejected material is smaller

and efficiency drops. In short, the utilization of energy or its trans-

formation into the motion of the rocket starts with 0, increases

gradually, reaches a value of i00 percent and then decreases continuously,

reaching a value of 0 as the limit.

During explosion we have two losses. First of all, not all of the

heat energy is transformed into the motion of ejected particles. How-

ever, as the tube becomes longer and the products of ejection more

gaseous, the losses decrease. At the limit the losses are equal to O.

In practice the efficiency should not be less than 75 percent. The

second loss of energy depends on the fact that the ejected material has

the same relative maximum velocity, which is not equal to the accelerated

motion of the projectile. As we shall see, at cosmic velocities this

loss is not less than 35 percent and the efficiency is not greater than

65 percent. In a medium with gravity such as on Earth, it is much less.

If we assume that the second efficiency is 50 percent, the rocket con-

verts into its motion approximately 37 percent (0.75 x 0.5) of the entire

potential energy of the explosives.
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Determining the Velocity of the Rocket

In vacuum and in a medium free of sravity we have

WdM, +M, afc=O. (32)

However, M2 consists of a constant mass MO (i.e., of the projectile,

people, supplies_ and various accessories)and of a variable mass of

the explosives M I which are burned and ejected from the rocket.-There-

fore, M 2 = M 0 + M I. Now in place of (32) we h:_ve

WdM, +( Mo + MI) dc =O. (33)

From this, we obtain

-- W dM, --dc.

,,,,,+ M, (34)
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i.e., the increase in velocity will be extremely slow. (3) The velocity

of the rocket does not change if the ratio M_/M0£ remains constant. We

can see here that cosmic velocity does not depend on the absolute value

of the projectile's mass, in other words, the mass of the projectile and

its load are arbitrarily large if we neglect other conditions. (4) The

final velocity does not depend on the order of explosion. Whether it

takes place uniformly or not and whether it happens every second or every

thousand years is not in the least significant. Even interruptions have
effect.

Let dt be an element of time.

From (34 ) we find

a t /do -I- M_ dl (39)

The first part gives the acceleration of the rocket per second,

i.e., the relative force of gravity initiated by it (although under our

condition there is no gravity all around). As we can see from (39),

it is proportional to the intensity of consumption of the material

(-dMl:dt). In addition, as M I is consumed, the apparent gravity in-

creases as M I decreases and dMl<O.

In order for the relative gravity to remain unchanged, it is nec-

essary to decrease the intensity of explosion gradually. Then from (39)

we obtain

-- W dMI "'-'K,

Mo-k M I dt (391)

where K is the constant relative gravity.

From this

-- WdMj ---_Kdt.
• !o+ M_ (392 )
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Integrating, we find

c=-- Win (Mo-]-M,) +const (35)

(in signifies a natural logarithm). Let us assume that at the beginning

of the explosion the rocket is not moving, i.e., c = 0 and M I = M'.i

c=Wm(Mo+M D.
(36)

Consequently,

c:Wln \Mo + M, ) " (37)

Maximum velocity is achieved by the rocket when the supply of the

explosives is used up or when M I = O.

In this case

M,I\ (3_)

From the last equation we can see that (i) maximum velocity of the /129

projectile cI increases as the velocity of ejection W increases. (2)

cI may increase without limit as the relative quantity of ejection

Mi/M O. However, this increase is rather rapid at first and then becomes

slower and slower. If the ratio MI/M 0 is very small, then the mathema-

ticians will easily show that cI : W MI/M 0. This means that in this

case c is proportional to the supply M'. On the other hand, at the
i i

limit when the ratio (equation (38))is very large,

\Mo,/'
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Integrating, we find

-- Wln (Mo _-MI)=Kt + const. (393)

Period of Explosion

= M'
If MI i_ then t = O; consequently,

If MI = O, i.e., if the entire combustible material is used up,
then

(39 5 )

This means that the period of the entire explosion is inversely

proportional to the resulting relative gravity and increases with the

mass of the ejected matter.

From (391) we find

dM__ K
dt _- (Mo + M_).

(39 6)

From this we see that the minimum intensity of the explosion or the

minimum consumption occurs at the end of the explosion, when M is small,
i

and the maximum consumption occurs at the beginning when M = M'.
i I

In the first case

dt W '

( 397)
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In the second case

aM, (Mo+ M[)K

df W " ( 398 )

The ratio of the maximum (at the beginning) to the minimum consumption

(at the end) will be

(399)

The greater the ratio M':M _ the stronger is the change in the con-
i 0

sumption of the explosives and, conversely, it is almost constant when

this ratio is small. In practice it is inconvenient to change the force

of explosion - it is simpler to provide means for withstanding the action

of variable gravity by placing the people and other delicate objects

into a liquid.

The period of explosion (uniform) of the entire supply, when the

acceleration of the rocket and the relative gravity increase but when

the consumption of explosives is the same, may also be expressed in the

form

/i 31

(3910)

Here the derivative may be replaced by the consumption of com-

bustible material per second. At the same time during the uniform

acceleration of the rocket and the constant relative gravity in the

projectile (391), but with a nonuniform consumption of the ejected mate-

rial, it will be equal to

dc

t,=c, :j=c_ :]-[
(3_ll)

The derivative j = dc/dt expresses the constant increase in the

velocity of the projectile per second.
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Mechanical Efficiency

It is interesting to know what part of the total work performed by

the moving, ejected particles is transmitted to the rocket. We have

E_----O.SM;._. (4o)

E,=0.5. MoCk. ( 41 )

From this

_-_-7 (42)

or on the basis of (38 )

{
_, M; L \1+ _.,/j (43)

From this we can compute that the efficiency cannot be greater than

65 percent, and to achieve cosmic velocities we may assume it to be 50

percent. If the supply of explosives is relatively small then, approxi-

mately, instead of (43) we have

---E'=M;Mo,
_' ( 45 )

or more precisely

E, Mo (46)

we may obtain a more precise equation by expanding the expression

lnO-I-z)=z-- -t 3 4 "'" (47)
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Ratio of mass

of ejected
material to

mass of

rocket M_:M 0

0.i

0.2

0.3
0.4

0.5
0.6

0.7
0.8

0.9

1

1.5

2

3
4

5
6

7
8

9
iO

15
2o

3o

5o
i00

193

Cl, if velocity

of ejected
material is

5,000 m/sec,

equation (38 )

472.5

910

i, 310

i,680

2,025

2,345

2,645

2,930

3,210

3,465

4,575

5,490

6,900

8, O45

8,960

9,730

10,395

lO,985

11,515

11,990

13,865

15,220

17,170

22,400

26,280

30,038

Table 6

Cl, if velocity

of ejected

material is

4,000 m/sec,

equation (38 )

378

728

l,048

i, 344

i, 620

i, 876

2,116

2,344

2,568

2,772

3,660

4,392

5,520

6, 436

7,168

7,784

8,316

8,788

9,212

9,592

11,092

12,176

13,736

17,920

21,O40

24,032

Average

efficiency

E2:E I in

percent ,

(43)

8.87

L6.55

22.9
28.2

32.8

36.7

40.o

42.9

45.8
48.0
55.8
60.3
63.5

64.7

64.1

63.0

61.7

6o. 5
58.9

57.6

51.2

46.3

39.3

31.0
21.0

14.4

0

Approximate

elevation

in km when

Earth's

gravity is

considered

constant

11.4

42
QO

136
204

28O

357
440

52o

6O7

65o

i, 520

2, 430

3,300

In practice

the ascent

is higher

because

gravity

becomes

weaker

/132
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The equations show that initially when the supply is small, the

efficiency increases proportionately to the supply; then it increases

more slowly, achieves a maximum value and then decreases slowly, finally

achieving a value equal to O.

The ratio M':M 0 = x, corresponding to the maximum efficiency, isi

given by the equation

Jc
tn(1÷x)----

and in magnitude is close to 4 (i.e., the fuel supply exceeds the weight

of the rocket by a factor of 4), and the efficiency is 65 percent. In

Table 6 we present quantities for various cases of interest to us.

In addition to what we have derived analytically, we can see from

Table 6 that the maximum efficiency (up to 65 percent) of the energy of

ejected material occurs when its weight is 4 times greater than the

weight of the rocket. However, the efficiency in general is not very

small (approximately 50 percent) when the relative quantity of the

ejected material varies from i to 20, while the corresponding velocity

varies from 3-15 km/sec. These are entirely sufficient cosmic quantities.

The two velocities in Table 6 refer to different explosives. The larger

value refers to the mixture of pure hydrogen and oxygen, the smaller

value to hydrocarbons and endogenous compounds of oxygen. For illustra-

tion I have added the fifth column, which shows the maximum elevation

achieved by the body, under conditions of constant gravity, in km.

Our investigations may be applied in the following cases:

(i) in the medium without gravity, for example, between suns or

Milky Ways where the gravity is close to zero;

(2) on small asteroids, small moons (the moons of Mars) and on all

heavenly bodies, for example, on the rings of Saturn where gravity may

also be neglected;

(3) in Earth's orbit;

(4) at any point of any solar system and at any distance from a

heavenly body, if the projectile is outside the atmosphere and has

achieved or has not achieved a velocity which prevents it from touching

a heavenly body or its atmosphere.
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We shall see later that, in order to prevent energy losses, the

direction of explosion must be normal with respect to the uniform force

of gravity.

We can see that it is sufficient just to be free of the planet's

atmosphere and to become a satellite of this planet, if only at a short

distance from it, in order to guarantee future movement and displacement

over the entire universe. Indeed, any explosion after that may be very

weak, and the energy required for this purpose may be obtained from the

energy of the sun. The support material will be provided by the _ and

@ particles which are scattered everywhere, or by bolites or cosmic
dust.

The first great step of humanity consistsofflying outside the

atmosphere and becoming an Earth's satellite. The rest is relatively

easy, including the separation from our solar system. Of course, I do
not have in mind the descent to massive planets.

/i 3h

Motion of the Rocket in a Medium with Gravity_

in Vacuum

Let us imagine that the atmosphere has been removed or that we are

on the moon or on some other planet with dry land and not surrounded by

gases or vapors. We shall neglect the slow rotation of the planet. The

flight of the projectile _y be (i) vertical, (2) horizontal, and (3)

inclined.

Let us consider the problem in general (see Figure 2).

Determining the Resultant Acceleration

The rocket is under the action of the force of gravity g expressed

in acceleration per second; then the force of explosion acts on it in

the direction of the longitudinal axis of the projectile, giving it an

acceleration per second of j. An angle _ greater than 90o is formed

between the directions of these forces. The angle between the direction

of explosion and the horizon will be 5-90 ° = y. This constitutes 3

given quantities. The unknown factors are: the direction of m©tion of

the rocket, given by the angle B or the angle x = @ -90 °, and the re-

sulta_t p, i.e., the true acceleration of the projectile per second.
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_0 .

cO

Figure 2

From trigonometry we have (see Figure 2)

"-_---.Y-l-90; sin =--_-cos.y; cos_,-------sin.y;

cos _-=-- s'lnx; x-_--_ -- 90; tg_=ctgx.

tg_ctgx-- /sin= __ -/cosy
g + j c 0 s = l g--jslny

p=F/' +e'+ 2/ecos sin .

It is simpler to have a known angle y and an unknown angle x,

because they are less than a right angle and determine the slope of the

explosion force with respect to the horizon (also the axis of the rocket)

and the resultant (the true direction Of the motion of the projectile).

Work Performed by the Rocket and by t_e Ejected

Material; Mechanical Efficiency

What will be the efficiency in a medium with gravity, in a vacuum?

E,=O.SMo  +A. (65)

A is the work done in lifting the rocket, while E is the work per-
formed by the rocket 2
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A---- lcos _ Mog--I sin x Mog. (66)

i designates the length of the projectile's path.

If p and j are constant then

2p (67)

and (from 65-67)

(68)

Furthermore_

Ef-O.SM_'. (69)

From (68) and (69) we obtain

(7o)

Trigonometry shows that for any angle

cos _ dg it
V'l + og_ (71)

From this and from (48)

cosp--. E + / cos• '
Vr sin',, + _r +/cos o)'

_-_ sin x-_-- g -- isiny

V'l _ cos'y + (g --/sin y)S

(72)
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Now from (70) we may eliminate the unknown sin x. However, we

must also eliminate cI. We have

tl_-K -In Jr Mo/" (73)

This is the total period of explosion when the relative gravity K

is constant.

However,

g=j and c,--'pt,."

Consequently, from (395) and (74)

w- (I+ ___o,j":;=P7['" II'

Now from (70), (72) and (75) we find

(74)

(75)

p'Mo M_ 2_

I.(Z--J-_Iny) ] (77)X 1-- Vfcos,y + (g-l_i.yy ]/f ÷&,-2jg,l,y "

When gravity is absent, g = 0 and p = j. In this case the last

equation gives equation (43). We determine from (77) the efficiency for

the case when explosion takes place horizontally, i.e., when y = 0.

Then we again obtain equation (43). It is also easy to see that when

the direction of explosion is normal to the force of gravity (horizontal),

the efficiency is the same as in the case when gravity is completely

absent. Close to the planet (at its very surface), horizontal explosion

is not feasible since the rocket will drop and touch the soil. However,

at some altitude, even in air, it is feasible and also when the rocket,

having achieved cosmic velocity, does not touch the atmosphere but flies

like a heavenly body. It is also applicable to planets without atmos-

phere, when the projectile moves along a smooth horizontal path. Later

we shall also see an application for motion in the atmosphere.

We may verify equation (77) by considering one other specific case.

Let us assume that the motion of the projectile is vertical, i.e.,
y = 90 ° and p = j-g.
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Then we find

"iI

__ [,,(,+M, ,__.).M; 7.7sj (8o)

(This equation was derived earlier and is contained in the works

of 190 3. )

We can see from the equation that the vertical motion of the rocket

is very disadvantageous, particularly when j slightly exceeds the magni-

tude of g. On the other hand, the greater j is with respect to g, the

smaller are the losses and the greater is the efficiency. By comparing

the efficiency in a medium without gravity (43) with the efficiency in a

medium with gravity, for the case of vertical motion (80), we see that

the efficiency is less than that of the first case by l:(l-g/j).

/i37

The relative losses are expressed by the fraction g/j. If, for example,

the force of explosion is i0 times greater than the weight of the rocket,

the losses are 0.i. However, when both forces are equal, the losses are

equal to i00 percent, i.e., the entire energy is used up without serving

any useful purpose for the projectile. Indeed, in this case the rocket

remains stationary, does not rise or achieve any velocity. When the force

of explosion is infinite, the efficiency is the same as for the case of

a medium without gravity. However, a strong explosion kills everything

and destroys the inside of the projectile. It can be applied only to

projectiles without people or complex equipment.

Table 7. Medium with Gravity. Vertical Motion of the Rocket

j:g i 2 3 4 5 i0 cx_

Efficiency, percent 0 50 66.7 75 80 90 I00

Velocity, percent 0 70.7 81.7 86.6 89.4 94.9 i00

As we can see, vertical motion is associated with a high energy

loss, particularly when the explosion force j is small. In this case

j must be greater than g, otherwise no motion is obtained. The last

line expresses in percent the maximum corresponding velocity. Actually

the velocity is expressed by the second line, because part of the energy

is used to produce the lift during the period of explosion (shown in

19o3).
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Flight of the Rocket in a Medium with Gravity,

in the Atmosphere

Let us assume that a horizontally placed rocket in a medium with

gravity also moves under the action of the horizontal force. First, the

force of gravity will cause it to drop at an angle of 90 ° or less. More

precisely, the tangent of this angle is equal to g:j. However, after

several seconds the horizontal component of the rocket's velocity will

be so large that the vertical motion of the projectile with its large

surface will be entirely unnoticeable, compared with the horizontal

component. Then the rocket moves almost horizontally, as if it were

on a track. We can compute that the fall of the rocket due to resist-

ance of the air, when the side surface of the projectile is substantial

(vertical projection), may only be very small, and it becomes smaller

and smaller as the speed of the rocket is increased. The situation will

be the same when the projectile moves along an inclined path, if this

inclination does not exceed 20-40 °. After several seconds the projectile

will move as if it were going up an inclined track. The drop of a

well-constructed rocket, when horizontal motion is absent, is only

about 20-30 m/sec. However, when the forward velocity is very great,

it must reach a value of i m/sec or less. What is this compared with
cosmic velocity?

/i 38

Velocity, Acceleration, Flight Duration, and Work Performed

by the Rocket and the Ejected Matter, and the Mechanical

Efficiency, Assuming That Motion Takes Place Along

an Inclined Plane

i
From Figure 3 we have, approximately,

c/---pt.

p-_-j -- g slny.

g=j:g.
p

.c1_-_- (]-- g slny)-_- In

tl _--- "_-- in

(83)
(84)

(86)

(39 )

iThis approximation is permissible for large values of j compared with
g. - Editor's Remark.
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This takes place when j is constant.

The equations are even more applicable when the projectile moves

along an inclined stationary plane, i.e., when it accelerates up the slope

of a mountain.

Let us determine the efficiency.

E2-_-O,SMoc_ _ A.

A=Mo.g.h=Mo.g.lsin y.

(87)

(88)

Here h is the altitude achieved by the projectile.

From here

. MO ._ fs,o,). (89)

Furthermore,

&=_---_-_. (90)

Consequently,

E, Mo c_( g )EI --rj= _ _,, lq--_-_iny . (91)

By means of (86) and (84) we find

";r¢,-..,, r'"o,)1 (92)

If we simplify equation (77) for small angles y, we obtain approxi-

mately the same equation (92); see also equation (49).

If the rocket is horizontal and y = O, then the efficiency from

(92) may be obtained in accordance with equation (43). Similarly, from
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(92), if y = 90° , we obtain the well-known equation (80). _ presents
the mechanical efficiency, and if we multiply it by the thermal effi-
ciency (see Table 5), we obtain the total efficiency.

Figure 3

Wesee that the efficiency in space (77) is generally not the same

as it is in the atmosphere or, more correctly, in a vacuum, when the

projectile moves along an inclined plane.

be

The losses compared with those in the medium without gravity will

t sin¥.
! (93)

If, for example,

g: j = 0,3; Y = 20o; sin y = 0.342,

then the losses are 5-7 percent. We enclose Table 8.

From this we can see that it would be desirable to launch the

rocket using the greatest possible explosion, if it were not for the

destructive action of this explosion and the technical difficulties

associated with its realization. It would also be advantageous to

direct the rocket at the smallest angle, if there were no resistance

of the atmosphere. Generally speaking, the loss with a small explo-

sion force may be reduced to i percent.

/140
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Table 8.

Angle of inclination

in degrees

A Medium with Gravity in the Atmosphere.

Inclined Motion

l 2 5 l0 15 2o 25 30 35

Energy losses in i0 0.17 0.34 0.85 1.7 2.6 3.4 4.2 5 5-7

percent for 5 0.34 0.64 1.7 3.4 5.2 6.8 8.4 i0 11.4

various j:g 2 0.85 1.7 4.25 8.5 13 17 21 25 28.5

i 1.7 3.4 8.5 17 26 34 42 50 57

A More Accurate Determination of Atmospheric Resistance

In the following presentation I simplify the equations which were

given by me in 1911-1912. I assume that the temperature of the air is

constant. Due to this the atmosphere extends infinitely. Then we have

the well-known equation

h=k, ln-_, (95)

where fl/dl is the altitude of the fictitious atmosphere hI with constant

density dl; f is the atmospheric pressure corresponding to dI.i

Then,

hi d' (96)

and

h

a=a,Z (97)

The air resistance or its pressure W on the rocket due to its

motion will be

IX/-- P_£_a A.'.
a 2g (98)
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This pressure is not given in absolute units but in ordinary meas-

ures, for example, in tons. F is the midship cross section area of the

rocket; a is the efficiency of the rocket's shape, i.e., a coefficient

which becomes greater when the resistance W decreases. When the rocket

moves alongan inclined path the length of the path i is given by the
equation

We have

l_h : siny. (99)

From this it follows that

p=Y--gstn.v. (84)

c=V_. (84l)

c---V 2 q-gslny_ L (ioo)

The element of work performed by the air resistance is given by

dT= Wdf
(i01)

From (97), (98), (99), and (i00) we find

/slay

dr= Fd, {j--gslny)le *' dl. (102)
ag .

We let

Istny h
=--_---;C; •

al ht

dr-- $i"'Y dl-- d___h_h. dl-- h,ax
• _ hi ._ At " sln2

(103)
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Then we find

dT-- Fff--g$1n y) a, . h_xe-_dx.
x a£ sln2y (io4)

We assume that

eg _nty (io5)

Integrating and determining the constant of integration, we find

(i06)

Taking into account (103) we also obtain

T:A [1 - (1 -_-x)e-x]. (i07)

We must determine the total work of atmospheric resistance. To do

this we must substitute

h_ or X-----oo.

We have

x-l-x* -I-- o ._-_='_v=':('+7-_- _.-_._*"")" (io8)
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Consequently

(109)

We can see that if h or x are equal to infinity, then expression

(109) becomes equal to 0. This means that the work of resistance is

T = A. (iio)

We obtain the total work of vertical motion from equation (104), if

we substitute y = 90o . Then we find

T -F(l-g) d_h[.
ag (iii)

Comparing this work with the total work of inclined motion, we see

that the latter is greater than the first by the factor

/142

]--g sfny-

(/--g)sin'y" (i12 )

If j is large or if y is small, we may assume approximately that the

work of inclined motion is inversely proportional to the square of the sin

of the slope angle. This means that when the slope is zero and motion

is horizontal, the total work performed by air resistance is infinite.

However, this is not correct since atmospheric layers of uniform density

cannot be considered horizontal, as we have assumed due to the spherical

shape of Earth. In other words, the equations are invalid for small angles.

If we assume that the altitude of the atmospheric pressure, where it is

noticeable, is 50 km, it is easy to compute that the horizontal path is

greater than the inclined path by a factor of 15.5. If, on the other

hand, we assume this altitude to be 5 km, the horizontal path will be

greater than the vertical path by a factor of 155. This shows that

horizontal work cannot be infinite. From equation (104) we may compute

the total work during vertical motion. Let us assume that F = 2 m2;

j = I00 m/sec2; g = i0 m/sec2; hI = 8,000 m; dI = 0.0013 tons/m3; a = i00.



162

Then T = 14,976 ton-meters. It is entirely insignificant even compared
with the work performed by the motion of the rocket alone, having a
massof i0 tons (without explosives) and which escapes from Earth's
gravity (Ii km/sec velocity). This work is more than 60 million ton-
meters. Therefore, it is 4,000 times greater than the work of atmos-
pheric resistance during vertical ascent. If we launch the projectile
from the highest mountain, where the air is 3-4 times less dense, we
can see from equation (104) that this work will decrease even more,
proportionately to rarefaction, i.e., also by a factor of 3-4. If the
motion is inclined, it will not increase too greatly. From equation
(112) we may computethis by letting j = 30, j = 20 and g = i0.

Table 9

y l0 2o 3o 4o 5o 9o

T for j = 30 46.7 11.3 5 2.85 1.92 i

T for j = 20 60 14.2 6.0 3-3 2.1 i

l:sin2 Y 33 8.55 4 2.42 1.70 i

From the second line of Table 9 we see that when the slope is 20 °,

the work is increased by a factor of ii. By comparing the second and

third lines with the fourth line we see that, very roughly, we may

consider the work to be proportional to l:sin 2 y. As j increases this

close relationship becomes more substantial, and vice versa. The third

line shows the increase in the work when j = 20. For small angles the

actual work is much less, due to the spherical shape of Earth.

We have seen that the work of resistance during vertical motion is

1:4,000 part of the work performed by the motion of the rocket; however,

when the motion is inclined, it is still less than i percent.

It is interesting to know the work performed by resistance as a

function of the travel path and the achieved altitude h. The total work

is given by equation (104), the remaining work by equations (107) and

(108). It depends on the altitude which is reached.

/143

This relationship is shown in Table i0.
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Table i0. Relative Remaining Work Performed by Resistance
in PercentI

h 4 8 16 24

h:h I 0.5 i 2 3

Relative remaining

work in percent 91 74 41 20

Optimum Angle of Flight

With equation (77) or (93) we compute the work lost due to inclined

flight in a medium with gravity. From equation (104) we determine the

corresponding losses due to the resistance of the atmosphere. If we

prepare a table and determine the sum of losses_ we shall see which
slope corresponds to the least losses.

However, even without tables we may determine_ approximately_
the optimum slope angle. The losses due to the inclined motion of the

projectile are given by (see (93))

g/j sin y in absolute units. (113)

The losses due to atmospheric resistance in absolute units will be

Ag___ .u- t  J.n d,h .
sint..V (i14)

The work performed by the rocket will be (see (104))

(i15)
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llt was necessary to recompute Table i0 because Tsiolkovskiy made an

error in equation (105); in his calculations the remaining relative work

turned out to be dependent on the slope angle, which is actually not so.

From Table i0 we see that after a flight of 4 km we must yet perform

91 percent of the entire work, and after a flight of 24 km, 20

percent. - Remark by Tsander.
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Therefore, both losses in absolute units will be

(116)

By taking the derivative of this expression and setting it equal

to 0, we obtain an equation which is inconvenient to solve with respect

to sin y.

However, the optimum angle is not very large. In the second term,

therefore, we may neglect the expression g sin y.

Then equation (116) will be transformed into

(llT)

Here sin y = x. Differentiating this equation and setting the

derivative equal to zero and determining x, we find

3

x--s nY=]// 2P '4' a&g (118)

By means (115)

4Fdlh[l "_ ,

o,.,o,,,.(,
Mo I]

(119)

From this we can see that the optimum angle y increases with ex-

plosion energy j and the cross section area F of the rocket, and de-

creases as the shape efficiency a increases, and as the ratio of the

projectile's mass to the mass of the ejected material M':M increases.i 0

On a planet with large gravity g it also decreases and vice versa. Let

us substitute in (119) F = 2; d = 0.0013; h = 8,000; j:g = i0; a = i00;

M 0 = i0; W = 5,000.



165

Then we compute

sin y = 0.167 and y = 9o35 '

When j = 20, we obtain sin y = 0.057 and y = 3°20 '

However, at these small angles the resistance of the atmosphere due

to its spherical shape will be substantially less, and the optimum angle
will also be much less.

From equation (117) we determine the relative losses due to both

reasons

z=!-x+ Ed'-----i/=_x+
,E, i aE_, h_ I

+. 2Fd,#, 

Me ]J

(120)

We present a simple equation for determining the percent losses.

If we divide the second term by the third in equation (120), we

find the factor by which the losses due to the effect of gravity are

greater than the losses due to air resistance. By eliminating x from

this ratio and using (119), we obtain the value 2. We can see that for

the case of the optimum slope the losses due to gravity are twice as

large as the losses due to the air resistance. Consequently
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z:E_=_x+ e!-x= 3&x.2i 2 I (121)

Thus, when the angles are 9° and 3° , we find the total losses to

be 0.025 and 0.0428, i.e., 2.5 percent and 4.3 percent, respectively.

From (121) and (119) we derive the total relative losses

27. Fdth_g"

M; II'.+ jj,
(122)
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The area of the body, which varies in this manner, increases pro-

portionately to the square of its dimensions, while its volume and mass

are proportional to their cube. Consequently the losses decrease as

the dimensions of the rocket increase, and also when the shape a of the

projectile is improved and when j or the force of combustion is in-

creased. However, this increase takes place very slowly. For example,

if j increases by a factor of 8, the losses will decrease only by a

factor of 2. It is very advantageous to fly with a small j, in which

case, as we can see, we lose very little. When j = i0, x = _in y =

0.036; y = 2°10 ' and Z:E 2 = 0.054. Consequently the angle is very

small and the losses are 5 percent. Under actual conditions they are

much s:_ller, due to the spherical shape of Earth.

Let us substitute a = 50 in the equations and, as before,

F = 2; dI = 0.0013; hI = 8,000; M 0 = i0; W = 5,000;

j will be assigned different values.

We prepare Table Ii.

When the slope is small it is also necessary to have low accelera-

tion, which is very desirable from a technical standpoint. It is un-

fortunate that the losses in these cases are maximum (up to 14.6 percent).

We consider an acceleration for the projectile from i to 200 m/sec 2,

which is 0.i to 20 of the acceleration due to Earth's gravity (i0 m/sec2).

If, for example, the rocket weighs i0 tons, then the pressure of ex-

plosives changes the slope from 0.5 to 20 °. The loss of energy due to

gravity and air resistance varies from 15 to 2.5 percent. It seems

strange that the losses are less at high inclination; however, this is

explained by the extremely large value of acceleration j. Actually the

losses at small angles are even less, due to the curvature of the atmos-

phere on the spherical surface of Earth.

If the mass of the rocket M0 is 8 times less, then from equations

(119) and (122) we see that the sines of the angles and the losses

(see Table ii) increase by a factor of 2. When j = 30 , the angle will

be approximately ii °, while the losses will be approximately 9.5

percent.
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From Table ii and equation (114) it is easy to see that the approxi-

mate equations do not introduce a very large error, even when j = i.

When j is large, it is much smaller.

Gravity, Atmospheric Resistance, and Earth's Curvature

From (I01), (98), (97), and (i00) we obtain the following in ordi

nary units

h

dT--_ -F-_ (/--gsin y)e a, lctl. (1221)
ag

For the flat earth we also have from equation (99)

I= h : sin b'.

However, for the true shape of Earth it can be used only when the angles

y are not too acute. For any arbitrary angles we can find a more

accurate equation

(123)

where R is the radius of Earth.

From this we compute

l=-- R siny 1 -- 1_ R sin_y " (124)

We let

_h =X; VI--I-X--I-] x x' A,a
Rsin,y 2 s _ ]6 (225)

If we limit ourselves to three terms we have
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l_--_--- R siny --- siny 2R sinSy

h

sin y 2R

(126)

/147

We solve the problem of the work performed by the resistance of

the atmosphere for a specific case when the flight is horizontal and

y = 0.

Then

h-_---_ and I=V2Rh.
(127)

Furthermore, from (102)

h
--p

dT= _dl je h'ldl--=-- Fa_ j2m,, ldl.
ag ag (128)

We let

F

2Rhl

Then

ldl_--Rhldu , (12 )

and in place of (128)

dT-- jRh;e-ndu =_ Ae-ndu.
og

(i30)
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Integrating and determining the constant, we find

(131)

He re

A _ Pd_jR- h_.
ag

This expression determines the total work of atmospheric

resistance.

For vertical motion we have

(132)
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T -E(i-g) d_h_. (lll )

During vertical motion of the projectile the work performed by

atmospheric resistance will be less by a factor ((132) and (iii))

l R

)--g h,-" (133)

Here we let

j = i00; g = i0; hI = 8,000.

Then from (133) we obtain the value 883, i.e., the work during horizontal

motion is almost 1,000 times greater than the work done by the resistance

of the atmosphere during the vertical motion of the projectile. This

is explained by the fact that the projectile, whose speed increases,

must pass through very dense layers of the atmosphere. Therefore, the

path which is clos£ to the horizontal is very disadvantageous: the

work of resistance will absorb a tremendous part of the rocket's force_

and the latter will not achieve sufficient velocity. We have seen that

the work of the vertical resistance of the air constitutes approximately

1/4,000 part of the kinetic energy of the projectile (when M0 = i0 tons).
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This meansthat horizontal resistance will absorb approximately 1/5
(22.2 percent). Table ii showsthat whenthe inclination is half a degree
(0.56), the loss is somewhatless, approximately 15 percent (14.6).
Here only 1/3 is due to the resistance, i.e., 5 percent. The value is so
small because the acceleration according to Table ii is i00 times less
then the one we have assumed. In this case we have, therefore, losses
due to the effect of gravity.

From (132) we see that T depends to a great extent on j, and that
horizontal flights are advantageous whenj is small. Wecan compute
fo_ various j the work performed by the resistance of the atmosphere
during the horizontal motion of the projectile. Again we assume

F = 2, a = 50;

then (see 132)

T = 264,800. (134)

The work performed by the rocket will be, from equations (41) and
(38),

11'
(135)

The work performed by the rocket to overcome Earth's gravity (ii
kg) when M O = i0 constitutes approximately 64.106 . This is greater than

atmospheric resistance by a factor 240:j.

Let us'prepare Table 12. /149

Explosive force j i

Losses in percent 0.42

Table 12

2 5 lO 2o 3o 5o 10o

0.83 2.1 4.2 8. 3 12.5 20.8 41.7

Even if the acceleration is j = 5, i.e., half Earth's acceleration

(g = i0), the losses are approximately 2 percent.
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Ascent, Visit to the Planets and Descent to Earth

Let us assume that the rocket has ascended vertically to some

altitude and lost its velocity there. Under the action of gravity it

will fall back and achieve a substantial velocity and break up when it

hits Earth_ in spite of the braking action of the atmosphere. Even the

braking action of the atmosphere may destroy the projectile or kill the

organisms contained within it. However, if we imagine that after the

rocket has risen, it retains a supply of explosives and uses these to

slow down its descent in exactly the same order as this velocity was

increased during the ascent from Earth_ then the descent will be entirely

safe and the projectile will come to a stop at the surface of the planet,

i.e., it will return safely to Earth.

If, in order to achieve the ascent, a quantity of explosives must

exceed the weight of the rocket by a factor KI_ then for safe descent

we must also have a supply equal to the mass of the rocket multiplied

by K I. For the ascent alone the mass of the rocket with the explosives

will be

_o+MoK,=MoO +KD. (136)

For safe descent the required additional supply of explosives,

which are greater by a factor KI than this mass (136) , will be

M, (1+K,) h'_. (136 I)

With the weight of the rocket and weight of the initial supply

(136), this gives us

Mo (_+K,) K,+ A4o(I+Kd:mo (I+ K,)'. (1362 )

The mass of a single supply will be

M o (1 +K,) _--- A{o-----Mo [(1 +K_)'-- 11. (137)
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If, for example, M 0 = i, KI = 9, then the supply will be 99, i.e.,

its weight will be 99 times greater than that of the rocket with all its

accessories (except explosives). It is questionable if this plentiful

supply can be realized. The situation is even more difficult when we

decide to take off from the surface of Earth and land on some foreign

planet (which we may assume is situated in Earth's orbit), ascend from
this planet and return home.

The situation is different when the altitude reached by the projec-

tile is small and KI is a small fraction. In this case the supply will

be approximately equal to

Mo2K I

(see (137)). This means that the supply is only doubled.

However, ascent to a low altitude is not of cosmic significance.

If we ascend from Earth and descend to a strange planet in Earth's

orbit (no such planet exists), we would require a supply of

[(1+K,) (1 - 1l. (138)

Here K2 designates the relative quantity of explosives required to

descend to or ascend from a strange planet.

If we can replenish our supply of explosives on this planet and wish

to leave the planet and return to Earth, we must take with us a supply
of explosives equal to:

M o [(1 -_-/(])-_ C1-d- K2) _- 1]. (139)

If we assume that the mass and volume of the planet are the same as

those of Earth, the required supply will be

Mo[0-t-KD'-- 11. (14o)
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Let us assume that in this case K = 9 and M = i. Then the supply
i 0

will be 9,999, i.e., entirely unrealizable. This corresponds approxi-

mately to Venus. A journey to Jupiter or other massive planets is even

less feasible, since for them the value of K 2 is tremendous. On the

other hand, travel to asteroids, specifically to small ones, is feasible

since K2 may be considered equal to O. This path to any one of them

(we again assume that they are in the orbit of Earth) and return to Earth

requires the supply of fuel given by equation (137) .

If we visit other planets and do not have the facility of replenish-

ing our supplies on them, and if we then return to Earth, we must carry

with us a total supply equal to

A,_o[0 -I-K,Y-.(I + K:):-0 +K_)_. I_-t40: - 1]. (14i)

If n is the number of planets (including Earth) and if they are equiva-

lent to Earth, we obtain the following value for the supply of fuel

[0 -_K,Y_ -- _1 Mo. (142)

Apparently this successive visit to the planets is even less

feasible. I

i
At this point K. E. Tsiolkovskiy presents an excerpt from his article

called "Cosmic Ship," which considers descent with braking against the

atmosphere. We omit this excerpt since the article is published in its

entirety. Editor's Note.
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_orizontal Motion of a Projectile in an Atmosphereof Uniform Density
WhenIts Longitudinal Axis Is Inclined

Weassume((83) and earlier), that the rocket must move through the
air as if it were on a runway_ i.e., that the atmospheric resistance
will prevent it from deviating from a path controlled by the explosives
and the force of gravity. Nowwe shall confirm this.

Let us assumethat the rocket moveshorizontally with a velocity c,
and that its longitudinal axis makessomeangle _ with the horizon.
Then the vertical pressure Ry_ on it_ according to the well-known laws

of the resistance of fluids; will be

' "dF.K, sm c
R, =-i

(143)

Nere Fh is the horizontal projection of the rocket, while KI is the

resistance coefficient.

If the rocket moves horizontally, then it does not drop and the

pressure below it Ry is equal to the mass of the rocket M 0. From (143)

we find

sin _-- Mog
arht<, , (14 )

Let us assume_ for example, that M0 = I; g = i0; d = 0.0013;

c = I00; Fh = 20; K I = i.

Now we compute

sin _=:0,03_;5 and [: -:_9,2°.

When M0 is I0 times greater, _ will also be almost I0 times greater.

When c is i0 times greater, the inclination will decrease by the factor
of i00_ i.e., it becomes negligibly small.
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Weshall try to determine the work of atmospheric resistance during
the accelerated and horizontal motion of the rocket. The spherical
shape of Earth decreases this work. The horizontal pressure Rx due to

the resistance of the air will be

R,_-:-R v sin _--A{ osD_ _:-........ =.
dFl_Klc' (14 )

Consequently, the element of work is

d T_--R_.dl,
(146)

where i is the length of the travel path.

We may assume that d is constant and that only c is variable.

c--Ir2 

where j is the acceleration of the rocket.

(145) we obtain

(147)

Now from (147), (146) and

(148)

A2

Integrating and finding the constant, we have

(149)

where

(15o)

If we compute the work from the beginning of the path where the

velocity was zero, this work then, theoretically_ is infinite. It
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becomessmall when the rocket has travelled a path i along a runway and
has achieved somevelocity. In a mediumwith uniform density the work

is slower, but increases without a limit. Let us substitute in (150)

Mo=l; g=10; Fh----_-20; K,_---_I; j=10.

Then A = 19.2 and

. ' (151)

Let us assume that after a path of i0 km the projectile will fly a
total of 1,000 km; then

T_---19.2 In 100-----88,3,

If, however, the projectile initially travels i km, then T = 132.5.

Thus the work done to keep the projectile from falling is relatively
insignificant.

We may express this work as a function of the velocity c achieved

by the projectile. From (147) and (149) we have

/-----71t and T--_A in ( c:-_}). (152)

Thus, if the rocket has started its flight with a velocity of i00

m/sec, while the terminal velocity is i0,000 m/sec, then

F= 19,2 In (I00') = 176.6.

This is already a cosmic velocity which almost frees the projectile

from the force of Earth's gravity; the work performed is, neverthelessj

quite insignificant. If the flight was started with a velocity of i0
m/secj then

T=]9.2 In (1000_)=265.
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The difference in the work due to this turns out to be very small.

The corresponding path i is computed in accordance with (147).

Specifically

1--=---=5. IO G Jr, (147)2i

or 5,000 km. (We should remember that in these calculations we did not

take into account the drag coefficient.) However, with a path this long

(although it is first horizontal), the rocket substantially moves away

from the surface of Earth, first enters the rarefied air and then vacuum.

In dense air the work will be huge due to the strong inclination of the

projectile_ while in the more rarefied atmosphere even equilibrium is

impossible, and it is particularly impossible in the vacuum. The work

of equilibrium becomes a meaningless quantity.

It is possible to follow a constant layer of air until a velocity

of $ km/sec is reached, after which the centrifugal force completely

eliminates gravity. The inclination is restored and the work expended

in supporting gravity disappears. In general, the work during circular

motion is much smaller than the computed value, due to the effect of

centrifugal force. However_ in this case we have other difficulties.

When the projectile moves in a dense medium the work of the drag resist-

ance of the atmosphere becomes too great_ even when the projectile has

a sharp form. In addition to this, after a velocity of 8 km/sec is ob-

tained, it is still necessary to get out of the atmosphere following a

tangential or ascending path_ which again requires a lot of work. Our

calculations at the present have shown only that the work of supporting

the weight is very small, but we have not shown that the path along the

air of uniform density is the most advantageous.

Horizontal Motion of the Projectile When its Longitudinal Axis is not

Inclined

The projectile moves in the direction of the force of gravity.

The drop or_ more precisely, the velocity of drop per sec will be

c=csin_=-- M°g
dFJ(lc

(165)
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Again we assume that the flight of the rocket is horizontal. By

we designate the small angle showing the deviation of the projectile

from its horizontal movement due to gravity and air resistance. Let us

assume for example that, M 0 = i; g = i0; d = 0.00037 (at an altitude of

i0 km); F h = 20; K I = I; c = 2,260; h = i0,000. Then Cy = 0.6, i.e.,

60 cm/sec.

If the projectile moves along a tangent with respect to Earth,

then, on the one hand it moves away from Earth with a definite velocity;

on the other hand it falls and approaches the surface of Earth depending

on its forward velocity and the density of the medium. The drop is

given by equation (165). If we eliminate d and c from this equation
(see (97), (127), and (147)), we obtain
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A

Aloge_*

The velocity of fall during the movement along the tangent will be
expressed in the following manner. We have

t:3-t,, (167)2

where t is the time and D is the diameter of Earth. We also have

Consequently_

h=F i D.

Differentiating this expression, we have
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oi--'t,= if)h". (168)

Now we are able to present Table 13.

Table 13

Period of the rockets' i0 20 50 !00 200

flight in sec

Velocity in m/sec i00 200 500 1,000 2,000

when j = I0

1 is the length of the 0.5 2 12.5 50 200

path, in km

Altitude h = 12:D 0.02 0.32 12.3 197 3,150

(approximately), in m

dh/dt, ascent velocity 0.008 0.064 0.554 4.43 35.5
in sec

Density of air d

Velocity of fall due

to gravity and air

resistance, m/sec

dl:d

400 1,000

4,000 i0,000

800 5,000

50,400 1,970,000

283 4,430

- - - 0.0013 0.000878 close to 0

3.85 1.92 0.77 0.385 0.280 very great

1 1 i 1 1.48 550 10109

Flight takes place approximately along the tangent to Earth. In

view of this the projectile moves away from the spherical surface (4th

entry). Initially this separation is almost unnoticeable; after i0 sec,

when the projectile has travelled 0.5 km, this separation is only 2 cm.

The separation velocity (5th entry) after i0 sec is 8 mm/sec. However,

after 50 sec, when over 12 km has been travelled and the projectile has

risen to an altitude of 12 m, the separation velocity is greater than

0.5 m/sec (55 cm/sec). In this case it is slightly less than the veloc-

ity of fall (7th entry). After approximately 50 sec, the latter veloc-

ity becomes insignificant compared with the velocity of separation from

the spherical surface. After 200 see, when the projectile has reached

an altitude of 3 km and has achieved a velocity of 2 km, having trav-

elled 200 km along the tangent, the lift velocity exceeds the fall

velocity. It is limited by the resistance of air by a factor of 127.

Am
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However, after this the velocity of fall increases, becomes comparable

with the velocity of lift, and finally exceeds it because the atmosphere

becomes rarefied. We need an infinite velocity in a vacuum to obtain

pressure or resistance to the medium equal to the weight of the rocket.

At that point the body will fall only under the action of the force of

gravity. In short, at that time we can completely ignore the resistance

of air (which does not exist in the vacuum).

Let us see what happens. For approximately i min the rocket de-

viates down from the horizon; after this the flight becomes parallel to

Earth; then the rocket moves away from Earth's surface, and the flight

path approaches more and more the tangent to Earth. Gravity virtually

does not affect the projectile, and it moves as if it were on a runway.

However, after approximately 4 min have elapsed (265 sec), the air is so

rarefied that the runway effectively disappears and the projectile flies

under the influence of Earth's gravity which begins to take over; at

this time the ship has already reached an altitude of l0 km, has flown

351 km, and has achieved a velocity greater than 2 km/sec.

It would appear that some part of the atmosphere with greater den-

sity aids the path of the projectile, since over this distance it pro-

vides the projectile with a "runway," which decreases the amount of work

if we disregard the drag of the projectile. We have provided for the

acceleration of the rocket to be equal to Earth acceleration (10

m/see2). The increase in pressure j on the projectile will make the de-

viation from the tangent even less noticeable, i.e., will strenghten

the "runway." The flight trajectory may be established precisely, but

we shall not do this since we have already presented many equations.

The inconvenience of this tangential flight with respect to Earth is

that the flight must be started from some altitude: from towers, or

steep mountains, since at the initial period the rocket will fall. When

j = 10, as we can see from Table 13, the average fall velocity due to

gravity and air resistance cannot exceed 4 m/sec, if the beginning of

the flight is considered when its velocity is 100 m/sec. Thus, in 40-50

sec the projectile will drop much less than 200 m. It will probably be

closer to 100 m. After this the flight will be parallel to the surface

of Earth, and then it will begin to move away from Earth. Under mod-

erate action (j = 10) of explosives, the flight must begin from a tower

with an altitude of 100 m or from a mountain with the same altitude,

but having a steep slope of 45° . When j is greater, the required alti-

tude can be less and the slope can be less. This relationship is in-

versely proportional. If the projectile initially moves along the

horizontal plane and achieves a velocity slightly greater than 500

m/sec, it will not be necessary to set off the explosion again, since

its fall will not exceed its movement away from Earth.
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Moving up into the Atmosphere along an Ascending Line

Tangential flight is advantageous because it permits us to use a

small degree of exploding force j. From the technical standpoint,

particularly in the case of initial experiments, this is an extremely

valuable advantage. However, from the standpoint of economy of energy

needed to overcome air resistance, the best flight must be inclined to

the horizon. As the inclination increases, we must necessarily utilize

a greater explosive force j, because this flight is similar to climbing

a mountain.

We have already considered this earlier, (83), with respect to the

resistance of air. Now we can add that we were correct in assuming a

negligible deviation from the fall due to the resistance of the

atmosphere.

We have seen that a sharp ascent is undesirable, particularly a

vertical one. I Here we assume flight into the atmosphere with low

inclination. It has many advantages. In the first place, the losses

are equal to the losses encountered when ascending a hill, i.e., the

energy losses decrease more. At a high altitude where the air can no

longer serve as support, the action of the explosives may be normal to

the radius of Earth; as we have shown before, there would then be no

energy loss at all. In the second place, we can utilize a small explo-

sion force j. In the third place, we can use mountains to provide suf-

ficient initial velocity of the projectile; as we have seen, this is

very useful since we can prevent its fall, particularly if the inclina-

tion of the path is sufficiently high. In the fourth place, a certain

amount of inclination in the path radically decreases the expenditure of

energy used to overcome the drag produced by the atmosphere (compared

with tangential or horizontal flight). Finally, when the force of ex-

plosion is small, the rocket and all its parts need not be too massive.

Protective measures to achieve the safety of man also will not be

required.

During the inclined ascending motion of the rocket the distance h

from the spherical surface of Earth depends on two factors - on the

angle of inclination and on the spherical characteristics of the planet.

The first is equal to

/157

iHowever, when the rocket flies with the most advantageous velocity and

with the same acceleration acquired for this purpose, 0berth (Germany)

comes to the conclusion that if the applied acceleration is infinite,

then vertical ascent is most advantageous. See the book by Oberth en-

titled "Wege zur Raumschiffahrt." - Remark by Tsander.
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h=lsin y, (169)

while the second is equal to

-h,=P: D. (170)

We then have

!

h l Av h 2_- l s in y Av I--__ l ( s in y -[- -_- ) .
(171)

The fall will be expressed by equations (165) and (166) which are

known to us. The angle _ in these should be interpreted as another

angle giving the deviation entirely as a function of the resistance of

the atmosphere and the fo_ard motion of the flight. This angle _ is

generally extremely small.

During ascending motion, even though it be along a small angle of

inclination y, the explosion force j cannot be arbitrarily small. Its

minimum value is given by the equation

j=gstn y. (172)

In addition, the rocket will be standing on the top of the moun-

tain (air). There will be no acceleration yet, but there will be a

rapid fall. It is necessary and advantageous that j exceed this quan-
tity substantially. We present the minimum j as a function of the

angle of inclination y and the force of gravity g (Table 14).

Table 14

y in degrees i 2 3 4 5 6 7

j in m/sec 2 0.175 0.349 0.523 0.698 0.872 l.OD 1.22

j, magnified 1.75 3.49 5.23 6.98 8.72 10.5 12.2
by a factor
of I0

8 9 I0

1.39 1.56 1.74

13.9 15.6 17.4
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Wecan see that j magnified by a factor of' i0 even at I0 ° inclina-
tion is only 1.7 times greater than the acceleration due to Earth's

gravity (i0 m/sec2). However, even at this inclination and at a smaller
one, we can apparently limit ourselves to a muchweaker explosive force 5
approximately downto 0.i of the force of gravity. This has tremendous
technical advantages since it makesthe flight possible even at the
present state of the engineering art.

In order to ascend by meansof the in_lined motion of the projec-
tile, we have formu2ated equation (171).

The velocity of ascent (if we now neglect the spherical shape of
Earth) will be

-- c sin E.

On the other hand, the rate of fall is given by equation (165). If

we equate the fall to the rise, we find an equation from which we obtain

/i 58

stn_=- M@ (173)
dFhKlc _

With this angle the initial velocity will be horizontal. If_ for

example, M 0 = i; g = i0; Fh = 20; KI = I; c = I00, then sin _= 0.0385_

while the angle _ = 2.2 ° . With a velocity of 200 m, the angle will be

close to 0.5 ° .

It is quite possible to prevent the falling of the missile, even

when the angle of inclination is very small_ provided the initial veloc-

ity is sufficiently great. However_ it may be much less, if the angle

of inclination is greater. If the angle reaches a value of 8°_ then a

velocity of 50 m/sec is already sufficient.
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Engine and Fuel Consumption

The Power of the Engine for a Rocket Weighing i Ton

In Table 15 we give the power of the engine for every ton of rocket

for various velocities and accelerations; the power is expressed approx-

imately in thousands of metric horsepowers (i00 kgm/sec); the velocity

of the rocket cI is given in km/sec for different periods of motion.

It turns out that the power of a i ton rocket with the least pos-

sible acceleration (and, of course, a small angle of inclination) varies

from i00-ii_000 metric hp.

If the rocket produces i00 kg of thrust on the engine, initially

the power will be close to that of an aeroplane engine (i00 metric hp),

and only when it reaches extreme cosmic velocity will it increas e by a
factor of ii0.

At first glance this is frightening, but we should not forget that

we are dealing with a reactive (or rocket) engine.

Cl_ km/sec

Acceleration j
of rocket in

m/sec 2 or ex-

plosive force

Table 15

O.l o.2 0.3 o.5

10.l o.2 o.3 o.5

2 0.2 0.4 0.6 l

3 0.3 o.6 o.9 1.5

5 0.5 i 1.5 2.5

i0 i 2 3 5

20 2 4 6 I0

30 3 6 9 15

50 5 I0 15 29

i00 i0 2O 30 50

l 2 D 8 li

l 2 5 8 ll

2 4 i0 16 22

3 6 15 24 33

5 l0 25 4o 65

i0 20 50 80 llO

20 40 i00 160 220

30 60 150 240 330

50 lOO 25o 4oo 55o

i00 200 500 800 I,i00
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Consumption of Fuel for Different Values of Explosion Force: Terrinal

Velocity and Explosion Time as a Function of Fuel Supply

The problem consists of exploding a definite and constant quantity

of explosives in the tube every second. We shall show by an example and

in Table 16 that this quantity is not large at all. For @xample, for a

i ton rocket which reaches a cosmic velocity of PJkm/seo_ it is suffi-

cient to have 4 tons of explosives. The period of exRlosion to obtain

this velocity will be 8_000 sec, if the average value of the explosive

force is equal to i (O.1 of the force of gravity,). Th_s means that in

i sec 0.5 kg of explosives must be exploded, ou the average. _at do we

have here that is not attainable? Even if t_le explosive force were i0

times greater (with _ larger incline), it would be necessary to explode

5 kg per sec. This_ too, is possible.

Table 16 gives us approximately the avera_je quantity of explosives

expended per sec for different values of explosion force j. The weight

of the rocket is I ton.

/159

Supply of explosive
material in tons

Table 16

i 4 9 3O

Terminal velocity, 3,465 _, 0!i9, 1]-,515 17_ 170

m/sec

_7 _- 17,170Period of explosion 3,465 $_045 ll,__p

in sec

Period in hours

Quantity of explosives

in kg/sec_ j = i

Quantity of explosives

in kg/sec, j : 5

0.96 _._J°oo 3.2 4.8

0.29 0.5 0.78 1.75

1.45 2.5 3.9 _.75

2.9 5 7.8 17.5Quantity of explosives

in kg/sec, j = I0

The second cosmic velocity is sufficient for us to become a satel-

lite of Earth_ of course_ outside the atmosphere. The third cosmic

velocity is sufficient to overcome Earth's gravity and to travel along

Earth's orbit. In this case also the amount of explosives consumed per
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sec is less than I kg. The last velocity is sufficient for us to escape
permanently from our solar system and to float in the Milky Waywith a
velocity not less than that of a cannon shell. Even in this case_ the
amount of fuel consumedper sec is less than 2 kg. The explosion period
lasts from 1-5 hours. All this happenswhen the explosive force j is
i0 times less than Earth's force of gravity. Whenthe force j is
greater, the fuel consumption increases proportionately and the period
of explosion decreases. The increase in the massof the rocket is also
accompaniedby a proportional increase in fuel consumption, while the
period of explosion does not change. At first it seemsodd that the
work performed by the rocket engine increases progressively (with the
velocity of the projectile), while the fuel consumption does not change.
The fact is that the explosive, which has not yet been exploded, already
has energy which increases as the speed of ship increases. Therefore,
it releases it in greater quantity than that which is due to its poten-
tial chemical energy.

Conclusions

Based on the information presented we maymakethe following con-
clusions, it is more advantageous to initiate the flight on the top of
mountains at the maximumpossible altitude. The runway must be con-
structed on the mountains with an inclination of not more than 10-20°.
The rocket is placed on an automobile which imparts to it a velocity of
40-100 m/sec. Then the projectile flies by itself in an ascending path,
producing behind it the pressure of explosives. As the velocity of the
projectile increases, its inclination decreases and the flight approaches
the horizontal direction. However, whenthe projectile has left the
atmosphereand is a certain distance away from all its traces, the
flight becomesparallel to Earth's surface_ i.e., it becomescircular.
The acceleration j must have a minimumvalue, approximately from i-I0

m/sec2. The fuel consumption to overcomeair resistance will become
minimum. The effective gravity will also be almost completely overcome
(from the standpoint of energy loss). The first velocity is obtained by
an automobile, aeroplane or someother device; these devices mayoperate
on dry land_ water or air. Flight in atmospherenot too rarefied may
take place by meansof fuel burned with oxygen obtained from the atmos-
phere. This will save the fuel supply by a factor of 9 (this is the
ideal number, whenonly pure hydrogen is stored). If the rocket, while
it is still in the air, has not achieved the cosmic velocity which
separates it from gravity, then we can no longer use the atmospheric
oxygen in the highly rarefied layers of the atmosphere.
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Therefore, a reserve supply of liquid oxygen is released, or its

unstable combination with other gases (for example, nitrogen). Then the

velocity obtained is increased until it becomes equal to the cosmic

velocity.

Preparatory Rocket on the Earth

Purpose of the Rocket. Runway. Engine. Air Resistance. Friction

We have seen that while the rocket is still on Earth it must attain

a certain velocity so that it can fly horizontally or along an inclined

ascending path. The greater the velocity it achieves on the runway, the

better it is. It is desirable that the projectile not use its own

supply of energy in the form of explosives. This is only possible when

our rocket is placed in motion by an external force: by automobile,

ship, locomotive, aeroplane, airship or by means of gas or an electro-

magnetic cannon, etc. Existing methods cannot produce a velocity

greater than 100-200 m/sec, since neither the wheels nor propellers can

turn fast enough without breaking down. The circumferential velocity

may be brought up to 200 m/sec_ but not more. I This velocity (720

km/hour) cannot, therefore, be produced by conventional means of

transportation. Apparently this also is too much for the beginning.

However_ we shall strive to impart to our rocket the greatest possible

preliminary velocity, so that it may conserve its fuel supply for

future flight when it leaves its solid path. We can see that if a pro-

jectile is to attain a velocity greater than 200 m/sec, special devices

will be necessary. Gas cannons and electromagnetic cannons must be

rejected initially, since they are very expensive to construct, costing

millions due to their great length. If the paths are short_ the rela-

tive gravity (impulse) will kill and destroy. The simplest and cheap-

est approach is to use a rocket or a reactive device. We are trying to

say that our cosmic rocket ship should be placed on another earth

rocket and held by the latter. The earth rocket_ which does not sepa-

rate from the ground, will provide it with the necessary initial

velocity. For the earth's rocket we must have a plane_ rectilinear,

inclined ascending path.

/161

iHowever, in engineering_ for example, centrifugal superchargers for

aircraft engines and high speed turbines have already achieved veloc-

ities up to 400 m/sec. Remark by Tsander.
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Aircraft propellers are not feasible or necessary. Their thrust is

replaced by the back pressure of gases exploding in a tube. Wheels are

unsuitable to reduce friction. The earth rocket must move like a sled.

The friction of solid bodies represents rather substantial resist-

ance, even if lubrication is used. For example, the coefficient of

friction for iron over dry cast iron or bronze (and vice versa) is

approximately 0.2. This means that the projectile weighing i ton is

placed into motion along a horizontal plane by a force not less than

0.2 tons, or 200 kg. This is the magnitude of friction for pressures

which do not exceed 8-10 kg/cm 2 between the rubbing surfaces.

It is amazing that the coefficient of friction decreases by a

factor of 4 or more as the velocity increases (within narrow experimen-

tal limits). Under ordinary pressure these limits are not violated,

and v_ith ample lubrication the coefficient of friction of the same

bodies may decrease by a factor of 5-10. If the rubbing surfaces are

vetted by water_ friction decreases by a factor of 2. The coefficient

of friction of metal against ice and snow (and vice versa) reaches a

value of 0.02, i.e., i0 times less than the friction of dry dissimilar

metals_ and it is thus comparable with the magnitude of friction when

we have ample lubrication. If the rocket moves over ice or over a uni-

formly lubricated metallic runway_ there are no insurmountable diffi-

culties for rapid motion without wheels. If, for example_ the pro-

jectile is subjected to gas pressure equal to its weight (j = i0)_ from

20-2 percent of the energy required to move the earth rocket is ex-

pended to overcome friction. _¢hen the acceleration is 5 m/sec2 (J = 5),

the consumption will be from 40-4 percent. If j = i, then the consump-

tion will be from 200-40 percent_ which is unsuitable.

As a matter of fact_ I know of a method for reducin_ the ground
friction to O_ but I shall discuss this in another book. _

We begin to think of an earth rocket moving along ordinary_ but

smooth and strictly rectilinear rails_ which are amply lubricated by

grease, oil or ice protruding from the runners of the machine. Ice may

only be used during the cold part of the year or on high mountains with

temperatures below zero.

The shape of the earth rocket must be streamlined. The more elon-

gated it is the easier it will be for it to penetrate the medium if we

neglect the friction of air on the walls of the earth rocket. If its

elongation is i00 or 200_ i.e._ when its length exceeds its maximum

cross section by this amount_ we may take into account only the friction.

/162

iSee my book "Air Resistance and a Fast Train." K., 1927.
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In view of the very long path which, as we shall see_ is necessary for

the runway, the projectile itself may be quite long - there will be

plenty of room.

Special calculations and considerations which we do not present

here show that the magnitude of friction cannot exceed the number

dFV

2g ' (174)

no matter what the velocity of the rubbing surfaces. The equation shows

that this limiting friction is proportional to the rubbing surface F_

the density of the gas d and the velocity of its molecules V. This con-

clusion permits us to compare the gas at very high velocities with solid

bodies, since in the latter case friction does not depend too much on

the velocity of rubbing bodies. By transforming equation (174),'it is

easy to show that for "constant" gases and constant external pressure

this limiting friction is proportional to the square root of the molec-

ular weight of gas and inversely proportional to the square root of the

gas temperature. This means_ for example, that under atmospheric pres-

sure heated hydrogen gives less friction than cold air_ conversely_ cold

carbon dioxide gives more friction than heated air.

When the density of the gases is the same_ the conclusion is

exactly the opposite_ i.e._ hot gases with small molecular weight give

a larger coefficient of friction. We shall discuss the limits.

From equation (174) the limiting friction for ordinary air along

i m 2 is close to 0.011.

Other considerations of the magnitude of friction give us the

following equation

R_s/_dc. (175)
2g

This shows that the coefficient of friction is proportional to the

density of the gas d, to the velocity of the projectile_ and to the

thickness of the air which has adhered to I m2 of the body moving with

the velocity of i m/sec. Unfortunately this equation is valid only when
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the velocity of the projectile in m/sec is the same as the length of the

projectile itself in m. Consequently, in this equation we must set
I = c. Then we obtain

R_2_s-l_bd=*-3-c'bd''2g (176)

We substitute here 2g = 20; b = 3; d = 0.0013; in addition to this

I know from personal experiments that s = O. 01 (i cm). Then we find

R:195.10--S.c2=195.10-K (177)

We also assume that the weight of the entire projectile in tons

is given by the number i. Then we prepare Table 17 for various acceler-

ations j and various velocities of the projectile.

Table 17

Length, weight

and velocity of

earth rocket,

in m, tons, and

m/sec

Magnitude of

friction, kg

Resistance with

respect to pres-

sure on the pro-

jectile in per-

cent when j=lO

Resistance with

respect to pres-

sure on the pro-

jectile in per-

cent when j=l

Resistance with

respect to pres-

sure on the pro-

jectile in per-

cent when j=4

i i0 i00

0.002 0.2 20

0.0002 0.002 0.02 0.i

0.002 0.02 0.2 i

0.oo05 o.oo5 0.05 o.25

500 1,000 1,500 2,000 3,000 5,000

500 2,000 4,500 8,000 18,000 50,000

0.2 0.3 0.4 0.6 i

2 3 4 6 IO

0.5 0.75 i 1.5 2.5
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We see that even when the velocity is 5 km/sec and the acceleration

of the earth rocket is 0.I times its weight (j = I)_ the losses do not

exceed I0 percent. However, in this case we have a great inconvenience:

the rocket must have a length of up to 5 km. With small velocities and

a small projectile length, an insignificant percent of the work is

absorbed. However_ in this case a dull projectile will produce substan-

tial resistance due to the work done to move the air apart.

The length of the earth rocket must not exceed i00 m, otherwise

the rocket will have a large mass and will be very expensive. Also, the

absolute work necessary to i_part the velocity to it and overcome the

air resistance would be too large. This means that we shall require a

large supply of explosives, which will be quite expensive. If the

rocket is shorter than shown in Table 17 by a factor c/l, then each

particle of air will be subjected to displacement for shorter periods

of time than is the case when the velocity of the projectile is numer-

ically equal to its length.

The time will decrease by a factor (c/l).

The thickness ! of the layer of air carried along will decrease,

not proportionally, but approximately_ by a factor (I + In (c/!)). The

resistance of air will decrease by the same factor. Instead of equa-

tion (176) we obtain a more accurate equation suitable for any arbitrary

length of the earth rocket_ specifically

Z164

(t78)

Let us assume that the length of the rocket is constant and is

equal to i00 m. We also assume that the velocities are not the same.

Then we obtain Table 18.

Table 18

¢, _ffsec t 100 2hOt 300

[,n(+)+,]k,k, 2,o

40O
503 i 700 I 1000120001300014000

..5 7 10 I 20 30 I 40
I

C

!

In(l) 0[0.691 1.10 1,39 .6l i 1.951 2_30[ 3.00] 3.401 3.69

2.39
2,61 ,2,95t 3.30 ! 4.00 ] 4.4014.69
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The last entry shows how the thickness of the adhering gas and the

resistance due to friction decrease with change in length (second line).

Let us assume that in equation (178) s = 0.01; i = i00; b = 3.

Then we find

(179)

On this basis we can compile Table 19, showing the absolute and

relative resistances for various explosion forces.

From this we carl see that even with the smallest acceleration

(j = i) and an insignificant mass of the rocket (I0 tons) friction ab-

sorbs not more than 17 percent.

Now let us solve the problem concerning the length of the runway

for the earth rocket. Part of the runway will be used to accelerate

the motion, while the other will be used to decelerate and eliminate it.

Retro-explosion is not an economical way of destroying whatever velocity

was achieved. This can be done quicker by using friction or air resist-

ance, i.e., it can be done over a much shorter path-length. The lubri-

cation may be discontinued, and plane surfaces installed perpendicular

to the direction of motion. Their air resistance will quickly destroy

the velocity of the earth rocket. To achieve braking, particularly if

the cosmic rocket has already flown away, requires a much shorter path

A_

Table 19

C m/see

Pressure in kg

u_ _leight i00 tons
7g_

;,feight 100 tons

O©
%0

Weight i0 tons
©®

_ j =I

_ :./eight 10 cons

Q j = 4

100] 200 ] 3001 4001500 170_) I 1000i200913°L}°]40°°

o.o_blo.o2 io.o331o.o  7o.o olodoo  Io.,331o.,°7

o.51o.olo.7to._io._Il.,I,._12.513.31,.2
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than for acceleration. The general picture is as follows. The earth

rocket is accelerated together with the cosmic rocket. When the maxi-

mum velocity is achieved and the deceleration of the earth rocket be-

gins_ the cosmic rocket will leave the earth rocket due to inertia and

will follow its own path due to its own explosion which has now

started. The earth rocket which will be braked by air or by other

means_ will travel further along the runway, but will decrease its speed

until it has stopped. We shall not consider the decelerating path of

the runway_ because it will be very short. In order for friction to be

at a minimum, the cosmic rocket must constitute the front part of the

earth rocket. Its nose will be in view, while its stern will be con-

cealed in the earth rocket. When the motion of the latter begins to

decelerate, the cosmic rocket will fly out of the earth rocket. This

will cause a large aperture to open in the earth rocket, producing a

tremendous resistance and decelerating its motion very strongly. The

earth rocket is very long, and the cosmic rocket will occupy only a very

small portion of it with its stern. The remaining space will be filled

with explosives and control equipment.

For compiling Table 20 (maximum velocities of the earth rocket), we

have the equation

p=j--gstn3< (180)

Here we see the resultant p_ acceleration due to the explosion

force j, the acceleration due to Earth's gravity (i0 m/sec2), and the

angle of inclination of the path with respect to the horizon.

Furthermore,

2u'- g I. (18l)

The pressure P of the explosives acting on the rocket is given by

the equation

(182)

where GO is the weight of the rocket; pressure is expressed in conven-

tional units.
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Table 20*

Length of I ]track, i 11 2 5 I 10 50 I00 200 3001 500c, m/sec [

j-lO0 4471632 i009 I 1,120 316014.170 632417746110000

]=50 316 J447 707 I 1000 2236 13162 44?215477 I 7071

• I]=30 2t4 13_6 547 I 774 173212449 3-t641424'2 5477

I I

]_=5 100 1411 223 I 316 70711000 1414 I 1732122,_

.t':=3 78 109 I 173 i 2-1-I 547 I 774 I 1095 I I,..q4'2 [ 17,_2

j,:l ._s 63 I .100[ 1t2 316 I 447 I 632 I 774 I I000

*The figures in this table have been corrected. -

Editor's Note.

We assume that the runway is horizontal (y = 0). Maybe only a very

small inclination will be required, which will slightly decrease the

values of the velocities which we have presented_ as well as the resist-
ance of the air.

We obtain the period of motion of the earth rocket if we divide the

velocity by the acceleration j. Thus_ with a 500 km path_ according

to Table 20, it will be from i00-i,000 sec. _en the path is i km long,

the time will be from 4-1/2-45 sec. The time of deceleration may be

quite short.

Gravity produced by acceleration_ according to Table 20, varies

from 0.i-i0 times Earth's gravity. When it combines with the latter_ it

produces an apparent gravity in the rocket from I-i0 (approximately).

The runway will be somewhere in the mountains at a high altitude with a

possible length of 500 km (approximately 5° of earth's circumference),

so that there is hope of achieving cosmic velocities. However, the high

value of gravity will make it necessary to increase the strength of the

rockets_ and thus to increase their mass. Finally_ the work done by

A2
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the resistance of air will increase. It is sufficient to have an

acceleration j which is equal to Earth's acceleration; we shall then be

able to obtain a sufficient preliminary velocity up to 3,160 m/sec. A

small_ ve<y useful inclination of the path by 10-20 ° will slightly de-

crease the preliminary velocity.

We can also compute the fuel supply for the earth rocket. If the

empty earth rocket weighs i0 tons and the cosmic rocket with its charge

weighs the same amount_ both of them weigh 20 tons. From Table 6 we

compute in tons the supply of explosives for the earth rocket_ necessary
to achieve various velocities. We shall assume that the velocity of the

ejected material is 4 km/sec.

These velocities are quite sufficient_ and the supply does not

exceed 40 tons. We note that strong deceleration may kill a man con-

trolling the earth rocket. Therefore_ it is better if the latter is

controlled automatically and does not carry any people. The passengers

in the cosmic rocket during deceleration will not be attached to the

earth rocket from which the cosmic rocket will have separated.

If the rocket has thus obtained an initial velocity without using

its own supply_ it may carry a smaller supply_ or_ if the supply is the

same_ it may obtain a greater cosmic velocity.

We had

dc _ -- l_7-- eM,
_o + zfl (34)

and

c= - _.[zln (J'_o-[ A1_)+const.
(35)

Table 21

L0I0210310410 IoGI070 i0911j512.M'! : t._o
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If the initial velocity of the rocket is equal to Co, then M I = M"I,

i.e., the mass of the ejected material will be maximum (initially).

Consequently

c o== -- 117In (,4I 0+ A_) + const. (is3)

Subtracting (183) from (35), we obtain

c -- c o-_- W 111 \ Mo + M_ / (184)

If M I = 0_ we obtain the maximum velocity cI. Consequently

c_zCo-J-W'In(l-}- M!). (lS )

Let us assume that the preliminary initial velocity of the rocket

is equal to 3 km/sec and that we must have c = 8 km/sec. We assume that

W is equal to 5 km/sec. According to Table 6 we find the relative sup-

ply of fuel for the cosmic rocket equal to M"I:M 0 = 1.8, whereas to ob-

tain a velocity of 8 km/sec it is necessary to have a relative supply of

4 (Table 6). From (155) we obtain

/169

£t--C,

M'j
--:1--c (186)
Mo

We make use of thisequation to compile a comparison, Table 22.

Table 22 shows that the cosmic rocket with preliminary velocity is

much less overloaded by explosives than the one without this velocity.

For the cosmic velocities obtained above, which overcome the attraction

of the sun (17 km/sec), it would be necessary to have a supply of explo-

sives 30 times greater than the weight of the rocket. If the rocket_

while still on land, has attained a velocity of 5 km/sec, the relative

su_ly will be only I0 times the weight. The first cosmic velocity re=

$1ires a h-fold supply; but if the preliminary velocity is 3 km/sec,

then the weight of the explosives will only be 0.8 of the rocket's

weight.
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Table 22

Cl, m/sec

c I -- ,5

M",:Mo (re (186) I

M'j:M o (_ Table I

c! -- 4 [

M_1 : Mo [

8 I 11 17

0.8 ] 231 I0.0

4 I 8 30

4 7 13

1-24 [ 3.08 I 12,0

M'I : Mo .J 4 8 I 30

,I , I 813o

Shape of the Earth Rocket

The earth rocket is elongated for minimum resistance. The ratio

of the length to the maximum cross section may reach a value of 50.

Since the rocket does not leave the Earth and the sufficiently dense

layers of the atmosphere, it need not be hermetically sealed. Its

frame may be similar to the frame of an aeroplane. It contains a com-

partment for explosives which are pumped into the explosion tube and

are ejected by the force of explosion from the rear. It also contains

a pump driven by a gasoline engine (it is also possible to use a small

part of the explosives for this; after operating the engine, they enter

the explosion tube and perform the work of reaction).
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Cosmic Rocket

A cosmic rocket must have a minimum mass and volume so that it

will be easier to realize it. The ratio of its length to its maximum

cross section should not be greater than I0. The maximum cross section

is not less than 1-2 m. Its shape is also streamlined, but its shell

is hermetically sealed, since the rocket will travel into space free of

air where all the gas necessary for breathing could escape through

openings.

The principal shell of the rocket must safely withstand a pressure

of not less 0.2 atm, if it is filled with pure oxygen. Indeed, at sea

level we obtain the largest amount of oxygen. Its partial pressure is

approximately 0.2 atm. Its quantity is also the same. This means that

from the physiological standpoint there is enough. However, a human

being is able to withstand, or at least become adjusted to half this

quantity of oxygen. On the mountains (5-6 km high) where the oxygen

content is reduced by 1-1/2, a human being is still capable of living_

Eealthy people, although they may endanger their life, withstand an

additional rarefaction by a factor of 2 (at an altitude of i0 kln). I_

any case, 0.5 of the usual quantity of oxygen is sufficient. That means

that there is enough oxygen when its pressure is 0.i arm.

The rocket's shell must have a valve which opens to the outside, if

the difference between internal and external pressure of the medium ex-

ceeds_ for example_ 0.2 atm. At sea level the absolute pressure in the

rocket would be not greater than 1.2 atm, while in vacuum the pressure

inside the projectile will not exceed 0.2. These apparently are the

limits suitable for respiration. If we use a regulator to increase the

external pressure on the valve up to i atm_ the limits will be from 1-2

atm. The latter is suitable in the initial period of time as a supply

for breathing. The internal gas pressure requires that we make the

rocket in the form of a dirigible with round_ circular cross sections.

The same is useful for achieving the least air resistance. It also elim-

inates unnecessary internal reinforcements and partitions. A rocket

which has been thoroughly inflated replaces a complex beam and has good

resistance to flexure and to a general change in shape. However_ since

the rocket must glide (and, without wings it can do this only weakly),

it is useful to connect several shells (rockets) having the shape of a

body of revolution. The rockets are joined along their sides, and the

places where they are joined must be strengthened by internal partitions.

Such a complex rocket which resembles a wavy platter with several sharp

tails and heads_ or one large wing_ will be able to glide more readily.

The cosmic rocket must also undergo increased gravity. This requires

that all its component parts be made much stronger than required to

overcome conventional gravity. The individual containers for the explo-
sive materials must be stronger. However_ we have seen that the most

LAZo
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advantageous flight is one with low inclination and with low accelera-

tion rate (j_ !0). In this case the change in gravity will be so small

that all the calculations may be carried out assuming a conventional

force of gravity.

We must also consider the condensation and expansion of the medium

surrounding the rapidly moving rocket. At the nose the air is compressed,

which makes it possible to make this part of the rocket shell weaker or

thinner; in the stern the atmosphere expands, which requires that the

stern part be made thicker or stronger. These forces act when the

rocket is in the atmosphere. In the vacuum they do not exist. Neverthe-

less, it is necessary to make the rear part more rugged_ without weaken-

inn the forward part. This is very significant for the cosmic rocket

au _ Tess sicnificant for the earth rocket with its substantial elonga-

<_ _!_. Lre have seen that the total longitudinal resistance to the air

co_:_titutes a snail part of the pressure exerted on the rocket by the

e×_]osi:res. The pressure normal to the walls of the rocket is of the

_a: _ or]or of magnitude. Consequently, for average j it comprises a

:_,: <:;_ w_:ic[_ does z_ot exceed the force of normal gravity. Since there

is <_ large f'actor of safety in the strength of the rocket, these forces

_s i<,_ as _£_e _'or_'es of relative _ravity may be neglected.

_4e assu<_e that the principal parameter for a spindle-like rocket is

the difference betvween the internal and external pressure. Table 23

shows tW_e mass of the shell constructed from the strongest alloys of

_ron _ith a 4-fold factor of safety and the pressure difference of I atm

(instead of the necessary 0.2 atm). This weight depends primarily on

the volume of the shell and not on its shape and elongation_ if we as-

sume a spindle-type uniform shape.

/lWl

Table 23

Volume of the rocket_ m3

Weight of internal gas

having density of air_

kg

Weight of shell, kg

5 i0 15 2O 3O 4O 5O 100

6.5 13 19.5 26 39 _2 65 130

33 65 98 130 195 260 325 650

It turns out that the weight of the shell is only 5 times greater

than the weight of the air con_aimed within, if it has a normal density

(0.00]_3). At a pressure of 0.2 atmj the factor of safety will he 20,

while at 0.i atm_ the factor of safety will be 40. It is sufficient to
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have i0 m3 of space to accomodate one man. Then the oxygen supply is

sufficient to provide for one man for a period of i0 days, if all the
products of respiration are consumed within the rocket.

The maximum load which the rocket can carry as a function of its

volume is expressed approximately in tons (first line_ Table 23). This

load for all of the volumes is approximately l_h times greater than the

weight of the shell. As a matter of fact, for small rockets the shell

will turn out to be impractically thin, so that it wi]l be necessary to

make it 2-3 times thicker in spite of the small volume. This will fur-

ther increase the safety factor of small rockets. However, shells for

small volumes in this case will represent a larger part of the maximum

load lifting capacity (154), for examp!e_ i, 2, iO percent. For larger

volumes the weight of the shell is less than i percent. _4e have already

spoken of the external lame llar shell, which makes it possible to obtain

150 ° of heat and 250 ° of cold from the sun's rays in the ether. If it

is a bright form it may prevent the rocket from heating during f]i6ht

through the atmosphere_ particularly if a cold gas liberated from !he

rocket passes between it and the hermetically sealed shell.

Explosives

Liquefied hydrogen has less }otential energy_ since it is cold and

absorbs energy when it is transformed into a gas, so that its chemical

action is _eaker. I It is difficult to liquefy and store because it

evaporates very quickly unless special measures are taken. The most

useful explosives are liquid or easily liquefied hydrocarbons. The

_::ore volatile they are, the more hydrogen they contain and the more ad-

vantageous they are for this purpose. Oxygen in liquid form can be

tolerated, particularly since it serves as a source of cooling the

rocket (during the period of motion through the atmosphere it heats up)

and the explosion tube. However_ it is more rational to proceed as

follo_rs: to take the major supply of oxygen in the form of some endo-

genous compound, i.e., compounds which are synthesized with absorption

of heat. T_en they are broken down_ they again liberate heat and thus

increase the energy of combustion. Another smaller part of oxygen may

be taken in its pure and liquid form and may serve as a cooling agent

and, later, for breathing and explosion. Only a small supply of this

can be taken. Hermetically sealed liquid gases develop very high

pressures and very heavy vessels are required to overcome this pressure.
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iHowever, as a whole, its heat-producing capacity is greater than that

of hydrocarbons. - Remark by Tsander.
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Therefore, if they are not to be this massive, they must have openings

through which the resultant gas may escape freely. This way their low

temperature can also be maintained. The action produced by the complex

explosives is not quite as good as that of pure oxygen or hydrogen.

The latter give an ejection velocity (products of combination or com-

bustion) of 5 km/sec, while the complex fuels give a velocity of 4

km/sec. This means that the velocity of the rocket in the latter case

will be decreased by the same factor, i.e., by 20 percent.

Some people have proposed using compressed gases in vessels or

highly heated volatile liquids. This is entirely unsuitable for the

following reason. Most accurate and numerous calculations which I have

carried out show that the weight of vessels of the best form and mate-

rial is at least 5 times greater than the weight of the compressed gas

which replaces the combustible material. From this we can see that the

ejected gas will always be 5-10 times less than the weight of the rocket.

We have seen_ however_ (Table 6) that in order to obtain the lowest

cosmic velocity, it is necessary that the combustible material, under

the most advantageous conditions_ exceed the mass of the rocket by a

factor of 4. Although light gases are more advantageous_ they also re-

quire heavy storage vessels. The same can be said of a highly heated

gas. Water and other volatile liquids heated in moderation have certain

advantages and therefore are more suitable for the initial experiments

involving low altitude flights. My calculations have shown that com-

pressed gases can be used to achieve an altitude of not more than 5 km,

while superheated water can be used to achieve an altitude not above

60 km.

There is nothing that contains more energy or is more suitable

among the explosives mentioned earlier.

How are these explosives to be set off and how are they to be

stored? If we set off the explosion in the same way as in all the known

old and new rockets; then the reactive pressure during explosion will be

transmitted to the entire surface of the vessel (reservoir), which will

require that the latter be very massive. The pressure produced by the

explosives reaches a value of 5,000 atm. In this case calculations show

that the weight of the storage tanks is at least 30 times greater than

the weight of the explosives, if they have the density of water (actually

one is less_ which makes it worse). If this is so_ the projectile will

not reach an altitude in excess of 15 km.

However, we shall lose little_ if by means of a moderate mixing of

the combustible materials we lower their pressure to i00 atm; or by a

factor of 50. In this case the supply of explosives may increase by the

same factor and achieve a value of 1-2/3. However, this supply is also

too small. A further decrease in the pressure of explosion is undesir-

able because of the atmospheric pressure and the low efficiency of

/173
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utilizing the chemical energy. It is much more rational to keep the

elements of explosion in a special way, without pressure, and to pump
them into the explosion tube, i.e., a special chamber where the chemical

combination of elements (combustion) takes place. To store them _e may

use conventional tanks or the partitioned rocket itself. The incon-

venience here is that it is necessary to overcome the pressure of the

explosion when pumping the substances into the chamber. However, if the

pressure is not greater than I00 atm_ the work of this supercharging is
not too great.

In Table 24 we show this work for various cosmic velocities and

different values of the explosion force. The weight of the rocket is

assumed to be I ton and the pressure is assumed to be I00 atm.

We can see that for the smallest force of explosion j = i and for

the lowest cosmic velocity of 8 km/sec, the work of pushing in or pump-

ing in fuel is limited to 50 kg/m or half of a metric horsepower. For

the greatest cosmic velocity and a lO-fold increase in the explosion

force (j = i0), the work reaches the value of 17 metric hp.

Table 24

Velocity of the projectile

in km/sec

Mass of explosives, in tons

Period of explosion in sec,
when j = i0

Fuel consumption in kg/sec

Work of pumping, kilogram

meter (kgm)

Period of explosion in sec,
when j = i

Fuel consumption in kg/sec

Work, kgm

8 ii 17

4 8 3o

800 i, i00 1,700

5 Ii 17

500 i,I00 1,700

8,000 ii,000 18,000

o.5

5o

i.I 1.7

ii0 170
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All this can be achieved quite easily and may even be decreased

when explosion takes place periodically_ as we have already stated. It

is clear that when the mass of the rocket is increased the work increases

proportionately.

The figures which we have presented are approximate and average.

The density of the explosives is assumed to be equal to unity.

We can also see from Table 24 that the work of pumping the explo-

sives will not be overly heavy, even when the pressure of the explosives

reaches a value of !_000 atm. However_ when the mass of the rocket is

large and the pressure is high_ it is economical to use periodic explo-

sion and pumping. Then the amount of work required will be substan-

tially reduced.

Components of' the Rocket /174

Explosion Tube. Shape. Pressure. Weight. Cooling

The principal engine of the rocket is the explosion tube which, in

its action, is similar to that of a cannon fired without a shell. We

shall see below how much lighter _he explosion tube is than the con-

tainer which withstands its pressure. Table 24 shows that when the sup-

ply of explosives is 4 tons, the amount consumed per sec is 0.5 kg. The
same amount of substance leaves the tube every second. This means that

the tube is a vessel containing 0.5 kg of material at a pressure sub-

stantially less than the pressure in the vessel (where it is maximum

and uniform). The vessel (tank) contains an amount of material greater

by a factor of 8;000. It would follow then that its weigh_ must be at

least greater by the same factor. This is approximately the economy

which my rocket represents_ compared with those which are being used.

The cylindrical shape of the tube turns out to be too long. A <onic

shape decreases this distance_ and more so as the cone angle becomes

greater. Kowever, the greater the cone angle_ the greater is the energy

loss, since the movement of the gases is displaced sideways. Neverthe-

less, with an angle of i0 ° the loss is almost insignificant. However,

even an angle this large is not necessary. The cone must be truncated.

The combustible materials are pumped into the smaller base. They mix

in the tube_ explode_ flow towards the wide open base in the cone and

escape in a rarefied_ cooled form with a velocity up to 5 km/sec. In

the cylindrical tube the useful pressure acts only on the round base of

the cylinder into which the explosives are pumped; in a conic tube_ on

the other hand, the pressure is exerted on the entire inner surface of

the cone.

/17'



2o5

Therefore, the base of a conic tube is much less than that of a

cylindrical tube.

It is easy to derive an equation showing the ratio of the areas of

the two cone bases:

( ' )- (187)

where the following appear in order: the area of the large base and

that of the small base, the length of _he tube, the radius of the

smaller base and the tangent of the cone angle.

If the rocket weighs i ton, has 5 tons of explosives and its accel-

eration j = i0, then the pressure of the gases in the tube must also be

5 tons. With a maximum gas pressure of i00 arm and with a cylindrical

tube, the area of its base will be 50 cm 2, its diameter will be 8, and

i_s radius 4 cm. Assuminc its length to be i0 m and substituting vari-

ou_ angeles into equation (187) we find the values for the magnitude of

the tube's d_vergence in Table 25.

Table 25

AnKle in degrees

Fm_x :Fro_in

Ra_,io of diameters

Diameter of opening, _

I 2 I 3
I

I

to° 1 1..- 0.39 0,56
t

4 ,5 6 8 10

3,12 52| I 740 I I_[)_ '2000

18,5 44.71 1
O, 7-t

0.92 ] 1,03 I 1.,71 ] 1.8

_4e can see t!:at it is _ufficie_t to have a cone angle of i ° and in

no case grea_er t]_a;_ 3-_-.'-v_ The e:_er_, loss in this case will be entirely

negligible. In apLto oF t!_, comic shape of the tube a good utilization

of th_ force of e:q2o_.ion requires as long a tube as possible, so that
!

th< _'-_s_s__,. t:r'a:_,'; _or,_z: ._--,'_ :' _'t_ i ''_ rm-_do,_N ;:_o!:ior, L,heat) into foz_card

motion. _:n ord,.r to increase the :ien_t,S of _he tube it is permissible
to provide it wSth bends.
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Engine for a Fuel Pump

The engine for a fuel pump, in view of its low power requirements,

may be of the aeroplane type, except that in the rarefied layers and in

vacuum it would have to consume stored oxygen. The exhaust must be

directed into the general explosive tube or into a special tube parallel

to the principal one. We must not ignore the small utilization of the

energy of the hot products of combustion in the engines. We could uti-

lize the entire supply of explosives in conventional engines (gasoline,

gas) to obtain a tremendous amount of mechanical energy. We can see
from Table 24 how large this energy can be. The minimum consumption of

explosives according to Table 24_is 1/2 kg/sec. This quantity contains

an energy (Table i) of 1.37 x 106 kgm. If we utilize 30 percent of

this, we obtain mechanical energy of 411,000 kgm/sec. This corresponds

to continuous work of more than 4_000 metric hp. Having obtained this

much mechanical energy, we make use of the products of combustion as a

reactive material in the explosive tube. This would be particularly

suitable in rarefied air and in vacuum. However, we have no need for

such huge mechanical energy. In order to pump the explosives we require

a very small amount of work (Table 24), from i-i00 hp. This is also

quite impossible since the aeroplane engine of 4_000 metric hp weighs

at least 4 tons. Its weight will absorb the entire lifting force of the

rocket. I wish to state now that the mechanical work which we may ob-

tain is at least i_000 times greater than what we need.

We can expect some difficulty caused by the very high temperature

of explosion at the very beginning of the tube. This temperature

reaches a value of 2_000-3_000°C. The further we are from the begin-

ning of the tube_ the lower is the temperature of the flowing and ex-

panding gases. At the very exit of the tube this temperature may be

below 0 and in the ideal case may reach a value of -273 ° •

The tube must be made of a strong_ heat-resistant and heat-

conductive material. Then the heated part will transmit its heat to

the adjoining cold parts. But this is insufficient. It is necessary

to cool the hot parts of the tube continu<_usly during the period of ex-

plosion. They may be surrounded by liquid oxygen which is required in

any case for respiration, combustion in engines_ and for cooling of the

cabin. Therefore, the gas formed by the hes_ng of the tube must be

directed primarily to the supercharging engine. Nevertheless_ a cer-

tain portion of the initial part of the tube will be damaged during

the period of the explosion no matter how short it is.

The glowing part of the tube must therefore be made thicker than

necessary to counteract the gas pressure. This pressure decreases as

the gases move away from the beginnin_ of the tube, expand and cool.

Thus the thickness of the walls of the tube decreases towards the exit.

/176
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The weight of the tube is insignificant even at the maximum and uniform

pressure along its entire length. If we assume a pressure of i00 atm,

a 4-fold factor of safetyj the best material, a tube length of i0 m and

the tube diameter of 8 cm and a cylindrical shape; it is easy to show

that the weight of the tube will be 32.5 kg. However, this quantity is

obtained by assuming that the entire tube is of the same strength as

at its origin where the pressure is many times greater than on its other

parts. In other words, this is the limiting weight.

The weight of the fuel pump motor will be from 5-100 kg (Table 24). 1

Control of the Rocket

The control system of the rocket is distinguished by the fact that

it can operate not only in air but also in a vacuum. It consists of 3

rudders; all of which are placed in the neighborhood of the exit of the

explosion tube. Since during its descent to Earth the rocket must glide

like an aeroplane without explosion_ these rudders cannot be inside the

tube. The rocket must have the following: (i) a horizontal altitude

rudder, (2) a direction rudder, and (3) a rudder for lateral stability.

The first need not be described since they are identical to the control

rudders of aeroplanes. _owever; they are also active in space because

of the rapid flow of gases from the explosion tube. The deflection of

the rudder produces the pressure of the stream on it and a corresponding

change in the direction of the projectile. These rudders may have a

very small surface, due to the high velocity of the gaseous stream; how-

ever, the rocket must glide in the atmosphere like an aeroplane_ and

therefore the area of the rudders will be the same as in the case of an

aeroplane. The same can be said of the small wings for lateral

stability. Placed at the sides of the missile frame, they will be

operative only in the atmosphere. Therefore_ in addition to the con-

ventional ailerons of an aeroplane, they require another control surface

which is operative in space. This is represented by a small plate ahead

of the exit opening of the tube, which can rotate around an axis paral-

lel to the axis of the tube of the rocket. As the plate is rotated, the

gas flow from the tube also rotates; their vortex motion causes the pro-

jectile to rotate around its longitudinal axis in the desired direction.

If this rudder is outside the tube, it will also be effective in the

atmosphere_ like the ailerons of an aeroplane and independently of

iAssuming that the weight of the motor is i kg per power. - Editor's
Remark.
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combustion; however_ it is so weak that it must be supplemented by

ordinary ailerons. If the explosion tube is twisted, these twists must

also be controlled.

The rocket mus_ have transparent quartz windows so that appropriate

observations may be made. The windows must not break from heat or vibra-

tion. Inside they must be covered with another transparent layer to

offer protection from the fatal action of pure solar rays not made safe

by Earth's atmosphere. A compass will hardly serve the purpose of de-

termining the direction. For this purpose solar rays would be most

suitable, and when there are no windows or if the windows are closed_

then rapidly rotating small disks would be suitable. During the short

period of explosion and flight through the atmosphere they will operate

without malfunction.
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The Plan to Conquer Interplanetary Space

The General Plan

We may achieve the conquest of the solar system by means of readily

available tactics. First, let us solve the simplest problem: to carry

out an ether settlement close to Earth in the fom_ of an earth satellite

at a distance of i_000-2,000 km from the surface of Earth and outside

its atmosphere. In this case the relative supply of combustible mate-

rial is quite accessible; since it does not exceed 4-10 (compared with

the weight of the rocket). If, on the other hand_ we make use of the

initial velocity obtained on the surface of Earth, this supply will be

quite insignificant (we shall speak of this later).

Having established ourselves firmly here_ having obtained a reli-

able and safe base_ and having become accustomed to life in ether (in

the material vacuum), we would be able to change our velocity by simpler

means, to move away from Earth and the sun and_ in general_ to travel

where we wish. The fact is that as a satellite of Earth or the sun, we

may use the smallest forces to increase or decrease our velocity and

hence our cosmic position. As far as energy is concerned_ there is

plenty of it around in the form of permanent, continuous and active radi-

ation of the sun. The support point or the support material may consist

of the negative and, in particular, of the positive (helium atoms) elec-

trons borrowed from solar radiation. This energy is plentiful; and it

is not difficult to capture it in huge quantities. We may use conduc-

tors extended to a great distance from the rocket or other methods un-

known today. We may even use the pressure of light by directing it with

reflectors as required. Indeed, i kg of material with a surface area
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of I m_ during a period of i year obtains a velocity increment, from

solar rays, which is greater than 200 m/sec. Because apparent or rela-

tive gravity is absent_ we could construct very large light mirrors and

thereby obtain much larger increments in velocity and travel "free of

charge" in the entire solar system.

In this manner we can reach asteroids, small planets, and descend

to their surface which, because of their low gravity_ will present no

difficulties. Having reached these small heavenly bodies (from 200-10

km in diameter and less)_ we shall obtain a plentiful amount of support

and structural material for cosmic travel and for housekeeping in the

ether. This will open the path not only to all the planets of our sys-

tem, but also a path to other suns.

We have already stated that it would be possible to descend to

Earth without using materials or energy. The establishment of the first

economy close to Earth will require constant help from Earth. It will

not be able to stand on its own feet immediately. Therefore constant

contact with the planet will be necessary. Machines_ materials_ struc-

tures_ food, and people will have to be obtained from the planet.

Frequent turnover of workers will also be necessary in view of the un-
usual environment in the medium.

It is not necessary to use retro-explosion and thus to waste the

supply of matter and energy to return to Earth. If, when we are close

to the atmosphere_ we use a weak explosion to move closer to it and

finally touch its edge, we shall immediately lose velocity due to the

resistance of air and will be sent to Earth in a spiral. The velocity

will first increase due to the fall, then, when we enter a denser part

of the atmosphere_ it will begin to decrease. When it becomes insuf-

ficient for the centrifugal force to balance out the force of gravity,

we can incline the longitudinal axis of the projectile and begin to

glide. Fie can also increase the velocity by inclining the rocket down-

wards and increasing its fall. In other words_ we treat the rocket

like an aeroplane whose engine has been stopped. In both cases we must

adapt the moment when the largest part of the velocity is lost to the

moment when we touch land or water. The rocket, which loses large

velocity at high altitudes, is quite safe because the air is extremely

rarefied. We can even lose all of the velocity by orbiting many times

around Earth: leave only 200-300 m/sec (depending on the density of

the surrounding medium), and then proceed as with an aeroplane. Never-

theless, if the rocket does not have additional devices_ landing takes

place at a much higher velocity and may be quite risky. It should be
performed over water rather than over land.

From what we have said, it is clear that the space ship must have

some features of the aeroplane.
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In view of the fact that it is advantageous to operate with a small

acceleration j of the rocket, no special safety devices for the preserva-

tion of man against increased gravity are required; this increase is

very small and a normal subject will be able to endure it even by stand-

iag up. Also, it last only several minutes and at the most, 2-3 hours.

The products of respiration must be absorbed by alkalies and other sub-

stances which are well known to chemists. Similarly, all of the solid

and liauid secretions of man must be decontaminated. I have already

written a great deal concerning the procurement of oxygen and food in

ether. There is no question that this can be achieved.

C,nditions of Life in the Ether

i. It is _N_ijossible to exist very long in the rocket: the supply

of oxygen for respiration and food will soon disappear, the products of

respiration and d_gestion will contaminate the air. Special dwellings

are required - safe_ light, with desirable temperature, with regenera-

tive oxygen, with <_onstant flow of food, and with the conveniences for

life and labor.

These dwell inKs and all equipment for them must be supplied from

Earth by rockets i_ packaged form_ they must be unpacked and assembled

in ether when thq< arrive in place. T}Le dwelling must be seale_ for

gases and vapors and must be permeable to light.

The materials must be nickel-plated steel, ordinary and quartz

glass. The dwelling must consist of many compartments_ isolated from

each other and joj_o_l only by doors which close tightly. If any com-

partment is pun<_tL_r(_u or becomes permeable to gases, it will be possi%le

to rescue oneself it_m_ediately to another and to repair the damaged

compartment. The slightest leakage _i_l produce a pressure drop which

will be recorded b;!ia sensitive manometer. At that time measures can

be taken to repair the damage. Thus life in a vacuum may be made I00

percent safe.

Approximately i/3 of the dwelling is open to sunlight. It pene-

trates all of the co_partments due to the transparency of the partitions.

The entire surface of the dwelling is covered with a double layer

of thin_ movable shu_ters. If the side which is not illuminated by the

sun is covered with bright shutters_ while the transparent side is open

to the rays of the sun, a maximum temperature of' 150°C is achieved. If,

on the other har!dj the nontransparent side is covered with a movable

dark iayer,_ whi;le the transparent side is covered with a brilliant sur-

face like silver_ a low temperature is obtained which_ at great distances
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from Earth_ will be 250o below 0. Close to the planet the temperature

cannot be less than 100-150° below O, since Earth produces a warming

effect. By combing the shining shell with a dark shell in varying

ratios, we may obtain any desired degree of heat: for adults, for

children, for plants_ for the bath, for the laundry, for sterilization_
industrial purposes, etc.

Here is a description of a possible thermal system for various tem-

peratures, althouch not necessarily the limiting ones which can be

obtained. The opaque part of the dwelling is black on the outside. At

a short distance from this surface there is a second surface_ consisting

of very shiny scale. The parts of this scale surface may rotate and

become perpendicular to the surface, like the needles of a hedgehog_

In this case low temperature is obtained. However_ when this armor

covers the black surface, a high degree of heat is obtained. Tiue same

scale may cover the transparent part of the dwelling. Then it will be

possible to obtain low temperature. Depending on the purpose of the

ether chambers_ their construction may be quite diverse. The shiny

scale may be moved to provide several layers and expose the more or less

black surface of the dwelling, thereby producing the desired degree of
heat.

Initially, there _ill be simple homes suitable for people as well

as for plants. They will be filled with oxygen having a density of I/5

of the atmosphere, with small quantities of carbon dioxide, nftrogenj

and water vapor. They wi]] also contain a small quantity of fertile

and moist soil. This soil _i]l be illuminated by the rays of the sun

and will be seeded to produce edible roots and other plants. People

will contaminate the air with their respiration and will eat the fruits_
while the plants will purify the air and produce the fruits. Han will

return in full measure that which he had stolen from the plants, in the

form of fertilizer for the soil and the air. It will not be possible to
do without the work of various types of bacteria.

We observe exactly the same cycle between animals and plants on

our Earth_ which is also isolated from other heavenly oodies like our
rocket-dwelling.

Food provides man with 3,000 large calories per day. The same

amount of heat is given by 0. 5 kg of coal or flour or 3 kg of potatoes

or 2 kg of meat. One square meter of surface illuminated by the normal

rays of the sun in a vacuum at the same distance as Earth (from the sun)

collects 43_000 calories every 24 hours_ which corresponds to !0 kg of

flour or 43 kg of potatoes (also bananas), or 30 kg of meat.

This means that theoretically a window with an area of i m 2 illu-

minated by the normal rays of the sun produces 14 times more energy

than is required by man to live in a severe climate. Some plants

,ll,S1
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utilize up to i0 percent of solar energy (such as the Burbank cactus),

others utilize up to 5 percent (bananas, and edible roots). For man to

exist, i.e., to obtain the necessary oxygen and food, it is therefore

sufficient to have i m2 of solar rays, if the efficiency of utilization

is 7 percent. It turns out that in order to satisfy the daily require-

ments of one strong man, a dwelling with a window of i m 2 and with suit-

able plants is sufficient. However, plants may be cultivated by selec-

tion and by artificial fertilization. It is possible that with time

these plants under ideal ether conditions will give not a 5 or i0 per-

cent yield, but rather a 50 percent yield. However, even existing

plants properly selected will satisfy our needs.

Plants may feel quite comfortable in our dwellings. The tempera-

ture is most suitable for them, the quantity of carbon dioxide may be

raised to I percent without harm to man, i.e., its concentration will

be 30 times greater than on Earth, humidity may be controlled at will_
fertilization will be complete and suitable, light will be of proper

direction and composition (for this purpose we may use glass of various

colors and properties), and there will be complete elimination of

pesticides, weeds and extraneous cultures by a preliminary purification

of the soil at elevated temperatures.

However_ the needs of various plants and people vary considerably.

Each being requires a medium which is most suitable for him. In time

this will also be true in the ether: certain plants will require cer-

tain types ofacco_modations with a specific type of soil, atmosphere,

humidity, light and temperature; others will have different require-

ments. For mankind this requirement will differ even more. For vari-

ous races, ages, and temperaments the accommodations will be different.

Initially we will have to put up with cohabitation (symbiosis) of

plant life and mankind.

Gravity will not be experienced either by the plants or by the

people. This may prove to be very advantageous for both. The plants

will not require heavy trunks and branches which frequently break due

to a surplus of fruit and which constitute a useless balast on trees,

shrubs and even grasses. Gravity tends to hinder the upward movement

of saps. A low gravity may, nevertheless, be quite useful to plants

for holding the soil and water in one place. This low gravity is easy

to achieve by rotation of the dwelling or the greenhouse. This low

gravity will hardly be noticeable for plants and people: trunks will

not bend_ and people, as before, will be able to conduct flights in all

directions, moving by inertia as necessary. The magnitude of the arti-

ficial gravity will depend on the angular velocity and radius of rota-

tion. It will be approximately I_000 times less than Earth's gravity,

but there is nothing to prevent it from being 1,000 times more. No

,/s..82
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forces will be required to sustain the rotation of greenhouses or the

dwelling. Objects rotate by themselves due to their inertia once they

are placed in motion. The latter is eternal like the rotation of the
planets.

The required temperature will make it possible for a man to exist

without clothes and shoes. The abundance of heat will also limit the
requirements of food.

Disinfection will destroy all contagious diseases and all the

enemies of plants and of mankind. The absence of gravity eliminates

the need for beds_ chairs, tables, vehicles and forces for motion.

Indeed, a small push is all that is required to move eternally, due to
inertia.

Work of all types will be easier to carry out than on Earth. First,
because the structures may be infinitely large even when the weakest

materials are used --gravity will not destroy them since it does not

e_ist. In the second place, under this environment man will be able

to work in any position by merely securing his feet or other parts of

his body-- there are no vertical or horizontal lines. There is no top

or bottom. It is not possible to fall any place. Not even the most

massive objects can crush a workman since they never fallj even without

a support. All the component parts of the body_ regardless of how large

they are_ do not press on each other. All of the objects are displaced

with the slightest force, regardless of their mass and dimension, only
a short-term exertion is necessary, proportional to the mass of the

object and the square of its velocity; after this the bodies move with-

out stopping. _en bodies are stopped the initial work used to place

them in motion is recovered. Thus transportation will essentially cost
nothing.
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We should not forget that phenomena of inertia remain valid to the

same degree as they are on Earth; impacts are just as strong as on the

planet in the gravity medium. Forging is just as effective. If we fall

between two masses which are moving with respect to each other we may

be crushed --if they are sufficiently large or if they have a suffi-

ciently high velocity. Presses_ levers, crushers, hammers and all other

machines operate effectively if their action is not based on the force
of gravity.

It is not necessary to fight the weather_ to combat slush_ cold,

fog, downpour_ dampness_ wind_ hurricanes_ darkness_ heat, etc. Nor is

it necessary to combat animals and plants. When one works outside the

artificial medium, i.e., outside a dwelling_ one cannot remain nude.

In ether, in vacuum; workers and those who are out for pleasure must

wear special protective clothing resembling the clothing worn by divers

(diving helmet). These special suits like the sealed dwellings provide
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oxygen and absorb the products of human secretion. These suits are

simplified versions of the closed quarters and are attached directly

to the body. The only difference is that in this case the oxygen is

not supplied by plants but is stored beforehand and is liberated

gradually, like in the modern diving helmets. Special glasses protect

against the fatal action of solar rays. These suits are not permeable

by gases and are sufficiently flexible to hold the gas pressure without

impeding the movement of the organs. Organic secretions are absorbed,

the humidity inside the suit is controlled. The color of the suits

must correspond to the desired temperature. In some suits it will be

cold, in others it will be hot. In some cases it will be possible to

fry, in others to freeze to death. The surface of the space suit may

be of movable armor, just like the dwelling. Then the temperature may

be varied at will.

Inside the dwellings, work is conducted exactly as it is on Earth;

however, it is more convenient to work, since we are not impeded by

gravity and its direction. We are not impeded by clothing, shoes, cold,

heat, and Earth's normal dirt on clothing.

All of the structures, space suits, instruments, greenhouses or

dwellings --all of these must be constructed and tested beforehand on

Earth. All of the initial work in ether will be limited to the assem-

bly of ready-made parts. The first colonies must depend entirely on

their planet, especially since there are probably no suitable materials

close to Earth (we can only capture a portion of the rarefied atmos-

phere_ but this is insufficient), it would be good if the initial
colonies did not have a shortage of oxygen and food. However, the be-

ginning of the technology is possible even here. The colonies will

require less aid when they settle in the belt of asteroids between Mars

and Jupiter, where there should be no shortage of raw materials. Not

only will the multitude of little planets be settled here, which will

provide an unlimited quantity of materials and will not hinder us with

their gravity, not only will we assume a solid position here, but we

shall also get to the frightening space with solar energy, whose total

quantity is 2,000 million times greater than that which is presently

received by our planet. The temperature in the belt of asteroids may

be brought up to 20°C or higher by a very simple method (the method de-

scribed by me a long time ago in my manuscripts and the one patented by

Markuze). With special methods and mirrors it may be raised to the

temperature of the sun, and by means of electricity it can be raised

even higher. _owever, nothing will prevent us from approaching the sun

closer where its force is ten and hundreds of times greater than at

Earth. The temperature is in our hands. We shall also find masses of

matter between the orbits of the lower planets.

We have stated that the struggle with nature is virtually nonex-

istent. However, it is necessary to combat the pressure of gases, the
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fatal rays of the sun, the imperfect nature of man and of plants. It

is inevitable that we shall have to fight for comfort, knowledge, and
the perfection of mankind. I

The Program of Work to be Started in the Near Future

Now we shall discuss how we shall start work immediately to con-

quer the cosmos. It is customary to proceed from the known to the un-

known, from the sewing needle to the sewing machine, from the knife to

the meat cutter, from the flails to the crushers, from the carriage to

the automobile, from the boat to the ship. In the same way we visua-

lize going from the aeroplane to a reactive device for the conquest of

the solar system. We have already stated that the rocket which flies

initially in the air must have certain characteristics of an aeroplane.

However, we have already shown that landing gears, propellers, the

engine, the permeability of the cabin to gases, and the burdensome

wings are unsuitable. All these things prevent the rocket from achiev-

ing a velocity greater than 200 m/sec or 720 km/hour. The aeroplane

will not be suitable for the purpose of air transportation, but will

gradually become suitable for cosmic travels. Does not the aeroplane

even today, flying at an altitude of 12 km, overcome 70-80 percent of

the entire atmosphere and approach the sphere of pure ether which sur-

rounds Earth! Let us help the aeroplane to achieve more. Here are the

rough steps for the development and transformation of the aircraft indus-
try to achieve the above goals.

i. A rocket aeroplane is constructed with wings and conventional

controls. However_ the gasoline engine is replaced by an explosion

tube, into which a low-power engine pumps explosives. The propeller is

absent. There is a supply of explosives, and the cabin for the pilot

is covered with something transparent to protect it from the wind, since

the velocity of this device is much greater than that of an aeroplane.

This device, due to the reactive effect of explosives_ will move along

a runway consisting of greased rails (if the velocity is low, the wheels

may be retained). Then the device will rise into the air, achieve max-

imum velocity, lose its supply of explosives, and begin to glide like

an ordinary aeroplane without an engine and land safely.

The quantity of explosives and the force of explosion will be in-

creased gradually as well as the maximum velocity, flight distance and,

±Following this, Tsiolkovskiy has a section entitled "The Development

of Industry in Ether in the Widest Sense," which we have omitted. -
Editor's Remark.
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most important, the altitude of flight. Since the cabin for the pilot
will not be sealed against the escape of gases, the height reached by
this aeroplane will, of course, not be too great. It is sufficient to
go up to 5 km. The purpose of these experiments is to learn how to con-
trol the aeroplane (at high speeds), how to control the explosion tube,
and how to glide.

2. The wings of subsequent aeroplanes will be gradually decreased,
while the power of the engine and the velocity will be increased. It
will be necessary to attain initial preflight velocities by meansof
devices described earlier.

3. The frame of future aeroplanes will have to be sealed against
the leakage of gases, filled with oxygen, and with devices which absorb
carbon dioxide, ammonia,and other products of humanelimination. The
purpose of this aeroplane will be to reach any degree of atmospheric
rarefaction. The altitude to be reached maybe considerably in excess
of 12 km. Due to the high velocity during descent, it would be safer
to land on water. The hermetically sealed frame of the rocket will
keep it afloat.

4. The rudders, which I have described, will be applied and will
work well in the vacuumand in the highly rarefied air which will be
penetrated by the rocket. An aeroplane without wings will also be
launched and will consist of 2 or 3 sections, blown up with oxygen and
hermetically sealed,which will glide very well. It will require a
rather high initial velocity before it will take off into the air, and
consequently will require a perfected runway for this purpose. The
additional velocity will makeit possible for this aeroplane to reach
higher and higher altitudes. The centrifugal force may already produce
its effect and decrease the work of motion.

5. The velocity will reach 8 km/sec, the centrifugal force will
destroy gravity completely, and the rocket will go beyond the limits of
the atmosphere. After it travels there for a period determined by the
supply of oxygen and food, it will return to Earth in a spiral, braking
itself against the atmosphere and gliding without any explosions.

6. After this it will be possible to use a simple single frame.
The flight beyond the atmospherewill be repeated. Reactive devices
will movefurther and further away from Earth's atmosphere and will re-
main in ether for longer and longer periods of time. Nevertheless,
they will always return since they will have a limited supply of food
and oxygen.

7. Efforts will be made to eliminate carbon dioxide and other

human eliminations by means of selected small plants, which will also
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yield nourishment. This will require a great deal of work, progress
will be slow, but success will be achieved.

8. Space suits will be developed to make it possible to leave the

rocket and go into the ether with safety.

9. Special compartments to hold plants will be developed to ob-

tain oxygen, food, and purified rocket air. All these devices will be

packed and taken into ether by means of rockets and there unpacked and

assembled. Man will become more independent of Earth, since he will

obtain the means for life independently.

I0. Extensive settlements will be established around Earth.

ii. Solar energy will be utilized not only for nourishment and

the comfort of life, but also for transportation over the entire solar
system.

12. Colonies will be established in the belt of the asteroids and

other points of the solar system where only small heavenly bodies exist.

13. Industry will be developed in space, and the number of colo-
nies will be increased.

14. The population of the solar system will become one hundred

thousand million times greater than the present population of Earth.

A limit will be reached, after which it will be necessary to emigrate
over the entire Milky Way.

15. The sun will start to die. The remaining population of the

solar system will move to other suns to join their brothers who departed
earlier.

Published as a separate brochure at Kaluga
in 1926, also contained in "The Selected

Works" Book II, published in 1934.
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COSMIC SHIP

(192_)
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If a pressure acts on the base of a body, the body will not only

rise but will continuously accelerate its motion. After a certain period

of time it will attain a velocity which may be sufficient for permanent

escape from Earth or even from the sun.

This is the basis for interplanetary and interstellar travel. In

order for a projectile to escape Earth and travel along the orbit of

Earth, it is sufficient to have a relative velocity of 11.2 km/sec, and

to escape from the sun it is necessary to have a relative velocity of

16.5 km/sec.l In some cases it will be necessary to take advantage of

the daily and annual motion of Earth; otherwise the required velocities

will become enormous. To orbit eternally around Earth beyond its atmos-

phere, a velocity of not less than $ km/sec is required. In this case

our projectile will be similar to a small moon.

What are the means available to us to produce a pressure on the bod F

several times its weight?

First of all, we think of a cannon with explosives (gunpowder, for

example), with compressed gases, with overheated volatile liquids,

electromagnetic cannons_ etc.

However, in this case there are many insurmountable difficulties.

Let us assume, for simplicity, that the gas pressure in a cannon is the

same during the entire period of explosion. Let us assume that the

projectile weighs i ton and that the gas pressure on it is equal to 2 tons.

The acceleration will be twice as large as the acceleration due to Earth's

gravity and_ therefore, the projectile will appear twice as heavy. In

other words, if we increase the pressure on the projectile by a certain

factor, then the apparent gravity in the projectile will also be increased

IAII of the numbers and considerations presented here are based on

calculations contained in my works.
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by the same factor. In order for the cannon to produce a velocity

sufficient to overcome Earth's attraction, it must have a length of
approximately 3,000 km.

If the cannon is shorter, e.g., 60 km long, then the pressure

required to achieve the desired velocity will be I00 times greater than

the normal weight of the projectile with all its contents. In this case

the weight of the bodies contained within the projectile will also be

increased by a factor of i00. It is doubtful that a living being can

undergo such a gravity, even when the best safety measures are taken.

In a cannon 600 km long, the average apparent gravity increases

by a factor of i0. This gravity is hardly tolerable for man even when

he is submerged in a liquid of the same density as his average body
density.

Let us clarify the role of the liquid as a safety device. Let us

assume that you have been submerged into a liquid of the same density

as the average density of your body, and that you are breathing through

a tube with an opening to air. Your weight seems to disappear; it is

equalized by the pressure of the liquid; you do not move up or move

down and appear to be in equilibrium at any depth. Let us now assume

that gravity is increased by a million times. As before, you will be

in a state of equilibrium and will not feel this increased gravity.

As before, it does not exist as far as you are concerned. Indeed, even

though the gravity of your body has increased a million times, the

pressure of the liquid has also increased by the same number. This
means that the equilibrium is not violated.

Thus, the liquid would appear to safeguard a man from destruction

under any increase in gravity. It is not in vain that nature uses the

same approach when it wishes to preserve delicate organisms from the

strong force of gravity and from shocks. For example, the fetus of an

animal is developed in a liquid, and the brain of higher animals exists
in exactly the same condition.

However, this would only be true if the body of a man were entirely
homogeneous in its density. Unfortunately, this is not so. The bones

are much denser than the muscles and the muscles, in turn, are much

denser than the fat. As the force of gravity increases, a difference

in pressure develops which under a sufficiently high force of gravity
may destroy any organism. Only experimentation will determine the

maximum relative gravity which may be endured by a man without detri-

ment to his health. A lO-fold increase in the force of gravity is

considered possible; however, in this case, the cannon must have a

length of 600 km. When it is this long, it is necessary to place it

horizontally. Its cost is prohibitive and it is doubtful that it can

be realized. Also, in this case, the air resistance during horizontal

flight and the tremendous initial velocity will destroy the major portion
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of the kinetic energy of the missile, and it will not reach its goal.

Electromagnetic systems or other systems for a cannon will produce the

same necessarily miserable results.

It is also possible to achieve velocity by supporting oneself on

air like an aeroplane or an airship. However, the velocities which can

be achieved in this manner are far from the required value. For ex-

ample, the velocity of an aeroplane of i00 m/sec (360 km/hou_r) will con-

stitute only 1/120 (less than i percent) of the velocity required for

complete escape from Earth's gravity.

It is difficult to hope that a conventional unmodified aeroplane

could reach cosmic velocity. The velocity of aeroplanes will be limited

to 100-200 m/sec (360-720 km/hour). However, aeroplanes may be trans-

formed and may be powered in a different manner, not by means of pro-

pellers but by repelling air with special complex turbines. Apparently

this method gives us unlimited velocity and an unlimited quantity of

material for ejection (oxygen, obtained from the atmosphere). As a

matter of "f_ct, at sufficient altitudes (100-200 km) the oxygen will

disappear completely and will be replaced by hydrogen. It is possible

that this hydrogen could also be used as a fuel.

It is even simpler to put the aeroplane in motion by using explo-

sives which have been stored; however, in this case, the aeroplane is

transformed into a gigantic rocket. This approach is a little bit worse

than the preceding one. Indeed, it would be necessary to store not only

the fuel but also oxygen, whose weight is 8 times greater than the

lightest fuel - hydrogen. This device compared to the preceding one

will be overloaded by a factor of 9 with supplies of potential energy

(in the form of explosives). Theoretically, at a certain altitude, there

must be an explosive mixture consisting of oxygen, nitrogen, and hydrogen.

It is true that this mixture is extremely rarefied, but its pressure

may be raised by means of complex centrifugal pumps. Then the rocket

need not have a large supply of fuel and may achieve very large velocities

quite easily in the rarefied layers of the atmosphere.

Finally, there is a third and most attractive method of attaining

high velocity. This method consists of transmitting energy to the pro-

jectile from Earth. The projectile itself need not carry a supply of

any fuel material (i.e., in the form of explosives, fuel or energy).

Energy will be transmitted from the planet in the form of a parallel

beam of electromagnetic waves of shortwave length. Such rays may be

directed in a parallel beam by means of a large parabolic mirror to a

flying aeroplane, and there producethe work necessary to eject particles
of air or of a stored "dead" material to achieve cosmic velocity while

the projectile is still in the atmosphere.
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This parallel beam of electric or even light (solar) rays must pro-

duce pressure in itself, which may also impart a sufficient velocity to

the projectile. In this case, no supplies for ejection need to be carried.

The latter method would be the most perfect. Indeed, it would be

possible to construct a power station on Earth of almost unlimited size;

this power station would transmit energy to a flying machine which will

not have to carry its own supply of special energy. It will contain only
people and whatever is necessary for their life and its continuation

during the voyage or during permanent life in ether. The problem of

interplanetary communication would therefore become much simpler.
/190

The pressure of solar light at the distance of Earth is not more

than 0.0007 g per m2. To produce a pressure of lO tons (assuming that

the projectile weighs only 1 ton), or lO millions, we would need a mirror

with an area of not less than 16 million m 2. Then the edge of a square
parabolic reflector must be not less than 12.6 km. We cannot consider

this to be realizable, particularly at the present time. In addition

to this, the influx of rays would instantaneously fuse the most fire-

resistant material of the space shiprs construction. Also, how can we

direct the flux of energy to the flying machine which is continuously

changing its position? This method of obtaining velocity poses a series

of difficult questions whose solution we shall leave for the future.

However, the pressure of solar light, electromagnetic waves, electrons,

and helium particles (alpha rays) could be applied, even today, in ether

to a projectile which has already conquered Earth's gravity and requires
only further cosmic displacement.

However, all this is still in the realm of fantasy.

At the present time it is mbre advantageous at high altitudes in

the atmosphere to use rarefied air for ejection; the pressure of this

air will have to be increased by complex centrifugal compressors. When

the velocity of approxima%ely 8 km/sec is achieved, the projectile will

leave the atmosphere completely along a spiral path and will rotate

around Earth like the moon. Beyond this point it will be easier to obtain

cosmic velocities. We have indicated the value of velocities necessary

to overcome Earth's gravity and the gravity of the planets and the sun.

However, we have not computed the work which must be expended to achieve
these velocities.

Simple integration shows that this work is equal to the one which

is necessary to raise a projectile or any other body to a distance equal

to one Earth radius, if we assume that gravity remains constant.

Therefore, if we have a mass of i ton, the total work performed by

Earth's gravity when this mass is moved away to infinity is 6,367,000

ton-meters. The latter quantity expresses numerically the radius of Earth
in meters.
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Let us comparethis energy with that which is presently under the
commandof man. A ton of hydrogen whenit burns with oxygen releases
28,780 large calories, which corresponds to 12,300,000 ton-meters.

Therefore, if this energy could be converted into mechanical work,
it would be almost twice as muchas that required to free i ton of fuel
from the forces of Earth's gravity. Petroleum gives up to 5,560,000
units of work, i.e., the energy of petroleum is only slightly insuffi-
cient to obtain the escape of a mass from Earth.

Of course, there is no oxygen in ether space and, therefore, we
must take the oxygen with us in the rocket device. In general, we
must lift fuel_ oxygen, and the ship itself with all the people and
accessories.

A i ton mixture of hydrogen and oxygen, which forms water during
reaction_ liberates 1,600,000 ton-meters of work. This energy consti-
tutes only a quarter of that work necessary for a complete surmounting
of the force of gravity of only the products of combustion, i.e., of
water. Gasoline and oxygen give 1,010,000 ton-meters per ton. This is
less than 1/6 of the required energy.

The energy of radium and other similar substances is very great,
but it is released so slowly that it is entirely unsuitable. Thus, a
ton of radium in the course of 2,000 years liberates approximately i
billion ton-meters, i.e., a million times greater than coal whenit pro-
duces I ton of its products of combustion. A kg of radium produces
approximately 130 calories per hour or 55,640 kg-meters, which consti-
tutes approximately 15.5 kg-meters per sec. Consequently, under ideal
conditions of exploitation, a kg of radium gives continuous work equal to
that provided by a laborer. Oneton of radium under these samecondi-
tions produces approximately 155 hp. Therefore, as far as its weight
is concerned, radium is 5 times less productive than the aeroplane engine
(the latter gives not less than i power per kg of weight).

It goes without saying that the necessary quantity of radium will
not be found at the present time, and that its cost is enormous. No
engine utilizing radium has been designed, and its ideal exploitation is
impossible.

It is quite probable that electrons and ions can be used, i.e.,
cathode and especially anode rays.

The force of electricity is unlimited and can, therefore, produce
a powerful flux of ionized helium to serve a space ship. However_we
shall leave these dreamsfor a while and return to our prosaic explosives.
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It would seem that the application of the most energetic explo-

sives, under the most ideal conditions, will not make it possible to

overcome even their own gravity. However, we shall show that explosives

of sufficient quantities under certain conditions may impart an arbitrary

velocity to space ships, and that in this manner cosmic travels may be
achieved.

First, let us assume that there is no gravity. Let us further

assume that we have two bodies of equal mass with a compressed spiral

spring between them. The spring expands and both of the stationary

bodies achieve equal velocities. Let us replace one of these bodies by

an equivalent mass of compressed gas_ whose motion is directed by a
tube (nozzle) in one direction. We shall limit our discussions to a

hollow sphere with the compressed gas inside, or a heated volatile

liquid inside the sphere. The gas will fly out in one direction, while

the mass of the container will fly in the other. Instead of gas or

vapor, we may use explosives to obtain the high velocity.

The velocity of ejected products of explosion may reach a value of

5 km/sec in vacuum, if the tube is sufficiently long. This means that

our device (rocket), which has a mass equal to the mass of explosives,

may achieve the same velocity.

Let us assume that the mass of explosives is 3 times greater than
the mass of the rocket. We shall assume that the mass of the rocket is

unity. The mass of explosives will then be equal to 3 (or 22 - i = 3).

Let us first explode two units. The remaining 2 units of mass will

obtain a velocity of 5 km/sec. After this we explode another unit. We

obtain another increment of 5 km/sec. The projectile will achieve a

velocity of i0 km/sec. Now let us imagine that the supply of explosives

of rocket constitutes 7 units of mass, i.e., (2 3 - I = 7). We explode

4 units. The remaining 4 units obtain a velocity of 5 km/sec. We

explode 2 more units. The remaining units will achieve 5 more km/sec,

i.e., a total of i0 km/sec. Finally we explode the third unit by itself.

The empty rocket having a mass of unity will receive another 5 km/sec,

and its total will be 15 km/sec. The supply of explosives compared with

the mass of the rocket will be of successive magnitudes: 24 - i = 15;

25 - i = 31; 26 - i = 63; (2n - I).

The corresponding velocities of the space ship will be 5 x 4 : 20]

5 x 5 = 29; 5 x 6 = 30; (5 x n) km/sec. Obviously the magnitude of the

velocity will increase without limit, whereas to achieve interstellar

flight we do not require a velocity greater than 16.-17 km/sec.
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Part of the work performed by the explosives is lost in the field of

gravity. This part becomes smaller as the explosion becomes faster.

When we have an instantaneous explosion, no energy will be lost. No

losses will occur if the direction of the vector of reaction of the gases

is normal to the force of gravity (to the vector), regardless of what

the rate of explosion is.

When we have an instantaneous explosion, the relative gravity in the

projectile will be infinitely high and will, therefore, kill all living

things contained within the space ship. However, when the explosion on
the rocket is directed in a horizontal direction, the rocket drops to

the planet before achieving the necessary velocity. With a velocity of

8 km/sec, the centrifugal force becomes equal to the force of gravity;

the projectile describes infinite circles.

In addition to this, during horizontal flight the path through the

atmosphere is increased many times. Due to this, a substantial part of

the work produced by the explosives is used up to resist air.

My calculations show that the optimum angle for the ascent of an

interplanetary ship is between 20-30 degrees. In this case neither

resistance of the atmosphere nor the relative gravity in a rocket are

very great, while the loss of energy produced by the explosives due to

the forces of gravity is insignificant.

Thus a projectile of any mass apparently may attain a cosmic

velocity with a relatively small supply of explosives.

It is necessary to apply the most energetic explosives and to

explode them in a very strong, small container which we shall call the

explosion chamber or at the beginning of an explosion tube (nozzle).

The gas pressure will be felt only by this chamber and its extension -

the explosion tube, where the products of explosion will flow, gradually

expand and cool as the random motion of thermal energy is transformed

into kinetic energy.

The tube and the explosion chamber have a very small volume.

Therefore, their mass cannot be very large. It does not increase as

the supply of explosives increases. The vessels (tanks) which contain

the explosives are not under any pressure except the one due to the

relative increase in their weight. Such vessels, particularly in the

case of a multiple chamber device and a device with many explosion tubes,

may weigh very little.

It will be necessary to pump the explosives continuously into the

explosion chamber. Explosion in a medium with gravity must take place

very rapidly; the quantity of explosives consumed per second will be

very large and the pressure will be several thousand atm. It is clear
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that the work performed in pumping is not sr_ll. We note that we may

use available materials as explosives, e.g., gunpowder, dynamite, etc.,

or we may use two or several different substances which are mixed in

the explosion chamber and which give gaseous products during explosion.

The latter is most practical in all respects. In the following discussion

we shall assume that the rocket utilizes two or more substances which

produce gaseous products during their reaction.

As my calculations have shown, when the cosmic rocket moves at an

angle of 30o with respect to the horizon, gravity and atmospheric re-

sistance absorb little energy. In rough calculations we shall neglect

these losses and assume that the acceleration of the rocket is 30

m/sec 2. The relative gravity inside the rocket will be twice what it

is on Earth. The following table shows approximately the time in

seconds from the beginning of the rocket motion, the corresponding

velocity in km/sec, the travel path, and the attained altitude in km.

The fifth column shows the atmospheric density or the force of Earth's

gravity.

By examining the table we obtain a picture of the rocket motion.

Its motion is accelerated continuously. After 15 seconds, the velocity

is 0.45 km/sec; however, the resistance of the atmosphere by this time

has already decreased by half, since the rocket has reached an altitude

of 5 km where the density of the air is half of what it is at sea level.

Five minutes later this density will decrease to 1/3, and the

rocket will reach an altitude of 9 km with a velocity of 600 m/see. The

rocket has passed the troposphere in 30 sec from the beginning of the

flight, and its velocity reaches a value of 0.9 km/sec. The resistance

of the air is very small since the rocket is now at an altitude of 20

km where the density is 0.06, i.e., the air is 17 times thinner than

on the ground. The rocket now continues its flight through the strato-

sphere. This is the region of falling stars, the place of their igni-

tion and destruction, and of luminous clouds.

Approximately i min after the rocket has started its motion, an

altitude of 80 km is reached. As it is lifted above 80 km, the rocket

enters the secret region of Aurora Borealis.

In 150 sec or 2.5 min the rocket enters absolute vacuum in the

region of the light-carrying ether, where the motion which it has

achieved becomes eternal to the extent that the motion of heavenly

bodies is eternal. First it is necessary to become established as
Earth's satellite in the orbit of a small and close Earth's moon.

From this point it will be easy to carry out further displacements and

motions up to exit from the solar system and flight among the stars.

The velocity of the rocket reaches a value of 4.5 km/sec and an altitude

of 500 km from the surface of Earth.
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However, this velocity of the projectile is not sufficient for it to

become a reliable satellite of Earth. The rocket will travel 2 more min

and a total of 270 sec from the beginning of its motion and, by means

of an explosion, will achieve a velocity of 8 km/sec and an altitude of
1,700 km.

Here Earth's force of gravity is substantially reduced (approximately

by 35 percent), and the rocket would rise much higher if its path were

vertical all the time. Let us assume that the explosion continues:

the table then shows us its future results. It shows the calculations

for future explosions; in calculating the altitudes, the decrease in the

force of gravity was not taken into account. However, the important

factor is not the altitude reached but the velocity attained. This

velocity makes it possible, after explosion has ceased in 370 sec, to

escape completely from Earth and to fly along its annual orbit as its

brother planet. If a further explosion takes place in the period of 550

sec (9 man) from the beginning of the flight, the velocity attained will

be sufficient not only to reach any planet, but to escape completely from

the gravitational force of the sun and float among other suns of the

Milky Way (the direction of the rocket must, however, coincide with the

annual motion of Earth).

This insignificant velocity overcomes the powerful solar gravita-

tional attraction only because it is relative. The absolute velocity

with respect to the sun, however, is quite large. We have utilized the

motion of Earth, and it was Earth that gave us this power, having itself

lost an entirely insignificant part of its velocity.

In our published works we have computed earlier that in order for

a space ship to achieve the first cosmic velocity of 8 km, it must take

a supply of the most active explosives which would exceed the weight of

the rocket by a factor of 4. If a rocket with the people and with its

other contents were to weigh i ton, the consumption of explosives would

be 4 tons or 400 kg during a period of 270 sec. Their average consump-

tion per sec would be 15 kg.

The pressure on the cosmic rocket z, by arrangement, will be 3 times

greater than the weight of the rocket with all its contents, including

the material not yet exploded. Thus, if the acceleration is constant_

then at the beginning of the flight, when the rocket weighs 5 tons, the

pressure will be 15 tons (5 x 3). At the end of the explosion when the

material has been used up and the rocket weighs only I ton, the pressure

will be only 3 tons. This means that the consumption of explosives at

the beginning of the flight is 5 times greater than at the end of the

/196

i
The reaction of the gases ejected from the nozzle or the thrust of the

rocket. - Editor's Note.
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flight. If we were to take the average consumption of 15 kg/sec, then

the rocket would move more slowly at the beginning of its motion and

more rapidly at the end of its motion. This would be useful in regard to

decreasing losses due to the resistance of the atmosphere.

This would also simplify the explosion tube and the explosion

chambers.

The work done by the explosives, i.e., by 4 tons of materials (if

we consider the chemical energy of the combination of hydrogen and oxygen),

will be 5,600,000 ton-meters. Consequently, 20,700 ton-meters will be

liberated, in i sec, which corresponds to the work done by 207,000 metric

hp. From this it is clear that the work performed by the explosion is

tremendous and cannot be compared with the power of conventional engines.

At the same time, the entire weight of the explosion tube which

performs this gigantic work is very insignificant: it only constitutes

a part of i ton.

Can this be so? Indeed, it can. We can see the proof of this in

the operation of artillery pieces. It is easy to compute that a gun

which throws out a ton of cast iron with an insignificant velocity of

1,000 m per sec performs a work of 50,000 ton-meters during a period of

1/50 of a sec. This means, that in one sec this would represent

2_500,000 ton-meters or 25,000,000 metric hp. This is greater than the
work of the explosion tube by a factor of 121. If such a cannon weighs

20 tons we find our explosive tube will weigh less than 200 kg which is

achievable (as my calculations show).

We describe a cosmic rocket, designed by me in 1914.

The rudders for controlling direction and rotation are similar to

those used on aeroplanes. They are placed outside, opposite the opening

of the explosion tube. They operate in atmosphere and in vacuum. Their

deflection and the corresponding deflection of the rocket in atmosphere

takes place due to the resistance of the air or due to the pressure of

the exhaust gases. A similar rudder, but separately installed, may be

used to control rotation, i.e., it may cause the rocket to rotate in

either direction whether rapidly or slowly and to stop the forced rota-

tion of the rocket caused by improper explosion and air pressure. Its

action depends on a helical beveling of the rudder plate, situated along

the gas flow in the tube. The purpose of this is to stop any rotation

of the rocket, which would be fatal to its passengers.

We shall discuss the sensations of the travelers who have left in

a cosmic rocket to travel around Earth as a satellite. It is assumed

that the rocket is comfortable and is performing its mission well.
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The rocket contains several cases which have a human form and whose

number is equal to that of the passengers. The people lie in these cases

horizontally, with respect to the apparent gravity, and are covered with

an insignificant quantity of water. Their hands are placed in the liquid

but are free so that they can control the levers of various devices which

are also placed in the water. The devices control the direction of motion

of the rocket, the composition of its air, temperature, density, explosion,

etc.

The travelers remain in this position for a period of 270 sec while

explosion is taking place, and they are unable to observe very much. Their

weight is substantially reduced by the water.

Let us now assume that the travelers are standing up or sitting in

chairs and looking out through transparent windows and observing the quiet

surroundings. Then, during these 270 seconds or 4-1/2 minutes, there are

quite a few things to be noticed.

A high region in the mountains has been selected. The slope of the

soil of approximately 20-30o with respect to the horizon has been found.

The area has been leveled and tracks have been laid. The rocket stands

on these tracks. The height of the region is 5-6 km, and the density of

air is half of that at sea level; the rails are laid for a distance of

i00 versts.

The rocket on the rails is in an inclined position, and the floor

with attached seats is also inclined. The travelers have entered the

rocket which has been hermetically closed. The explosion has started.

The rocket has started to roll along the track, the travelers have

felt a shock and the horizon seemed to turn by 60 ° .

Gravity increased almost by a factor of 2.

The pressure on the rocket remained constant, but as the quantity

of explosives decreased, the acceleration of the projectile increased.

Due to this, gravity increased continuously from 1-4/5 at the beginning

of the path to a value of 9 at the end of the path. This could be clearly

seen by observing a spring balance.

Two minutes have elapsed, and the rocket has left the track and

entered free flight. The travelers did not notice its motion_ but they

felt that the huge inverted horizon dropped, with all its mountains,
i

lakes, and cities, to some point below and appeared to be moving away.

i
Following this, there is a description of various phenomena which are

observed by the travelers in the rocket and in the surrounding space.

Since this is a repetition of what has already been presented, we omit

it at this point. Editor's Remark.
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The travelers, having reached a substantial distance from Earth,

thought that they were in an absolute vacuum, but they were wrong:

traces of the atmosphere were found even here.

Therefore, the rocket, subjected to some small resistance, traced

a spiral with a very small pitch, which moved it continuously, but

slowly towards Earth. There were so many revolutions around Earth that

they could not even be counted. Nevertheless, return to Earth was in-

evitable. First, the velocity of the rocket increased and the centrifu-

gal force balanced Earth's gravity, even though this gravity was

increasing.
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Then the velocity of the cosmic ship began to decrease, due to the

increased resistance of the atmosphere. The passengers started to glide,

lifting the nose of their rocket upwards by means of a rudder which

operated like the rudder of an aeroplane. They now could not only de-

crease their fall, but they could even transform it into a lift as long

as velocity was not lost. But this was unnecessary and might have ended

with the loss of velocity and the destruction of the rocket, which would

have become like a wingless aeroplane. The passengers continued to descend,

but slowly, and approached closer and closer to Earth.

Indeed, the descent was more dangerous than one performed with an

aeroplane, since the rocket had no wings and since ahigh velocity was

required to balance gravity by the resistance of the air (with a slightly

inclined motion), and to descend horizontally and not vertically. The

passengers have flown into the ocean along a flat slope. The velocity

was still very high, and they floated for a substantial distance before

coming to a stop and before being picked up by a steamer passing by.

Only accurate calculations can give us the answers to questions

concerning the cosmic ship. The calculations will also show the re-

quirements which must be satisfied by the explosives, the properties of

materials and the mechanisms suitable for flight and existence in ether.

Published from a manuscript dated 1924.
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COSMIC ROCKET. EXPERIMENTAL PREPARATION /199

(1927)

Proposed Experimental Procedures

First, it is necessary to conduct stationary experiments without

any noticeable displacement of the device. It is proposed to develop

suitable construction and a control system for the explosion, the

direction of the device, its stability, etc.
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Figure i

Figure i represents the proposed initial construction of the device.

The figure is schematic (variable scale), i.e., dimensional proportional-

ity is not maintained. In the future I shall attempt to come up with
realistic dimensions.

We begin our description by going from right to left.
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K. E. Tsiolkovskiy at the bookcase in his room_ 1927.
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i. On the right we have a gasoline motor for pumping out or pump-
ing in liquid air, oxygen or its endogenouscompounds. The muffler
should be removedand the products of combustion should be ejected in a
direction opposite to that of the proposed travel. This will produce a
slight increase in the reactive action of the rocket. As a matter of fact,
this is not too important for experimental purposes.

2. O.P. and H.P. are two pumpswhich are driven by one engine.
The first pumpsoxygen into the explosive tube while the second pumps
hydrogen. Their volumes must be such that we have complete combination
of the explosives. In general, the volume of the oxygen cylinder is
greater than the volume of the hydrogen cylinder.

Ultimate control maybe achieved by varying the travel of one of the
pistons. Control is of the utmost significance: if we have more oxygen
than necessary, the explosion tube may start to burn; if we have less
oxygen than necessary, we shall waste hydrogen.

Let us determine the ratio of the volumes of the pumpcylinders
whenwe use benzol, C6H6 and liquid oxygen, 02. In the process of com-

bustion we get water, H20 and carbon dioxide, CO2. For C6 and in order

to obtain C02, we require 012, or 192 parts of oxygen by weight, while

for H6 we require 03, or 48 parts. This is a total of 240 parts of

oxygen. Benzol, on the other hand, has 78 parts. It would seemthen
that we would need 3.1 times more oxygen by weight. If the densities
are approximately equal, the volume of oxygen will be 3 times greater
than the volume of benzol. If we take compoundswhich contain more
hydrogen, e.g., liquified ethylene, C2H4 or turpentine CIoHI6, this

ratio will be greater, but it will change very little. For an oil-
type gas C2H4, it will be 3.4. For turpentine it will be close to 3.2,

if we assumethat the density is the same. However, if we use liquid
air, which contains a large amount of nitrogen, the volume of oxygen
may increase by a factor of 5, and the ratio of the volumes of the
cylinders mayreach a value of 15. However, part of the nitrogen is
usually removed; therefore, this ratio is muchsmaller and mayreach a
value of 4 to 5. The endogenouscompoundsof oxygen (for example, N205)

also increase this ratio, but not too much. The latter compoundincreases
the ratio of the oxygen compoundto the hydrogen compound(gasoline) toa value of 4.2.

/2Ol
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If we can find some way of injecting pure carbon powder (C equals

12), the quantity of oxygen 02 will be only 2-3/4 times greater than

that of carbon. If the carbon is in the form of diamond, the required

volume of oxygen will be even less than that of carbon.

3. PV, PV are pump valves. One of the pumps has two oxygen valves,
while the other has two hydrogen valves (i.e., valves which control the

hydrogen compound). The valves are situated some distance from the point

of explosion and, therefore, will not be damaged. In addition, the

oxygen mixture is very cold and the hydrogen compound is even colder,
so that the heat of explosion does not reach the valves and the pumps

in any detrimental fashion. The valves leading to the explosion tube

are automatically closed with a very strong force at the instant of

explosion. Only when the pressure in the tube decreases and the prod-

ucts of explosion have been partially removed will the valves open

again to supply a new quantity of explosives to the tube (it would be

more accurate to call these the elements of explosion, since they do

not explode independently like gunpowder or nitroglycerin and, therefore,

are completely safe). We can see that the angular velocity of the

engine cannot be greater than some value determined experimentally. It

is for this reason that we require a discontinuous supply of fuel. If,

e.g., it becomes necessary to decrease the rpm by a factor of 5 to

achieve an economic operation of the engine, the transmission must

acquire this value. However, the same thing can be accomplished by

decreasing the volume of each pump by a factor of 5 or by decreasing

the travel of the pistons by the same factor. The first approach is

more advantageous. Then the variable supply or the variable movement

of the pistons may become necessary only in the future when we decide

to control the force of explosion.

4. O.S.L. and H.S.L. are the supply lines for oxygen and hydrogen.

They connect the storage tanks and the pumps. Like the tanks they are

not subjected to the pressure of explosion and, therefore, may be con-

structed of very thin material.

5- O.S. and H.S. are screens with oblique holes for the optimum

mixing of the hydrocarbon and oxygen mixture. The initial part of the

explosion tube is partitioned in half. The oxygen mixture is directed

along one half and the hydrocarbon mixture along the other. At this

point they are cold and cannot mix. Mixing and explosion take place

beyond the screens, where a multiplicity of nonhomogeneous jets collide

and mix. The tube inclined at this point causes them to react chemically

or to explode. (Fo_ initial experiments it will be necessary to have an

electric or some other glow plug_ which is heated at the beginning of

the experiments until the partition has become red hot.) The purpose

of the partition is to protect the valves from the extreme heat, to cool

the explosion tube slightly, and to decrease the force of explosion

and its pressure on the base of the tube.
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If the holes in the screen are too small and if there are too many

of them, the explosion may take place too rapidly and the resulting shock
may damage the tube. The number of holes and their dimensions must be

determined experimentally by starting with large holes and decreasing
their size and increasing their number as much as possible. Their

direction and inclination is also varied until the best result is
obtained.

6. E.T. is the explosion tube of conic shape. This form which

expands towards the exit decreases the length of the tube. Its optimum

divergence must be determined experimentally. If the angle is large,

the length of the tube will be quite short; however_ the explosives will

be ejected sideways and used to a lesser degree.

The explosion tube must be made of strong material (even at high

temperatures) which is heat-resistant and noncombustible; it is also

desirable that it be a good conductor of heat. It would be easier to

make the tube of two shells: the first, inner shell would be very

strong and heat-resistant, the second would be less heat-resistant, but

quite strong and a good conductor of heat. Then the heat from the

tremendous heating of the tube near the screen will be carried away

faster by the external tube in both directions and will be useful to

both sides of the tube: on the right, the cold, unmixed liquids will

be heated while, on the left, the expanding and cooling gases will be

heated. The heating will give them additional velocity, which is what

we want. In addition, the tube will also be cooled by the liquids.

The hydrogen compound cools the tube and is cooled itself by the mixture
of liquid oxygen.

The results of the experiments will indicate the necessary changes
in the materials, explosives and construction of the tube.

7. H.T. and O.T. are the internal hydrogen or hydrocarbon storage

tank, which surrounds the hot surface of the explosion tube, and the

external tank with liquid oxygen, respectively. The oxygen tank surrounds

the hydrogen tank and cools it. The tanks must not be welded to the

explosion tube since the latter is subjected to explosive shocks and will

rupture the tanks if they are rigidly attached to its walls. Hermetic
coupling is possible by the use of bellows.

8. The vertical and horizontal rudders are situated opposite the

outlet of the explosion tube. Since the future device flies alternately
in air and in vacuum and descends to Earth by gliding, the rudders must

operate equally well in air and in vacuum. They must also function

_roperly when the device is tied down to Earth during the initial tests.

Before the experiment, the device must hang by means of a cable whose

lower part is attached to its center of gravity to achieve neutral equi-

librium. An appreciable inclination is not possible since the ground
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ii. Rotation of rocket by explosion,
with the rudder inclined

Figure 2. Sketch from K. E. Tsiolkovskiy's manuscript
"Album of Cosmic Travels."

(soil or pavement) will be in the way. During the first experiments
indoors (or outdoors), only the average reactive force or thrust should
be measured. This thrust will be produced by a series of explosions
which are almost blended. This is the thrust of the device or its
tendency to moveforward. Of course, in these experiments the device
is fixed in such a manner that it cannot rotate; it produces tension
only on the rear cable with the dynamometer. Subsequently, the effect
of the rudders is tested. The device is secured so that it is free to
rotate, and the rudders are manipulated to control its direction.
Initially only the vertical rudder is tested. Although the projectile
will be inclined slightly, we shall, nevertheless, be able to vary its
position in the horizontal plane. Next the horizontal rudder is tested.
The latter consists of two planes (somewhatlike the split tail of cer-
tain birds) and of a double lever for manual control. In this fashion
we attempt to direct the longitudinal axis of the rocket independently
of the ground. For example, we may cause the projectile to assumea
precisely horizontal position. The lateral stability is achieved by the
mutual inclination of the componentsof the horizontal rudder, which is
achieved by separating the levers of the double beam. There is nothing
new here: the controls are the sameas they are in an aeroplane. These
samerudders (they r_y extend beyond the limits of the tube) are used
both in a vacuumduring explosion and whenthe aeroplane is gliding back
to Earth.

9 and i0. The frame F and the support are described. The explosion
tube at its narrow beginning must be particularly massive. Here it has
a protruding section which bears on the cross beamof the frame. The
support withstands a rapid series of powerful shocks. The large result-
ing pressure must be withstood by the cross beamand the frame. There-
fore, the numberof free oscillations of the cross beammust not be a
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multiple of the numberof revolutions of the engine or of the numberof
explosions. Otherwise oscillations will build up and even the strongest
support will fail.

Explosion cannot be entirely uniform; due to the massive nature of
the entire system and to the large numberof explosions per second (up
to 25), someaverage pressure will be obtained_ which will be recorded
by the dynamometer. It is advantageous for us that the force of explo-
sion per unit massof material consumedevery second should have a
maximumvalue. By performing a great manyexperiments we should be able
to achieve economy, strength, and light weight for our device. Strength
is achieved by using durable material, by selecting the optimum shape
(or construction), by having adequate cooling, by having an expansive
portion of the explosion tube and by decreasing the quantity of exploding
matter and its force. The explosion chambershould be decreased
gradually, while the quantity of explosives used in each explosion
should be increased.

/205

Dimensions of the Pumps and of the Nozzle Tube.

Quantity of Fuel, Flow Rate, and Efficiency

If we assume that the weight of the projectile together with the

explosives and the control mechanism is i ton_ practical results will be

achieved when the consumption of explosives reaches a value of 0. 3 kg per

i
second.

The work expended on pumping will be less than a metric horsepower.
From this we concede that the engine consumes fuel at a rate several

hundred times less than the one for the explosion tube. Therefore, the

reactive effect of the engine is almost imperceptible compared with that
of t_e tube.

We shall carry out our calculations assuming a consumption rate of

not .3 but i kg. In this manner we determine the total volume of the

pump cylinders, assuming that the density of explosives is equal to unity,
which is not too unrealistic.

If the engine ;_kes 2_ revolutions per second, each revolution must

produce 40 cm3. Therefore, the total volume of the two motors is equal

to a cube whose side is 3.4 cm. Obviously, the pumps are very tiny.

H_e.er, it is more rational to begin with a smaller quantity of explo-

sives, e.g., with 0.i kg.

i
fr _ . °See the art_cie Inveotigat_on of Universal Space by Means of Reactive

Devices. "
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The volume of this quantity will be equal to a cube with a side of
1.6 cm (16 mm). It is obvious that we can neglect the weight of the
pumpsentirely, particularly since they are not subjected to strong
pressure.

Experiment will show whether the small force can inject the required
amount of material into the explosion tube. The calculations in my
notebook have been madeunder the assumption that the continous pressure
is i00 atmospheres. However, whenwe have rapid mixing and a small
explosion volume, it may reach a value of 3,000-5,000 arm. Whena
pressure of this magnitude is developed, the valves are automatically
closed, the pumpdoes not operate and the piston only compressesthe
liquid or a spring link and is compressedvery little by the action of
the crankshaft. However, this period of time is so short that the pump
produces no effect. During this period the gases explode, the pressure
in the tube and on the valves drops, and the pumpbegins to operate
normally.

It is difficult to determine theoretically the best diameter for
the beginning part of the explosion tube; however, it cannot be less than
the approximate dimension of the pumps, i.e., the tube diameter will not
be less than 2 to 5 cm. This meansthat the area will be from 4 to 16

cm2. It is assumedthat the maximumpressure on the base will be 3,000
atm, and will not exceed 12 to 48 tons. However, this pressure will
only last for a very short period of time (during the shock). An average
pressure of i ton is quite sufficient.

Whenthese conditions are satisfied, flight becomepossible. When
the tube is conic, we must add the additional pressure produced by the
inclination of the tube walls. This meansthat the average pressure on
the base maybe less than i ton.

However, high pressure over a very short period of time is not de-
sirable, because it requires massive construction of the explosion tube
and of the valves, which increases the weight of the rocket. Therefore,
the mixing must not be too thorough. Experiments must be started with
screens which are not too small in order t< pr_vent instantaneous explo-
sion and the associated tremendous shocks, _ci_ though it is more ad-
vantageous to have a rapid explosion and great,=r pressure whenwe have
an external atmosphere. In order to decrease the shocks which are
destructive for the tube, we can makethe latter more expansive and
stronger than design calculations warrant.

The engine which pumpsfuel and oxygen will be operating almost
without a load, and the massive features of the tube will be required
only for the short shocks. However, initislly, we mayneglect the
required economyin weight. Subsequentb, it wiK be necessary to prolong
the periods of pressure, so that they occupy at least half of the entire

/206
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time or be of the same period as the weak or zero pressure. To do this,
we must either increase the speed of the pumps or their volume. The

first approach is more desirable, since it gives a more uniform pres-
sure. Then the utilization of the massiveness of the tube will be

greater, since the average reactive pressure will be increased propor-

tionately. The work performed by the engine will not increase too much,

since the pumping must coincide with the low pressure in the tube, which
occurs after explosion. Only the motion of the piston will be more

discontinuous, and the elasticity of the connecting link or the crank-
shaft must be increased.

In this case the strength of the tube will be utilized, because its

action will be increased or because we shall obtain the larger average

reactive pressure with the same weight of the tube. However, we can

decrease the mass of the tube without increasing the reactive action by

increasing the number of cycles of the pump and simultaneously decreas-
ing its volume.

However, let us return to the initial experiments and to the initial

modest numbers. The flow velocity in the pumps, when the cross section

area varies from 2 to 8 cm 2, will be from 50 to 125 cm/sec (the volume

of the pumps is from 4 to 40 cm2). The revolutions of the engine will
be 25 per sec.

When the gases leave the tube, they cannot have a pressure less than

i arm. If we assume that expansion takes place by a factor of 1,300 ,

then the absolute temperature of the gases which leave the explosion

tube will be 625 °, or 352o C. I This means that the gases which enter

the atmosphere will still be quite hot, and the utilization of heat (its

conversion into motion) will not be greater than 95 percent and actually

will be much smaller, since the temperature of the ejected gases will

apparently be much higher. Their velocity cannot exceed 3 to 4 km/sec.

It is necessary to achieve the highest possible velocity, which can be

dome only when the tube has certain specific dimensions. It is safe to

use a large base for the tube, but in this case maximum velocities
cannot be achieved.

/2o7

In thin layers of the atmosphere or in a vacuum the expansion may

be quite great and will depend on the dimensions and shape of the tube.

The temperature of the ejected products of combustion will be very low,
its utilization will be very high, amd the velocity will be maximum.

However, we must start our flight in the atmosphere, and we can program

for optimum flight in the vacuum only after we have achieved success in

the atmosphere. For example, in the vacuum the maximum pressure of the

I
See the article ....Investzgatlon of Universal Space by Means of Reactive
Devices."
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gases in the tube maybe quite small without producing any disadvantages.
This meansthat if wehave reached the rarefied regions of the atmosphere
by meansof a massive tube, we maydiscard this tube and continue our
flight by meansof a tube which is lighter and which operates with smaller
pressure. However, if we are to operate at a lower pressure we will have
to redesign the tube: as we leave the atmosphere, we must makeit wider
and longer without changing the total weight, since in this case the walls
will be thinner. It is impossible to makechangasof this type during
the flight and, therefore, the tube which has been adapted for air
pressure must remain unchangedin space. It would be useful to extend
it, i.e., to put a fitting on its eDd; this is possible.and maybe done
in the future in the rarefied layers, of the air outside the atmosphere.

There is another method of increasing the utilization of explosion
energy; this is achieved by decreasing the fuel consumption in space.
However, this can be done to a limited degree, depending on the initial
force of explosion in the atmosphere. This force mayturn out to be so
small that there will be nothing to decrease. Nevertheless, as the speed
of the rocket increases, the force of explosion in vacuummaybe decreased
almost to zero.

As we moveaway from the beginning part of the tube, the pressure

of the gases (at i cm2) decreases due to their expansion and the result-
ing cooling. The pressure and temperature distribution in the tube is
similar to such a distribution in a vertical column of the atmosphere,
although the two are not completely identical. Indeed, although the
gases expand during the initial period of time, their temperature does
not drop and is equal to the temperature of the dissociation of the
products of combustion. This is due to the fact that, initially, only
part of the elements combine chemically, while the other part is in a
state of decomposition, because the high temperature (3,000-4,000 ° C)
impedes chemical union. However, whenall of the elements have combined,
the gases will expandand cool, as in a column of atmosphere.

From this we can see that only the initial section of the explosion
tube is subjected to a high pressure. Weshall computethe weight of
the tube and the thickness of its walls for one m of length, assuming
the constant pressure of 3_000atm, even though the average pressure,
particularly with the first experiments, will be muchless.

If the diameter of the tube is several times greater than the
thickness of its walls, we mayassumethat the weight of the vessel is
6 times greater than that of the air compressedin the vessel. However,
in this case, this law cannot be applied, because the thickness of the
walls comprises a substantial part of the tube's diameter. However, if
we design for a sufficiently high transverse strength, the longitudinal
strength will be greater than required.

/2_2
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Let us carry out the calculations

(i)

This expression contains the thickness of the tube walls and its

external and internal radius.

Furthermore

,j:2 (R - r)_.
(2)

This equation shows the strength of the tube's material over its

unit length, the strength coefficient of the metal, and the desired

factor of safety. The pressure produced by the gases over the same

length will be

q'_---103p2r' (3)

where p is the pressure in atmospheres. If we set this pressuire equal to

the resistance we obtain from (i), (2) and (3)

__ St,' -, _,. =lO._p --..
• • (4)

Let us assume that p = 3,000; S = 6; Kz = 60kg/mm 2 = 6"10 6 gm/cm2;

now we find b:r = 3. This means that the thickness of the walls will

be 3 times greater than the internal radius of the tube, or 1-1/2 times

greater than its internal diameter. However, there are materials which

are twice as strong, and because of the lower pressure it is possible

to decrease the factor of safety also by 2. Then the thickness of the

walls will be approximately 3/4 of the radius or 3/8 of the diameter.

The weight of the tube will be

0_--_-_ ('R' -- r'-)'y 100. ())

This is over a length of i00 cm; here • is the density of the mate-
rial. We assume that 239 varied from 2 to 4 cm.
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From (5) and (4) we find that

O=zp':r"-( lO_p-_z -_-2 )105 _.. . (6)

We have assumed that the internal diameter of the tube varies from

2 to 4 cm or that its radius varies from i to 2 cm. Therefore, equation

(6) will give us a value from 37.7 to 150.7 kg for the weight of the

tube, if we use conventional material and a large factor of safety. For

a very strong material and a smaller factor of safety we shall have a

weight of 5.2 to 20.7 kg. However, we do not actually need equation (6).

Indeed, r varies from i to 2 cm; b varies from 3 to 6 cm; R varies from

4 to 8 cm. Thus, according to equation (5), the weight of the entire

tube will be 2,512 (R 2 - r2), or from 37.7 to 150.7 kg. In the same

way we can obtain the weight of the tube, when the thickness is 3/8 of

the internal radius.
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What are the results of all this? The maximum weight of the tube does

not exceed 151 kg, and this is true when we expand i kg of explosives per

sec. This is more than sufficient to fly beyond the atmosphere, if the

total weight of the rocket is i ton. The rest of the equipment weighs

very little. The weight of the engine with pumps and tubes is not more

than i0 kg. We assume that the weight of the frame of the tanks, of

the rudder, and of the pilot is approximately 140 kg; the total weight will

be approximately 300 kg. 700 kg will be left for the explosives, i.e.,

twice as much.

For the first experiments and even for flights into the stratosphere

and into vacuum this may be sufficient; 700 pounds of explosives con-

sisting of hydrogen and oxygen compounds will be sufficient to produce

explosion over a period of 700-7_000 sec_ or from 11.7 min to i hour

57 min.

Both the weight of the tube and the weight of the projectile may

be less during the stationary experiments; it may be reduced to i00 kg.

Oxygen Endogenous Compounds or Mixtures

Initially we may utilize liquid air. The addition of nitrogen

weakens the explosion and lowers the maximum temperature. In time the

quantity of nitrogen should be gradually decreased. This will cause the

temperature to rise slightly due to the phenomenon of dissociation. The

cold liquid which enters the compartments of the explosion tube is very

useful for cooling it. Liquid air is very inexpensive and apparently

will be even less expensive in the future.
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Its density is close to unity and the heat of vaporization is in-
significant (65), its temperature is -194° C, and its specific heat is
small. Whenwe heat and evaporate air we lose very little energy,
particularly since it is obtained from the overheated parts of the tube
whosecooling is unavoidable.

The nitrogen anhydride N205would be more suitable than liquid air.

However, it is very expensive, chemically active, unstable and toxic.
This compoundhas 3 times more oxygen than nitrogen. Also this is an
endogenouscompoundwhich gives off heat whenit breaks down. It would
have to be heated, because at room temperature it is a solid. Perhaps
the well-known physicists will recommendmore suitable endogenouscom-
pounds of oxygen_ However, the liquid air maybe gradually replaced by
oxygen from the atmosphere, which is better than N205in all respects.

In an open vessel its temperature is -182° C. Liquid oxygen obtained
from the atmosphere is almost pure.

Hydrogen Compound

In general, hydrogen cannot be used, particularly in the initial
stages. The reasons are as follows: high cost, low temperature, heat
of vaporization, and difficulty of storing. It is more practical to use
hydrocarbons with the largest possible relative quantity of hydrogen.
Their energy of combustion is almost the sameas that of the individual
hydrogen and carbon. The products of combustion are vaporous or gaseous.
The addition of carbon increases the combustion temperature due to the
extreme difficulty of its dissociation.

However, hydrocarbons which have the largest percentage of hydrogen
are gaseous such as, e.g., methaneCH4 or marsh gas. It is difficult to
liquefy this gas and, initially, it will not be applicable, although its
hydrogen content (by weight) is only 3 times smaller than its carbon
content. Benzol, C6H6, is more suitable, although it has 12 times more
carbon than hydrogen. Petroleum is more suitable and has a greater con-
tent of hydrogen. It should be cheaper than liquid air. Petroleum
consists of a mixture of hydrocarbons. In the limiting hydrocarbon
CnH2n+2, the hydrogen content is not less than 1/6 (by weight) and not

more than 1/3. Werepeat that all hydrocarbons from the standpoint of
their chemical energy maybe considered approximately as a mixture of
hydrogen and carbon. Usually their density is less than unity. They
all liberate volatile products and, therefore, are suitable for the
rocket.

/210
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The maximum velocity of the products of combustion is decreased

slightly if we replace hydrogen with hydrocarbons, approximately by 4

to 5 km/sec.l This occurs when we use oxygen containing a slight amount

of nitrogen.

Combustion Temperature; Cooling the Mouth of the Rocket and

the Temperature of the Gases at the Mouth

Initially it would be better to keep the temperatures down, so that

it would be easier to find the material for the explosion tube. Thus,

the mixture of nitrogen and oxygen is quite useful. The low temperature

of liquid air and of the petroleum cooled by it is also useful, although

it causes us to lose energy. However, nitrogen increases the combustion

temperature of petroleum. 2 In this respect it would be desirable to use

pure hydrogen, and possibly in time it will be used. Perhaps suitable

endogenous compounds of hydrogen will be found. Monatomic hydrogen

would be very desirable; if reports are correct, it liberates approxi-

mately 50,000 cal when i g is transformed into diatomic hydrogen H2,

i.e., almost 16 times more than i g of oxyhydrogen gas. From this we

can see that there are practical sources of energy which are tens of

times more powerful than the known ones (such as oxyhydrogen gas,

oxides of calcium).

In general, if we did not have artificial or natural cooling of

the tube, its highest temperature could reach a value of 3,000 ° C.

However, the gases, which have mixed, exploded and achieved a high

temperature, move towards the exit of the tube, expand more and more

and are cooled in this way: the tube converts the random thermal

motion into the controlled mechanical motion of the jet. In vacuum

the temperature of the ejected gases should reach absolute zero, since

explosion is not limited by external pressure. In the atmosphere,

however, if we have a sufficiently long conic tube the temperature will

drop to 300-600 ° C. Therefore, the average temperature of the explosion

tube cannot be very high: the heat from its red hot part moves very

quickly toward its cold part. In addition, the tube is continuously
cooled from the outside and the inside. Indeed, at its partitioned

beginning two very cold liquids flow in: liquid air and petroleum

cooled by it. The external walls of the tube are also cooled by the
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iSee the article "Investigation of Universal Space." Editor's Remark.

2Tsiolkovskiy incorrectly assumed that the combustion temperature of

carbon is higher than that of hydrogen and that the dissociation of

carbon is less than that of hydrogen. I have replaced the word "carbon"

by the word "hydrogen" and have omitted a paragraph. - Remark by Tsander.
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cold petroleum, which itself is cooled by the liquid air around it. We

can see that only the central part of the gaseous column in the explo-

sion tube may have a high temperature, while parts of it (products of

combustion) attach themselves to the walls and have a moderate tempera-

ture, since they are cooled by the tube which is not very hot.

Materials for the Explosion Tube

Would it be possible for the tube to fuse and burn under these

conditions? Or could only part of it burn - the part subjected to the

high temperature? The burning of metal (i.e., its combination with

oxygen and other substances) at the beginning of the tube is prevented

by the low temperature of the liquid and the cold walls of the tube.

The partition prevents a chemical process and consequently prevents the

liberation of heat. Beyond the partition, mixing and combustion take

place. Here the temperature must reach a maximum value. However, the

oxygen is absorbed very rapidly by hydrogen and carbon and does not have

an opportunity to react on the cool metal of the tube. When we have

an excess of hydrogen, the mixture even has the property of deoxidizing

the metal. The relatively low temperature of the tubes of the walls

prevents it from fusing. It would be desirable to produce the mixing

of the petroleum.

The safety of the explosion tube may be visualized by observing

the welding of iron by means of an acetylene-oxygen flame. Its tempera-

ture is higher than the combustion temperature of our explosives because

pure oxygen is used and the acetylene C2H 2 contains a great deal of

carbon. When we have an excess of hydrogen (i.e., of its compound

acetylene), iron does not burn and it is even deoxidized. It will not

fuse when cooled by water from the opposite side. It is difficult to

fuse large masses of metals, because they must be heated very thoroughly
at first.

Nevertheless, we must find a material for the tube which is not

only strong and heat-resistant, but which also has good thermal con-

ductivity and a low chemical affinity for oxygen and other elements

which enter into the composition of the explosives.

Many materials have a very high temperature of fusion. For ex-

ample, tungsten melts at 3,200 ° C. However, such metals are rare,

expensive and difficult to process in large masses due, specifically, to

their melting point. At the present time we must reject the use of such

materials. It will be necessary to start with simple iron. Its tem-

perature of fusion in pure form is 1,700 ° C; that of steel is less

(approximately 1,200-1,300°). However, because of its strength we shall

have to use steel. To improve its strength we can alloy it with tungsten,
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chromium, nickel, manganese, cobalt, etc. Here we must solicit the aid

of specialists.

It would be useful to cover the steel tube with a layer of metal

which is a good conductor of heat, such as copper, aluminum, and other

metals. However, these substances are usually not very strong or have a

low melting point. Therefore this approach is not economical from the

standpoint of weight. Possibly the metallurgists will provide a suitable

material for this purpose. Until that time we shall have to do without

coverings and be satisfied with the best quality steel and its thermal

conductivity which apparently is sufficient for the initial experiments.

Even if the explosion tube were to burn slightly at its point of

maximum temperature, no harm would be done. The thickness of its walls

at this point has a maximum value.

Operation of the Entire Device

Let us consider the operation of the entire device, so that we can

better judge the necessary properties of the various materials composing

it.

We let a gasoline motor idle. Then, to decrease the mass of its

fly wheel, it is desirable to make the engine with i_ore than one cylinder,

e.g._ with two cylinders and double action.

We couple the motor with the double pump, which begins to pump cold

liquids out of the tanks and forces them into the partitioned beginning

of the tube. Explosions will start. (Actually a series of idle firings.)

Part of the tube behind the partition will become very hot, and heat

will propagate along the tube in both directions. Therefore, the liquids

will turn into gases and vapors even before they reach the partitions.

Gaseous substances will explode through the screen and will be more

or less dense. This will facilitate mixings, so that the screen may not

be required. However, the beginning of the explosion tube, the valves

and the pumps will have a low temperature and, therefore, will not be

damaged. They can be made of conventional material.

Every cycle of the pump produces an explosion. The dense explo-

sion wave will impart a severe shock to the tube and to the frame which

is connected to the tube, and will propagate along the tube in the form

of an expanding and cooling gaseous mass. Under atmospheric pressures

the gas which reaches the end of the tube will not be very hot and will

have a temperature of 300-600 ° C. In any case the metallic rudders will

not be damaged by this temperature. In vacuum the temperature will be

quite low, depending on the divergence of the tube and its length.
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Frequent explosions (up to 25 per second) are blended into one and

produce a thrust or motion of the device.

The success of the experiments on the test stand consists of the
following:

i. The device must remain intact, and the explosion tube must

not be completely destroyed after all of the explosives have been used

up.

2. The mass of the device must have a minimum value.

3. The reactive pressure must have a maximum value consistent with

the rate of fuel consumption and its property.

4. To achieve this, combustion must be as complete as possible.

5. The temperature of the gases that leave the tube must be as

low as possible.

6. The device must rotate in accordance with the desires of the

experimental operator, and it must retain the desired position.

7. The pumps must not be overdriven.

After stationary experiments have been successful the projectile

should be placed on fourwheels and propelled by reactive action along

the airfield. Initially, it may be of normal size, but as its velocity

increases its dimensions must also increase. It is possible that it

will be necessary to remove the wheels and use a hydroplane on a quiet
lake.

When we have four wheels we shall be able to achieve control with

one vertical rudder for turning; if we have two wheels in line, we shall

be able to use the turn rudder and the rudder for lateral stability;

finally, when we have only one wheel, we shall be able to use all of
the controls.

As the next step we can use the airport or the lake to start

flights, without leaving the limits of the troposphere. To simplify

this, our device should be equipped with aeroplane wings, and the rudders

should be increased in size so that they can be used for gliding when
explosion does not take place.

As a matter of fact, our works may lead us in an entirely different

direction. They will provide us with a true path for our activities.
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Provision for Safety

All of the experiments must we well thought through and conducted

very carefully. The supply of explosives initially must be very small:

approximately for i0 cycles of the piston, i.e., for i0 idle explosions.

The pumps may be of the smallest size or the travel of their pistons

may be reduced and actuated manually. After each experiment, i.e.,

after a small number of explosions, it will be necessary to examine the

condition of the explosion tube, of the valves, of the frame and of the

entire device. The number of explosions, therefore, should be increased

very gradually.

Initially, we can make use of a short cylindrical explosion tube

with a constant wall thickness; then we can use a similar one, which is

longer and whose walls become thinner toward the exit. Later we can

use a conic tube with a rapid thinning of the walls toward the end.

When we use a tube of minimum weight (according to calculations), it is

necessary to protect it with another tube in case of an explosion.

Cooling may be performed initially by means of water (cannons are

cooled in this way); the supply of explosives must be stored separately,

since their mixing may cause a dangerous explosion in the building. In

our case they are contained in separate vessels and are not dangerous

by themselves. The vessel with the liquid air must have an opening at

the top for free evaporation. To keep this evaporation at a minimum,

it is necessary to cover the vessel and protect it from penetration of
external heat. In vacuum this is easy, while in the atmosphere special

vessels will be required. As a matter of fact, the explosion lasts such a

short time in the cosmic rocket that these precautions are unnecessary,

since the losses even in the case of conventional tanks are very

insignificant.

By increasing the number of explosions and the magnitude of each

charge, we shall finally arrive at an engine and a projectile type more

or less close to that shown on our drawing.

In essence we are dealing with a rapid series of very strong idle

firings. Therefore, if the explosion tube is sufficiently strong or is

protected, we do not encounter any danger in conducting our experiments.

However, the experiments must guide us. We must not assume that there

is anything absolutely correct in our theoretical considerations.

Z214

First published as an independent brochure

at Kaluga in 1927.
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COSMIC ROCKET TRAINS J215

(1929)

Preface by the Author

I am already 72 years old. For a long time I have not worked with

my hands and have not conducted any experiments.

Since the publication of my first work in 1903, practical work and

the development of reactive devices have been going on in the West.

Initially, military applications were sought (Unge in Sweden and

Krupp in Germany).

Then, since the time of my second work published in 1911-1912,

general theoretical and experimental work has been carried on (Brickland,

Goddard). At the same time Esno Peltri came out with his concepts.

However, since 1913, people in our own country have become in-

terested in the problem of flight about the atmosphere, particularly

after they realized that this problem was regarded seriously by the
West.

Since the publication and extensive distribution of my article

"Outside the Earth" (published separately in 1920) in the Journal

"Priroda i Lyudi," 1918, Oberth became interested in astronavigation.

His publications gave the German scientists and thinkers a fairly good

impetus which led to the appearance of many new works and workers. Two

of these _particularly Lademan) quite diligently translated and dis-
tributed many works.

Rocket automobiles, hydroplanes, sleds and even an aeroplane have

appeared. None of these was perfect, but a great deal of bustle and

clamor was produced, which was quite useful both from the standpoint of

experiments as well as from the standpoint of arousing interest among

societies, scientists and designers.
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In the USSR, these ideas also became more widespread. The fol-

lowing personalities have emerged: Vetchinkin (lectures), Tsander and

Rynin. The last_ with his excellent works and his broad knowledge of

the literature_was particularly responsible for the propagation of

ideas on astronautics.

Not only abroad but also in our country institutes are being formed

and societies organized, whose members are propagating new ideas with

talent and success.

I send my best wishes to workers in astronautics both in the USSR

and abroad. They will have to work for more than a decade. At the

present time this work is thankless, risky and immeasurably difficult.

It will require not only a tremendous exertion of effort and ingenious

talent, but also many sacrifices.

Most people consider astronautics a heretical idea and do not wish

to listen to it. Others are skeptical and consider the idea impossible.

The third group has too much confidence in it and considers it to be

an easy problem which will soon be solved. However, the initial una-

voidable failures confuse and discourage the weak and undermine public

confidence.

Astronautics cannot be compared with flying in the atmosphere. The

latter is a toy compared to the first.

Undoubtedly_ success will be achieved, but the time of this

achievement is completelyunknown to me.

The thought that it can be easily solved is a temporary fallacy.

Of course, it is useful, because it provides energy and courage. If all
of the difficulties associated with this matter were known, those work-

ing with enthusiasm would fall back in horror.

And yet, the achievement will be quite excellent. The conquest of

the solar system will not only give us energy and life, which will be

two billion times greater than Earth's energy and life, but will give

us spaciousness which will be even more abundant. We may say that man

on Earth commands two dimensions, the third is limited, i.e., propaga-

tion up and down is impossible at this time. _en the solar system is

conquered, man will have three dimensions.

The absence of gravity, the active rays of the sun, and a desir-

able temperature, obtained in a structure only by means of solar rays,

free travel in all directions, and knowledge of the universe--these are

some of the assets which will follow the conquest of the solar system.

I discuss some of these things in my work "Outside the Earth."

/216
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What Is a Rocket Train?

i. I visualize the rocket train as a combination of several iden-

tical reactive devices which move first along a runway_ then in air_

then in vacuum outside the atmosphere_ and finally between the planets
or the suns.

2. However_ only part of this train is carried off into space.

The remaining parts which do not achieve a sufficient velocity return
to Earth.

3. A single rocket requires a great deal of fuel to achieve cosmic

velocity. Thus, to achieve the first cosmic velocity of 8 km/sec_ the

weight of the fuel must be at least four times greater than the weight

of the rocket with its other components. This makes it very difficult
to construct a reactive device.

The train, on the other hand, makes it possible to achieve high

cosmic velocities or to limit the relative fuel supply.

4. Initially_ we shall solve this problem in its simplest form.

We propose that all of the rockets be identical and that the fuel sup-

ply and the explosion force also be identical. In practice, of course,

there will be some deviations. The rockets moving along the runway will

be simpler than the ones moving in the atmosphere and will not require

special features for the prolonged life of people in ether space.

Construction and Operation of the Train

5. The explosion starts on the first rocket in order to keep the

entire train in tension rather than compression, because the former is

easier to control. This also contributes to the stability of the train

during the period of explosion. In this case it is possible to build

a longer train and consequently achieve higher velocity w_th the same
amount of fuel in each individual rocket car.

6. When the cars are shorter_ we can have a greater number of

them, if we maintain the same factor of safety_ and the more cars we

have_ the greater will be the terminal velocity of the last car.

We should therefore try to make the length of individual projectiles as

short as possible. However_ the diameter of a rocket device cannot be

less than i m. Therefore, the length of a rocket car cannot be less

than i0 m. If the elongation is less than this, air resistance will

become too great. For rockets which return to Earth this may be
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sufficient, But for a cosmic car we must have a diameter of not less

than 3 m and a length of not less than 30 m. We conclude from this

that the last cosmic car should be made as spacious as possible.

7. The construction of a cosmic rocket is very complicated and

will become even more so with time. It is not our purpose at this time

to go into all of the details. Our purpose is different: to show the

advantages of a train, as far as terminal velocity is concerned, com-

pared with a single rocket device. It is possible that a small rocket

will unfold when it reaches ether space and become larger. However, we

do not concern ourselves with this problem and assume that the dimen-

sions of the rocket are 3 and 30 m.

8. The cross section of the rocket is 3 m and its length is 30 m,

the thickness of the walls is 2 mm (a little thicker towards the ends).

The density of the materials is 8. The average cross section area is

7 m2, the surface area is 180 m2, and the volume is 105 m3. The rocket

can contain 105 tons of water. A section of the shell 1 m in length has

the same weight at any place, since at the ends where the diameter is

smaller the thickness is greater. Specifically the weight is 0.15 tons.

We assume that the weight of the people, tanks_ pipes, and other devices

will be the same: altogether we shall have 0.3 tons per meter of length.

Therefore the entire shell of the rocket will weigh 4-1/2 tons. The

internal contents will weigh the same, so that the total weight will be

9 tons. Of this total weight, 1 ton will be due to the weight of the

passengers.

9. We shall assume that the weight of t_e fuel will be 27 tons_

i.e., 3 times greater than the weight of the rocket with its other con-

tents. (The corresponding velocity for each if we use petroleum is

equal to 5,520 m/sec.) In each rocket this supply will occupy a volume

of 27 m3 (if the density is equal to unity), i.e., approximately 1/4 of

the rocket's volume. There will be 78 m3 left for people and equipment.

If we take i0 people, each will be provided with approximately 8 m3.

Oxygen in this volume, contained at the pressure of 2 atm, will provide

for the respiration of 160 people for a period of 24 hours, or of lO

people for a period of 16 days, if_ of course, we remove the products

of respiration.

We wish to show that even this great supply of fuel does not over-
load the rocket.

lO. Explosion places the train under tension and this is the rea-

son why the thickness of the walls at the narrow places of the rocket
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is greater: the rupture strength of each section of the rocket must be
the same.

ii. Whenthe factor of safety is 5, the rocket will withstand an

overpressure of 4 atm. However, since even in vacuum it is not greater
than 2 atm, the factor of safety will be lO.

12. Since each of the rockets may have to glide, even the last

cosmic one, during its return to Earth, each rocket is equipped with

the necessary device for this purpose. ..

A single inflated shell which necessarily has the shape of a body

of rotation will not glide very well. It is necessary to combine, e.g.,

3 such surfaces. If they are inflated with air or oxygen to a pressure

of approximately 2 atm they will represent a rather strong beam.

13. We cannot propose using wings due to their rather high cost.

14. Each rocket must be equipped with rudders to control direc-

tion, altitude, and to counteract rotation. These rudders must operate

not only in the atmosphere, but also in vacuum.

15. The rudders are located in the rear part of each rocket.

There are two pairs of rudders. They are followed by the explosion

tubes# which are deflected slightly to the side. Otherwise, the ejected
gases will exert pnessure on the rear rocket.

There will be at least 4 explosion tubes. Their exits are placed

along the circumference of the rocket at equal distances from each

other. Explosion takes place in pulses. These pulses could damage the

rocket. Therefore, it is desirable to make the number of tubes much

greater than 4. The explosions will be more frequent and may be situ-

ated in such a way that their pressure on the rocket will be quite
uniform.

Each pair of rudders is situated in a single plane (parallel to

the longitudinal axis of the rocket); however, their deflection in this

plane may not be the same. The rocket will start to rotate. From this

we can see that any pair may be used to prevent the rotation of the

rocket. In addition, each pair is used to control the direction of the

projector in a given plane. In general we obtain the desired direction

in space and prevent rotation. The flow of exhaust gases is directed

over these rudders. It is thus clear that they operate not only in
air but in vacuum as well.

16. Small quartz windows give several solar spots inside the

rocket, required for control purposes. The larger windows are closed

from the outside with shutters. Subsequently, in the rarefied atmos-

phere or in vacuum, they are opened.



254

17. The nose of the projectile is occupied by people. Behind the

people is the engine room (pumps and engines for pumps), and finally

the stern part is occupied by the explosion tubes and the surrounding

tanks with petroleum. The latter are surrounded by tanks with freely

evaporating liquid oxygen.

18. The operation takes place in approximately the following

manner. The train, which we shall assume has 5 rockets, slides along

a runway for a distance of several hundred km and rises 4 to 8 km above

sea level. 1 When the forward _ocket has almost consumed its fuel_ it

will separate from the 4 rockets behind it, which continue their motion
due to inertia. The forward rocket_ however_ moves away from the

rockets behind it because its explosions, although wesk_ still continue.

Its pilot directs it to the side, and it gradually descends'to Earth

and does not interfere with the movement of the remaining 4 joined

rockets.

When the path is clear, the second rocket (which is now the leading

rocket) starts its explosion. It follows the same pattern as the first;

it separates from the remaining 3 rockets and first moves away from them,

but subsequently descends to the planet because it does not achieve

sufficient velocity.

The other rockets behave in the same way except for the last one,

which leaves the limits of the atmosphere and acquires cosmic velocity.

As a result of this_ it either orbits around Earth as a satellite or

moves further away towards other planets and even towards other suns.

Determining the Velocity and Other Characteristics of the Train

19. For a single rocket we have the following equation (see my

work "Investigation of Universal Space by Means of Reactive Devices_"

equation (38))

iThe problem of a solid runway was considered in my work "Air

Resistances" 1927.
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which gives the ratio of the terminal velocity of the rocket cI to the

ejection velocity W as a function of the ratio of the total ejected mass

M' 1 or of the fuel to the mass of the rocket with all its contents ex-

cept the fuel components; in is the natural logarithm.

20. This equation may be applied to a compound rocket, i.e., to a

train consisting of reactive devices, eI will represent the increment V

of the velocity of each train due to the explosion of materials in one

rocket. The relative ejection velocity W will always remain the same,

as well as the ejected mass M' 1. However, the mass of the rocket M 0 is

not the mass of a single rocket, but that of the entire train, neglect-

ing the mass of the explosives M' 1 of the forward rocket which propels

the entire train with all its unused fuel.

21. Therefore in equation (19) we must replace the mass of the

rocket M 0 with the mass of the train Mp in accordance with the equation

M,,=(Mo+M,').--M;,

where n is the number of rockets. Obviously, this expression pertains

not only to the total train consisting of a definite number of rockets

n, but to any other special train (after several of the front rockets

have departed), consisting only of a smaller number of rockets n'.

22. Now instead of equation (19), we obtain

v [_=ln 1 +
w + aT;i,,- "

23. For the first train which contains the maximum number n1
of rockets we obtain

[ ]--_-,=ln 1+ l(mo:M])+11n_-I "
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24. For the second train which has one rocket less we have

V n[,+ ]W I(Mo:M_)+ I] (;_,-- I)--

25 . We do the same for the remaining rockets.

train of order x we have

In general for a

V_ln[l _ • 1. ].w [(M,, : _)-._ 1] (n, --" x + l) -- 1

26. For example, for the last train x equals nI. By substituting

we get equation (19) for a single rocket.

27. The velocity of the first train is expressed by equation (23);

the total velocity of the second is expressed by the sum of the veloc-

ities of the first train and the incremental velocity of the second. In

general, the total velocity of a train of order x is expressed by the

sum of incremental velocities (25) of the first x trains. The total

velocity of the last rocket will be equal to the sum of the incremental

velocities of all the trains, from the very complex one to the last one

which consists of one rocket (of the order nl).

28. From the general equation (25) we see that the incremental

velocities of the trains are large when the number of remaining rockets

is small. The minimum incremental velocity occurs when we have a com-

plete train, and a maximum occurs when x = nl, i.e._ when only one

rocket remains. Incremental velocities increase rather slowly and,

therefore_ a large number of rockets is not particularly advantageous,

i.e., there is only a slight increase in the total velocity of the last
rocket.

Nevertheless, the increase in cosmic velocity would be infinite if

we were not limited by the strength of materials used ±o fabricate the

rockets.

29. We may simplify the calculations if we consider the train

from the end, in the inverse order, i.e._ consider the train with a

single rocket to be number one_ the next one number two, etc. Then the

successive number will be y and we obtain

y+x=nl+l.
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30.
obtain

If we use this equation to eliminate x from equation (25), we

m_-ln 1"4- [(Mo:A'I_)q-q y- ! "

Thus, we have shown that if we number the trains from the end, the

incremental velocity does not depend on the total number of rockets n I

in the train_ but only on the inverse order y.

31. We can now prepare a table which will show us the total veloc-

ity of each specific train and the maximum total velocity of the last

train which consists of one rocket.

Order y of the train counting from the end

I 2 3 4 5 6 7 8 9 i0

Order from the beginning x

i0 9 8 7 6 5 4 3 2 i

Relative incremental velocity, if Mo:M _ = 1/3

1.386 0.470 0.262 0.207 0.166 0.131 0.113 0.i00 0.09 0.08

Final relative velocity of the last train (consisting of one

rocket) which initially consisted of several rockets

1.386 1.856 2.118 2.325 2.491 2.622 2.735 2.835 2.925 3.005

32. For example, if we have a train consisting of 4 rockets, the

final relative velocity will be 2.325, i.e., it will be greater than the

ejection velocity by this factor.

The velocities of partial trains (when we have 4 rockets) in the

normal order may be determined from the second line. Beginning with the

most complex one they will be:

0.207; 0.207 + 0.262 = 0.469; 0.469 + 0.470 = 0.939;

0.939 + 1.386 = 2.325.

When the train has I0 rockets, the total velocity of the last

rocket will be 3.005. The velocities of partial trains of this train



in order x maybe determined from the second line by adding its numbers
beginning at the right.

33. The true velocities maybe determined if we know the velocity
V and the ejection velocity, i.e., the velocity of the products of combus-
tion which fly out of the explosion tube. We obtain the following

table:

Number of rockets in the train

i 2 3 4 5 6 7 8 9 i0

Final velocity of the last train in km_ if Mo:M' I = 1/3
and W = 3 km/sec

4.17 5.58 6.36 6.96 7.47 7.86 8.19 8.49 8.76 9.00

Same, but W = 4 km/sec

5.56 7.49 8.49 9.28 9.96 10.48 10.92 11.32 11.68 12.00

Same, but W = 5 km/sec

6.95 9.30 10.60 ll.60 12.45 13.10 13.65 14.15 14.60 15.00

Even if we use petroleum and obtain an efficiency of 50 percent

(W = 3) with 7-8 trains, we obtain cosmic velocity. When the efficiency
is higher, cosmic velocity is achieved with two or three trains. To

escape from Earth and reach the planets up to the asteroids, a train
with lO cars may be sufficient.

34. If in equation (30) the mass of the rocket M0 is large com-

pared with the mass of the ejected matter M'l_ or if the partial train

contains many rockets, i.e., if y is large_ the second term in equation
(30) represents a small regular fraction of Z.

Then, approximately_ we may write

z, ,
2 --3 4 "'"

The smaller the fraction Z_ the smaller is the number of terms that
we have to take.
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35. Let USassume, for example, as before

_o : A4_-11_ and. y=6.

The first approximation according to (34) will give us 1/7 or

0.143. This is slightly greater than what is given in Table 31 (0.131).

The second approximation will be 0.133_ which is closer to the true

value. If we take a train with 9 cars, then Z = i/ii and the first

approximation gives us Z = 0.91; which is almost in agreement with the
value shown on the table.

36. Thus, beginning with the eleventh train_ we may confidently
assume that
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Z=l: +l)y-l]...... l("-'t
'_' L\M_

37. The sum of the incremental velocities of trains beyond the

eleventh may be determined approximately from the end by integrating

expression (36). We have

,o )y,]+cons,
Mo -b M 1 "

If const = i0, the sum of the incremental velocities is equal to

zero. Consequently

t

const_ M_

Mo+ M_
M° 1]

Therefore, for the sum of incremental velocities_ we obtain

Mo + M_"
-- In
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38. Assuming that y = ii (eleventh train, i.e., the addition of i

rocket to i0), we find the relative incremental velocity as 0.077

(table 31).

If we add i0 trains, y = 20, and the total incremental velocity

of ten trains will be 0.55. When the ejection velocity is 4 km/sec,

the absolute increment constitutes 2.2 km/sec.

If we add 90 rockets, y = i00, and the incremental velocity will

be 1.78. The absolute increment (W = 4 km/sec) is equal to 7.12 km/sec.

According to Table 33, i0 trains under the same conditions give us 12

km/sec. This means that i00 trains will give a velocity of 19.12

km/sec. This is more than is necessary to escape to other suns.

If the efficiency of fuel utilization is 50 percent (Table 33),

we find that the velocity derived from i00 trains will be 9 + 5.34 =

14.34 km/sec.

39. If we have more than i00 rockets in the train, we may express

the total incremental velocity by the equation (from 37)

..... . In Y
A1o-/- _I "_-

40. For example, for 1,000 trains the maximum relative velocity

will be 3.454. If W = 4, the absolute increment produced by 990 rockets

is equal to 13.82, while 1,000 rockets will give us 25.82 km/sec.

41. First, let us imagine a horizontal motion of all trains. The

last rocket will have the maximum acceleration (velocity increase to i

sac). However, in practice, it is more convenient to have the force of

explosion remain constant. If this is so, then the acceleration of a

single rocket will be weak at the beginning because its mass will be

high or because its fuel has not been used up. Then, as the fuel is

burned_ the acceleration will become larger. In the case of our triple

supply, the acceleration at the beginning will be 4 times smaller than

at the end, when the entire explosive material has been used up.

42. When the explosion takes place normal to the direction of

gravity, it is not advantageous to make use of large acceleration (on

a solid track, in the air or in vacuum). In the first place, special

safety measures will be required to safeguard the passengers from ex-

cessive gravity, in the second place, the rocket itself must be stronger

and consequently more massive, and in the third place, the explosion

tubes and other equipment must also be stronger and heavier.
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43. Let us assume that the maximum acceleration of the train is

I0 m/sec 2. The same acceleration (i sec) is experienced on the surface

of Earth by an object which falls freely. It is clear that this accel-

eration will exist in the last train consisting of one rocket and will

occur at the end of the uniform explosion. We shall assume that the

force of this explosion decreases proportionately to the decrease in the

total mass of the rocket, so that acceleration will be constant and

equal to i0 m/sec 2 during the entire period of time.

44. The mass of trains consisting of two or more rockets varies

little and, therefore, the force of explosion in this case may be
assumed to be constant as well as acceleration. It will be smaller in

value when we have a great number of rockets in the train, so that some

nonuniformity will not produce adverse effects.

45. The acceleration of the second train (from the end) will be

twice as small 7 since its mass is twice as large. The acceleration of

the ninth train will be I0 times smaller, since it contains i0 rockets

of the same mass, etc.

It turns out that the tension of the horizontal train or its rela-

tive weight does not depend on the number of rockets. Indeed, even if

we have 1,000 rockets, the tension due to the mass will be 1,000 times

greater, but at the same time due to low acceleration it will be 1,000

times smaller. Obviously, the train consisting of any number of rock-

ets will have the same tension as the one consisting of one rocket.

46. If the tension of a long train is greater than this, it is due

to friction and air resistance. For the time being we neglect this
effect.

47. An inclination of the path with respect to the horizon also

increases the tension of the train proportionately to its length. If

we follow a curved path which ascends gradually, such that the slope is

very small and is proportional to the acceleration of the train, this

effect may be neglected.

48. Taking all these things into account, we compute the times,

the velocities, the tracks and the ascents of the trains (Table 49).

It is very convenient to assume that the explosive part in each

rocket operates in exactly the same manner. Then the explosion time
will be the same for all rockets.

If we obtain the first cosmic velocity of 8,000 m/sec, when we

are outside the atmosphere we can use light pressure or some other
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method which will make it easier for us to move away from Earth and to

travel within the limits of the solar system, or even further away.

49. The train with five rockets.

The number of the train in chronological order

(i) 1 2 3 4 5

The number of rockets in each train

(2) 5 4 3 2 1

Average acceleration in m/sec 2

(3) 2 2.5 3.33 5 I0

(The explosion time is constant.) The relative increment in

velocity of each train

(4) 0.2 0.25 0.333 0.5 1.0

The final relative velocity of each train

(5) 0.2 0.45 0.783 1.283 2.283

The absolute velocity of each train if the increment in velocity

of the last rocket is assumed to be 55-20 m/sec I

(6) 1,104 2,484 4,322 7_082 12,602

The time of explosions in seconds is equal to

(7) 1,104:2 = 552 : 5,520:10 : 552

It is the same for all rockets

The average velocity of each train in m/sec

(8) 552 1,242 2,161 3,541 6,301

The entire path traveled by each train in km (during explosion)

(9) 288.14 685.58 1192.87 1954.63 3478.15

iSee "Investigation of Universal Space by Means of Reactive Devices."
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The slope tangent

(i0) 0.02 0.025 0.033 0.05 0.i

The total vertical ascent of each train in km

(ii) 5.76 17.1 39.6 97-7 347.8

The sameif the slope is twice as small

(12) 2.88 8.5 19.8 48.8 173.9

The terminal velocity when 50 percent of the fuel is used up and
when the velocity of a single rocket is equal to 3,900 m/sec

(13) 780 1,755 3,054 4,992 8,892

The length of the trains in meters

(14) 150 120 90 60 30
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50. From the 6th entry we see that a train consisting of 5 ro<'_t'_

achieves a velocity sufficient for escape from Earth and even from its

orbit. The next to the last train, consisting of 2 rockets_ achieves

almost the first cosmic velocity (8,000 m/sec). Thus, it lacks very

little, which prevents it from traveling outside the atmosphere around

Earth, together with the last rocket whose explosives have not been com-

pletely consumed. It is clear that it may be replaced by some other

load. Here we see the possibility of making entire loaded trains into

satellites of Earth, if the total number of rockets is sufficiently

large.

51. From the 7th entry we see that the period of explosion in each

train is equal to 552 sec_ or 9.2 min. For 5 trains this is equal to 46

min. This means that in less than i hour everything will be finished,

and the last rocket will become a roving body.

Our supply of explosives is 3 times greater than the weight of the

rocket with its other contents, and therefore is equal to 27 tons.

Consequently, 48.9 kg must explode every second. In order to produce

uniform action, we must have a large number of explosion tubes. If each

rocket has 40 explosion tubes and if the engine produces 30 revolutions

per second or 30 pump cycles, each delivery will constitute 0.041 kg or

41 g. What can we compare this cannonade to? To 1,200 idle firings in

i sec, each consisting of 41 g of a highly explosive substance. This

firing lasts continuously in all of the rockets for a period of 46

minutes.
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52. Wehave assumedthat the cross section of the rocket is equal
to 3 m. Initially we can do with i m. Then this entire horrifying
picture is weakenedby a factor of 27 (33). Wehave stated that in this
case the last cosmic rocket mayopen up in a special way and becomea
spacious compartment for man. Weshall speak of this elsewhere.

53. From the 9th entry we see that the path traveled by the trains
does not exceed the dimensions of Earth's sphere. However, the vertical
ascent of each train (entry ii) is muchsmaller. Only the first train,
which has traveled a distance of 288 km on Earth, rises to _n altitude
of 5-6 km. The second train must leave the solid runway very soon and
fly in the air. The last rocket flies beyond the limits of the atmos-
phere before it has consumedits fuel. This is true when the maximum
tangent of the angle of ascent (for the last train) is equal to 0.i,
and the corresponding angle with the horizon is equal to 6° . For the
first train it is slightly greater than i °, for the second train it is
slightly more than 2° , etc.

54. Whenthe slope is twice as small (entry 12), 2 trains can
spend the period of their explosion on the solid runway. The height of
Earth's mountains will still permit this. Then the solid runway will
be approximately 600-700 km.

55. In entry 13 we have assumeda 50 percent utilization of the

energy contained in the explosives. Even then, the last train will ob-

tain a velocity substantially greater than the first cosmic velocity

(8 km/sec). The rocket race in this case will be much shorter.

56. The maximum initial train has a length of 150 m. If initially

we limit ourselves to dimensions which are 1/3 of this, a 5-rocket train

will be 50 m.

57. We have already stated that the strength of the train does not

depend on the number of rockets on the horizontal path. However, is the

strength of the individual rocket sufficiently high?

The area of the cross section of the rocket's shell is the same

everywhere and is equal to 18_000 mm 2. The resistance to breakdown when

we have a factor of safety of 6 will be not less than 180 tons. A

rocket with all its contents (and fuel) has a mass of 36 tons. An ac-

celeration of i0 m/sec 2 associated with ordinary gravity produces a

relative gravity 1.4 times greater. However, the horizontal component

will be equal only to Earth's component. Thus_ the rocket is subjected

to a tension which is equal to 36 tons. This destructive force is 5

times less than the force of resistance of the material. If, on the
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other hand, we use a rocket whose diameter and length is 3 times less,
the breakdown force will be 15 times less than the reliable resistance.

58. Inclined motion increases this destructive influence. How-

ever, it is the same for all of the trains. For a single rocket the

inclination is small and increases the stress only by a factor of 0.i.

The inclination, e.g., of a 5-section rocket is 5 times less, so that

in spite of the large mass the stress will be increased (in total) also

by a factor of 0.I.

59. From this we can see that the rockets could be made much less

massive, if it were not for the gaseous overpressure unavoidable in

space. Nevertheless, it can be decreased by a factor of 4, because

instead of 4 atm the overpressure may be limited to I atm. However,

for small rockets the shell will be too thin to be of practical value.

60. In view of the excessive factor of safety for the strength

of the train in tension, we propose another table for the trains con-

sisting of one, two, three, four, and five rockets. However, we assume

here that the force and velocity of explosion of the same mass of ex-

plosives is proportional to the mass of the train. Thus, the first

train which may consist of five rockets is pulled with a force five

times greater than that of a single rocket and, therefore_ both trains
have the same acceleration as well as all the individual trains of the

same general train. It turns out that, in spite of the difference in

the number of rockets of individual trains, we appear to have a single

body moving with constant acceleration. However, the time of explosion,
of course, is inversely proportional to the masses of the individual

trains (because the stronger explosion ends sooner).

61. In all of the tables (see 62 and 63) we assume that the final

total velocity of the last rocket is equal to the cosmic velocity of

8 km/sec. Incidentally, the tables answer the following question:

what is the required incremental velocity for a single rocket? From

the fifth entry of the table we see that these incremental velocities

for various trains will be as follows:

Number of rockets in a train

1 2 3 4 5

The required incremental velocity from a single rocket in km/sec

8 5.3 4.4 3.8 3.5

We see that the incremental velocity is smaller when the number of

rockets in the train is larger. For a five-car train it is only 3.5
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km/sec, which is achieved when we have a relative fuel supply of i

or 1.5.

From the tenth and sixteenth entries we see that the length of the

tracks along the solid ground is much smaller in this case. Also, the

entire take-off process is shorter: it lasts only 800 sec or 3.3 min,

since acceleration does not change while explosion takes place.

62. The length of the rocket is 30 m.

One rocket Two rockets Three rockets

Numbers of trains

l 1 2 1 2 3

Number of rockets and relative force of explosion

i 2 i 3 2 i

Relative time of explosion

1 1 2 1 1.5 3

Relative period of the accelerated motion of each train

l l 3 1 2.5 5.5

Final velocity of each train in m/sec

8,000 2,667 8,000 1,454 3,636 8,000

Velocity increment of each train in m/sec

8,000 2,667 5,333 1,454 2,182 4,364

Period of motion of each train with the preceding ones in sec

800 266.7 800 145.4 363.6 800.0

Period of motion of a single train in sec

800 266.7 533.3 145.4 218.2 436.4

Average velocity of each train in m/sec

4,000 1333.3 4,000 727.2 1818.2 4000.0
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Path length of each train with the preceding ones in km

3,200 355.5 3,200 105.7 661.1 3,200

Flight path of each train by itself in km

3,200 355.5 2844.5 105.7 555.4 2538.9

Altitude reached sin _ = 0.30

960 106.7 960 31.7 198.3 960

Same sin _ = 0.25

800 88.9 800 26.4 166.3 800.0

Same sin of angle = 0.20

640 77.1 640 211 132.2 640.0

Same sin of angle = 0.15

480 53.3 480 15.8 99.2 480.0

Same sin of angle = 0.I0

320 35.5 320 10.6 66.1 320.0

Length of entire train in m

3o 6o 3o 90 6o 3o

63. The length of the rocket is 30 m.

Four rockets Five rockets

Numbers of trains

I 2 3 4 i 2 3 4 5

Number of rockets in each train and relative force of explosion

4
3 2 i 5 4 3 2 I

Relative explosion time of each train

1.33 2 4 I 1.25 1.67 2. 5 5

2 3 4 i 2 3 4 5

i

i
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Relative acceleration period of each train

i 2.33 4.33 8.33 i 2.25 3.92 6.42 11.42

Final velocity of each train in m/sec

960.4 2237.7 4158.5 8,000 700.6 1576.3 2,746 4497.8 8,000

Velocity increment of each train in m/sec

960.4 1277.3 1920.8 3841.5 701 876 1,170 1,752 3,502

Period of travel of each train with the preceding ones in sec

96.0 223.8 415. 8 800.0 70 158 275 450 800

Period of acceleration of one train in sec

96.0 127.8 192.0 384.2 70 88 117 175 350

Average velocity of each train in m/sec

480.2 1118.8 2079.2 4000.0 350 788 1,373 2,249 4,000

Length of track for each train with preceding ones in km

46.08 250.43 864.45 3,200 24.50 124.50 377.57 1012.05 3,200

Flight path of each train individually in km

46.1 204.3 614.02 2335.6 24.5 i00.0 253.1 634.4 2188.0

Altitude reached sin a = 0.3

13.8 75.1 259.3 960.0 7.35 37.35 112.28 303.61 960

Same sin _ = 0.25

11.5 62.6 216.1 800.0 6.1 31.1 94.4 253.0 800

Same sin _ = 0.20

9.6 50.1 172.9 640.0 4.9 24.9 75-5 204.4 640

Same sin _ = 0.15

6.9 37.5 129.7 480.0 3.67 18.6 56.7 151.8 480
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Altitude reached sin _ = 0.i

4.6 25.0 86.4 320.0 2.45 12.4 37.8 101.2 320

Length of entire train in m

12o 9o 6o 30 15o 12o 90 60 30

64. It should be recognized that the slope of the solid runway

with respect to the horizon in this case must be very small but constant,

e.g._ 6° , in which case sin _ will be equal to O.1. The runway will be

straight and not concave as is the case when we have a variable accel-
eration of individual trains.

65. If we have trains with two, three or four rockets, not only

can we have a constant acceleration_ but the period of explosion may

also remain constant. However, in this case the fuel supply in each

leading rocket must be proportional to the force of explosion or to the

mass of each individual train. This means that the first rockets ex-

plode faster and for a longer period of time than indicated in Tables

62 and 63 in view of their high supply of fuel. In this case the indi-

vidual trains also move like one body with a constant acceleration. On
this basis we present the following table.

66. The length of the rocket is 30 m.

Two rockets Three rockets Four rockets

Number of trains

(i) i 2 i 2 3 i 2 3 4

Number of rockets in an individual train, relative force

of explosion and fuel supply

(2) 2 i 3 2 i 4 3 2 i

(3)

Relative period of accelerated motion for each train

I i i i i i i i I

(4)

(5)

Relative total period of explosion for each train

I 2 i 2 3 i 2 3 4

Final velocity of each train in km/sec

4 8 2. 7 5.3 8 2 4 6 8
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Incremental velocity of each train in km/sec

(6) 4 4 2.7 2.7 2.7 2 2 2 2

Total period of motion for each train if acceleration is

always equal to I0 m/sec 2

(7) 400 800 267 533 800 200 400 600 800

Period of motion of one train in sec

(8) 400 400 267 267 267 200 200 200 200

Average velocity of each train in km/sec

(9) 2 4 1.33 2.67 4.00 I 2 3 4

Total path length of each train, with the preceding ones, in km

(i0) 800 3,200 355-5 1,422 3,200 200 800 1,800 3,200

Flight path of each train individually

(ii) 800 2,400 355.5 1066.5 1,778 200 600 1,000 2,200

Total altitude achieved in km; sin _ = 0.i; _ = 6°

(12) 80 320

(13) 60 30

35 142 320 20 80 180 3,200

Length of trains in m

90 60 30 120 90 60 30

67. In general the slope of the runway with respect to the horizon

in this case may be constant_ e.g._ the tangent of the slope angle of 6°

is equal to 0.I.

In this case even the first specific train can only travel part of

the path along the solid ground. The remainiug larger part of the path

is in the atmosphere.

From the sixth entry we see that the incremental velocities are the

same for specific trains with the same number of cars and decrease as
the number of rockets in a train increases. For a four-rocket train the

incremental velocity is only 2 km/sec, which corresponds to a relative

fuel supply of 0.5-0.7 (with respect to the mass of the rocket without

explosives).
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The forward Earth trains may have a large mass of fuel because they

may contain fewer people and less equipment since they return immedi-

ately to Earth.

68. Nevertheless, from the practical point of view it is desirable

to have rockets which are constructed in the same manner and which have

the same supply of fuel and the same constant force of explosion (see

Section 4). They may consist of a large number of rockets, which in-

creases the terminal velocity or which makes it possible for us to get

away with a small supply of fuel in each individual rocket. In other

words, even though reactive devices are not perfect, it is possible to
achieve cosmic velocities.

69. We present a table for a train with i0 rockets. The period of

explosion in each individual train is the same because each rocket is

identical.

The length of each rocket is equal to 30 m. The rockets are

identical in construction and have the same fuel supply.

Number of specific trains

(i) 1 2 3 4 5 6 7 8 9 i0

Number of rockets in each specific train

(2) lO 9 8 7 6 5 4 3 2 i

(3) Explosion time is the same

Acceleration of each train in m/sec 2

(4) 1 1.111 1.250 1.429 1.667 2 2.5 3.333 5 i0

(5) If we wish to achieve the first cosmic velocity of 8 km/sec, then

the period of explosion will be 8,000 m/sec; 29.29 m/sec 2 = 273.1

sec (see below and section 70)

Incremental velocity of each train in m/sec

(6) 273 301 343 391 456 546 682 1,009 1,365 2,734

Final velocity of each train in m/sec

(7) 273 574 917 1,308 1,764 2,310 2,992 3,901 5,266 8,000
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Average velocity of each train in m/sec

(8) 136 287 458 654 882 1,155 1,496 1,950 2,633 4,000

Path traveled by each train in km (see entries 3 and 5)

(9) 37.1 78.3 125.0 178.5 240.8 315.3 408.4 532.3 718.8 1092.4

Entire path traveled by each train with the preceding ones in km

(i0) 37.1 115.4 240.4 418.9 659.7 975.0 1383.0 1915.7 2634.5 3726.9

Slope of the path of each specific train. The tangent of the angle
(6° ) of the latter is assumedto be equal to 0.i. The slope of the

others is proportional to the acceleration

(ii) 0.01 0.0111 0.0125 0.0143 0.0167 0.02 0.025 0.0333 0.05 0.i

Altitude reached by each train in km

(12) 0.371 0.870 1.562 2.553 4.021 6.306 10.21 17.72 35.94 109.24

Total altitude in km

(13) 0.371 1.241 2.803 5.356 9.377 15.683 25.89 43.61 79.55 188.79

Altitude with respect to the track (12 and I0)

(14) 0.01 .01090 .01179 .01278 0.0140 0.0161 0.0187 0.0227 0.0302 0.0508

Total period of explosion for each train in sec

(15) 273 546 819 1,092 1,365 1,638 1,911 2,184 2,457 2,730

70. If we designate the explosion period by x and require that the
final rocket of the train reach the first cosmic velocity, then on the
basis of the fourth entry we have

ix + l.lx... + 1.25x... + 2x... + 5x + lOx = 29.39x = 8,000,

from which it follows that x = 273.1 sec.

71. The maximumincremental velocity which must be obtained by
the last individual rocket will be only 2.7 km/sec, which corresponds to
a relative fuel supply of 0.8 to i. If the supply is greater, then the
terminal velocity will also be greater. However, initially, this will
not be necessary.
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72. The first four trains may travel over solid ground which rises
to an altitude of 6 km and has a total path length of 419 km (see the
13th and 10th entries). This is possible on Earth. The fifth train
terminates its path in the atmosphere, and the remaining five trains
start their path in the atmosphere. Due to the spherical shape of
Earth, the ascent of the last trains is muchgreater than given in en-
try 12.

The length of the entire path over which explosion takes place
reaches a value of 3,000 km.

73. The solid runway is concave (entry 14). Accurate calculations
to determine this curvature yield equations which are too complicated
(they contain secondderivatives), and we shall not present them here
so as not to obscure the principal points. Weshall assumethat the
slope of the path is constant for each train. From elementary theory
we have

r = L2:2h,

where the symbols in their order indicate the following: radius of
curvature, the traveled path and vertical ascent h. Entries i0 and 13
permit us to determine the radius of curvature for each section of the
path. Thus, for the first, fifth and last, i.e., the tenth, we find
in km:

r = 1,850, 23,220 and 36,770.

From_this we can see that the radii of curvature increase, which
produces a decrease in the centrifugal force. However, at the sametime,
the centrifugal force increases due to the increase in the velocity of
the trains (the true radii are greater and therefore the true centrifugal
force is smaller).

74. Wecompute the centrifugal force for three cases. As we know,
it is equal to

Cr='O 2: r,

where cr is the centrifugal force, v is the velocity and r is the radius
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of curvature of the path. From this equation we obtain (entry 7 and

Section 73)

cr = 0.04, 1.34 and 1.74.

With respect to Earth's gravity (i0 m/sec 2 acceleration), this

constitutes 0.004 to 0.17. But let us not forget that only the fourth

train can move along the solid path and develop a centrifugal force.

The remaining trains move in the atmosphere and there the centrifugal

force may not exist at all: in general it depends on us_ i.e., on the

method of control. For the fourth train r = 16,360 and c = 1.05, i.e.,

the force which presses the train towards the path is not greater than

i/i0 of the train's weight (actually, it is even smaller).

75. Let us consider the relative force of gravity developed inside

the train during its motion. The centrifugal force presses the train

against the runway_ first very insignificantly and then with greater

force; however_ the maximum of this force does not reach 0.i of Earth's

gravity. We shall neglect this force. The second force normal to it

depends on the acceleration of the train. Its maximum value is equal

to Earth's acceleration (i0 m/sec2). We can no longer neglect this

quantity. The resultant of the two forces gives us an acceleration

which is approximately equal to 14 m/sec2; this is 1.4 times greater

than Earth's acceleration. A person weighing 75 kg will weigh not more

than 105 kg inside the train. It is easy to withstand this increase in

gravity for a period of several minutes_ even standing up. Gravity will

increase slowly_ varying from 1-1.4 of its normal value. The slope of

this relative gravity with respect to the vertical line also increases

gradually from 0-45 ° . The horizontal surface of Earth appears to in-

cline more and more as acceleration is increased, and at the end of ac-

celeration it appears to the passengers that the train is moving up a

mountain at an angle of 45 ° . During the initial stages of the motion

this mountain is almost horizontal_ then becomes steeper and steeper,

and at the end of the solid path it becomes almost vertical. The pic-

ture is frightening and astonishing. Friction and air resistance de-

crease the acceleration slightly and_ therefore, decrease the additional

gravity.

76. When the train leaves the solid runway and moves into the air_

the phenomenon becomes more complicated.

In the atmosphere the effect would be the same as when the result-

ant explosive force is directed along the longitudinal, slightly in-

clined axis of the rocket. Then_ as the latter falls, it will experi-

ence air resistance equal to its weight. Air will put pressure on it,
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just like the solid runway. However, the rocket which flies along the

inclined path with its nose up will not fall to Earth, since it will
rise faster than it falls.

77. Descent to Earth due to its gravity will be slow at first and

then accelerated; then a velocity will be reached at which the air pres-

sure is comparable to the weight of the rocket. At this point the ver-

tical fall velocity will become constant and not too great_ compared

with the continuously increasing velocity of ascent of the rocket.

78. A rocket which undergoes parallel tripling or quadrupling will

produce, on 3 m2 of its horizontal projection_ a force of gravity approx-

imately equal to 0.9 tons at the beginning of the explosion. (For a

rocket with a diameter of i m, it will be 9 times less.) For an area

of i m2 we shall have 0.3 tons (see 8). The air pressure on i m2 of the

horizontal projection of the projectile will also be the same. We may

Use this as a basis for forming an equation which will give us the ne-
cessary conclusions.

79. Let us assume that the resultant force of explosion is

horizontal. Then the incident stream will be directed at some angle

with respect to the rocket (if we assume that the latter is plane)_ and

the tangent of this angle will be equal to

Ch= c_

where ch is the constant velocity of fall of the rocket due to its

gravity and c is the variable velocity of the rocket's forward motion.

80. The pressure of the air stream on a surface normal to it with

an area of I m 2 will be not less than

(d :2g)c 2,

where d is the density of the air_ g is the acceleration due to Earth's

gravity, and c is the velocity of the stream.

The stream exerts a strong force on the inclined plate (propor-

tional to twice the tangent of the angle). Consequently the pressure on
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each m2 of the rocket's base is given by

(d:g)cc h•

81. Wemust equate the magnitude of this pressure to the weight GI

of the rocket, corresponding to i m2 of its base (0.3 tons or 300 kg).
Consequently,

G1 = (d:g)cc h.

From this it follows that _237

_---_= (gO_) : (de').
C

From this we can see that the relative velocity of fall, or the

angle of fall (tangent), will decrease very rapidly as the forward

velocity of the rocket increases. However_ it increases when the den-

sity of the air decreases, i.e._ when the rocket gains altitude.

82. Let us compute the tangent of this angle for various veloc-

ities of the rocket and various air densities.

If, for example, d = 0.0012, GI = 0.3 tons, g = i0 m/sec 2, c = 1,000

m/sec, the slope will be 0.0025. Even at an altitude of 8-10 km where

the density of the air is four times less_ the slope will be 0.01. If

the velocity of the rocket is twice as small (500 m/sec), the slope will

be 0.04. Even this slope is 2.5 times less than the value assumed by

us (0.I) for the slope of the rocket's axis with respect to the horizon

(when it leaves the solid runway). This means that under these condi-

tions the rocket also will not fall, but will rise rapidly, moving away

from the surface of Earth, particularly since the latter has a spherical

shape.

83. However, as time passes the rarefaction of air increases more

rapidly than the square of the forward velocity of the rocket. There-

fore, a time will be reached when the weight of the rocket will not be

balanced by the resistance of the atmosphere_ the relative vertical com-

ponent of gravity will decrease_ and beyond the limits of the atmosphere

in the vacuum it will disappear. Then only gravity due to the acceler-

ated forward motion of the rocket will remain and will be equal to i0
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m/sec2. It will produce an apparent gravity whosemagnitude will be

equal to Earth's gravity, but whose direction will be almost perpendic-

ular to Earth's gravity. Then Earth will appear as a vertical wall,
and we will be moving parallel to it.

However, this 3 too, lasts only a few minutes: explosion ceases
and all traces of gravity vanish.

84. If, in the last equation, we let the tangent of the angle be

equal to 0.i and c = 1,000 m/sec, we find d = 0.00003, i.e., we can fly

to an altitude where the air density is very small (0.00003 or 40 times

less than at sea level), and still not fall when the velocity is 1,000
m/sec. This velocity still does not develop the centrifugal force

which is equal to the force of gravity of Earth and, therefore, does not

give us a circular orbit where we neither approach Earth nor move away

from it. Only when the velocity of 8 km/sec is achieved, will the orbit

be circular and permanent (this will be true only outside the atmosphere).

Various Train Systems

85. We shall describe our trains as they are used in various
systems. We have four cases.

A. The construction of the rockets is almost identical. They all

have the same supply of fuel; however, explosion becomes greater as the

mass of the train is increased. In view of this, the acceleration for

all individual trains will be the same; however, the period of explosion

will be inversely proportional to the mass of the train (Sections 62
and 63).

B. The supply of explosives and the force of explosion increases

as the mass of the individual train increases. Due to this, the accel-

eration and the explosion time are the same for all trains (see Section
66).

C. The fuel supply is proportional to the mass of the individual

train, but the force of explosion is constant. In this case the period

of explosion for each train becomes larger as its mass becomes greater.

The acceleration is inversely proportional to the mass of the individual
train. We have not considered this case.

D. All of the rockets are identical with respect to the fuel sup-
ply and the nature of the explosion. The greater the mass of the indi-

vidual train, the lower is its acceleration. The period of explosion is
the same for all trains (see Section 49).
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86. System A is inconvenient because it requires a strong or rapid

explosion in the first rocket, and consequently makes the firing mecha-

nism too complicated and too heavy. Due to this, the tension in the

first long trains will be tremendous. The entire system is subject to

failure, and_ therefore_ a multirocket train cannot be used. The incre-

mental velocity of each train is the sam_ as in system D. The advan-

tages are the decreased length of the solid runway and the decrease of

explosion time, but these are not very important (Sections 62 and 63).

87. System B, like the preceding system A_ requires an increase in

the mass and the volume of the rocket_ when we increase the number of

elements in the train. The fuel and the more complex equipment require

additional space. In this case, we can not use too many rockets in the

train: it will break down due to high acceleration. The advantages are

in the velocity increase_ since the incremental velocity is the same for

all trains. This means that the terminal velocity is proportional to

the number of rockets in the train. If_ e.g._ the incrementsl velocity

of a single rocket is 8 km/sec, the train of system B_ consisting of two

rockets_ will reach a velocity of 16 km/sec, which is almost enough to

move among other suns. If we can obtain a velocity of 2 km/sec from

each rocket_ a train with four rockets will impart the first cosmic

velocity of 8 km/sec to the last rocket (see Section 66).

88. System C is more practical because in this case for long

trains the acceleration will be lower_ as in system B and we may_ there-

fore, use many rockets for each train. The firing mechanisms in the
rockets themselves are almost identical. However_ since the quantity

of fuel is proportional to the mass of the individual train, the forward

rockets must be larger in order to contain a larger mass of fuel. This

is the disadvantage. However_ we have seen that we have enough space

in our rockets_ and a train consisting of two or three rockets is_ there-

fore_ possible even without a change in the volume of the devices. The

other advantage consists of the fact that the incremental velocities do

not decrease as the number of rockets is increased_ as in system B.

Indeed, even though the acceleration in a long massive train is less_

the period of explosion due to the large supply of fuel is also greater

by the same factor. Therefore_ the final incremental velocities in all

of the individual trains are the same, which is a considerable advantage.

The increase in the time and the length of the solid runway (compared

with systems A and D) is insignificant.

89. Although we have not considered this case_ we can obtain the

magnitude of incremental velocities by making use of Table 66. This

system C deserves our most undivided attention. If_ e.g., by using a

single rocket we could achieve a velocity of only I km/sec (the velocity

achieved by a cannon may be greater)_ which requires a relative supply

of 0.2 to 0.3_ then 17 trains would be enough to achieve the maximum

cosmic velocity necessary to reach all our planets (but not descend to

_239
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them) and to travel in the Milky _ay. The fuel supply in the rockets
beginning with the first will not be more than

5.1 4.8 4.5 4.2... 1.2 0.9 0.6 0.3

Such supplies are within our reach. The last cosmic rocket will
be almost empty, i.e._ without fuel.

Such are the prospects of using trains and such is the manner in
which they can make it easier for Us to achieve cosmic velocities_

90. Wehave discussed system D sufficiently (see Section 49).
Its advantages are that the elements of the train are identical (except
for the last cosmic rocket).

Having dispatched the last rocket on a cosmic voyage_ all of the
other rockets of any of the systems fly a rather prolonged path in the
atmosphere, glide and descend to land or water_ and maybe used again
for the samepurpose. The sametrain in the samepath maydispatch a
million devices for space travel. The only thing required is a contin-
uous expenditure of funds to obtain the fuel madefrom inexpensive
petroleum products and endogenouscompoundsof oxygen.

The disadvantage of system D is the small incremental velocity.
However, if the series in Section 89 is replaced by equal members,
e.g._ with a value of 5.1, then system C will be transformed into sys-
tem D and the terminal velocity will increase substantially.

91. The problem of materials for combustiQn, the construction of
the explosion tube_ of the shell and of the other parts of the rocket
cannot be solved at this time. Therefore, I assumefor the present that
the explosives will consist of petroleum products and liquid oxygen or
its endogenouscompounds,and that the rocket will be madefrom various
knowntypes of steel: chrome steel, beryllium steel_ etc.

Of course, there is muchto be gained by Using monatomichydrogen
and ozone for the explosives. However, we do not know whether these
materials are sufficiently stable or that they can be utilized in a
convenient form. This problem must be Solved by chemists specifically
concerned with these substances.

If good results are possible with oxygen, petroleum and steel, then
the results will be even better whenwe use more advantageousmaterials.
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The Temperature of a Cosmic Rocket

Even among scientists there are contradictions and obscure ideas

concerning the temperature of bodies in ether_ e.g., the temperature of
the rocket.

It is claimed that space has a temperature. Such claims are im-

possible: they have no meaning because we do not have a clear under-

standing of ether. We can speak only of the temperature of gases,

liquids, and solid bodies which are placed in space.

If we can assume that some body in space is not surrounded by any

other bodies_ e.g._ suns, planets_ comets, and small bodies, then this

body will only lose heat because it cannot exchange it with other

bodies. It is quite probable that the temperature of such a body will

reach absolute O, i.e., it will be -273 ° C: the motion of molecules will

stop, but this does not mean that the motion of their parts and, partic-

ularly, the motion of protons and electrons will cease. It is also

doubtful that the motion of molecules and atoms will cease completely.

However, we shall not become deeply involved in this problem. We

need a simple concept concerning the temperature of bodies in space.

It is quite probable that this temperature is close to -273 ° C. This is

the temperature we have when we are far away from the suns, when they

appear like stars, since in this case the heat obtained from them can

be neglected. It is very difficult to doubt this (although in this

matter_ too_ the conclusions of the scientists are contradictory).

Indeed_ at the present time_ there is factual data to show that the

temperature of the planets far from the sun is very low, even though

they are heated by solar rays. If they were to move even further away

from the sun, so that all of the suns would appear to them as stars,

this temperature undoubtedly would reach absolute 0 (273 ° below 0° C).

Planets also contain their own heat, they combat cooling_ they

have a large supply of heat and of its sources.

However_ small bodies such as asteroids (if they are removed from

warm or heated bodies), rapidly reach a degree of absolute cold.

Therefore, a cosmic rocket_ situated at a great distance from the

sun between stars which hardly twinkle_ will apparently be in a critical

state. Its temperature will very rapidly reach -273 ° C.

However, it may contain a source of heat inside it, or it may be

protected by a series of shells to such a degree that the heat losses

will be replenished artificially_ even during a period lasting for

thousands of years.
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We shall not consider this question at the present time. We turn

to the projectile situated at the same distance from the sun as Earth.

This does not in any way prevent it from being outside Earth in its

orbit, at hundreds of millions of km away from Earth_ where the latter

appears like a small star similar to Venus.

Our rocket will lose heat only by radiation, because there is no

air and no other material medium around it. However, it will also re-

ceive heat from the sun and, therefore, its temperature will drop only

as long as the loss of heat, due to radiation, is not equal to the
influx of heat from the sun.

Therefore, we must have some idea concerning the quantity of influx

and outflux, and solve the problem concerning the magnitude of the

equilibrium constant temperature of the body.

The magnitude of the heat influx, of course, depends on the energy

of solar rays. We shall assume that this energy is constant. However,

it may not be absorbed by our body, if the body is covered on the solar

side with one or several shining shells which reflect this heat

completely. Thus, no matter how great the energy of solar rays, it may

not be absorbed by our rocket due to its construction and due to the

properties of its surface.

The situation will be different if we have black surfaces which

absorb solar heat almost completely.

Thus, the influx of heat may vary from 0 to some maximum value

which depends on the energy of the rays. If heat were not lost by radi-

ation, our rocket would heat up and reach the temperature of the sun.

Now let us consider the loss of heat.

Every surface of a body loses heat; however, some lose more than

others. Also, this loss increases very rapidly (as the fourth power)

with increase in the absolute temperature of the body. Of course, the

losses also increase when the surface area is increased (for example,

that of the projectile). All these considerations and calculations lead

to the following conclusions. If we have a structure which faces the

sun with one side with a dark absorbing surface, and a shining surface

on the other side, it may have a temperature whose upper limit is not
less than 15 0o C.

Here is a practical example. We have a spherical closed vessel

containing gas. One third of its surface facing the sun is covered with

glasses, which transmit the radiant energy quite well. This radiant

energy falls on a dark surface inside the sphere which absorbs the rays

of the sun quite readily. The remaining two thirds of the surface are
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prevented from losing heat by one or several bright surfaces. The tem-
perature of the gas inside the sphere reaches a value up to 150o C.

The samesphere facing the sun with its bright surface achieves an
internal temperature which is close to -273° C. The temperature varia-
tion is greater than 400° C.

The samesphere, facing the sun with its side so that only part
of the transparent surface receives the solar rays_ has a temperature
intermediate between -273° and +150° C.

By rotating the sphere we obtain any desired temperature between
these two limits_ e.g._ the temperatures of all climates, all altitudes
and all periods of the year on Earth.

If our projectile were to rotate quite rapidly so that its trans-
parent side would periodically face the sun, it would establish an
average temperature (according to calculations) close to 27° C. This
is almost twice as high as the average temperature of our rotating
planet--Earth.

_owever_ the latter does not absorb a large part of the solar rays_
but reflects it back into space. Fifty percent of Earth's atmosphere
is always covered with clouds. The brilliant surface of these clouds
serves as a perfect reflector for solar light. This is why the average
temperature of Earth is close to 15° C.

In general, the temperature of the planet is a conditional matter
and is very complex. It is not our purpose to consider this matter at
this time. My manuscripts contain manyconcepts and calculations rela-
tive to the temperature of a planet. In my published works_ howeverj
I have only presented the results of these calculations.

It would seemthat nowthe question concerning the temperature of
the cosmic rocket is sufficiently clear.

However, it is possible to construct a space vehicle such that its
temperature will be expressed not by hundreds of degrees, but by thou-
sands of degrees. To achieve this_ it would be necessary to reduce the
heat losses further and not decrease the influx of heat from the sun.

If we were to decrease the area of the windows in our sphere and
increase the area of the shiny surface, then the heat losses would de-
crease_ but so would the influx of heat from the sun. _owever_ there is
a way out of this bewitched circle. Wemayleave a very small, trans-
parent opening in the sphere and admit any quantity of solar energy by
meansof a collecting lens or a spherical mirror. The opening in the
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sphere, in this case_ must coincide with the focal image of the sun.

this way the heat losses will reach a minimum without any decrease in

the influx of solar energy.

In

What will happen? The quantity of heat in the sphere will increase

until its rate of admission is equal to its loss rate. This will defi-

nitely take place_ because the heat losses increase with temperature.

The temperature inside the sphere may reach a value of I_000 ° or more.

Even if our projectile were to move away beyond the limits of the

solar system where Saturn rotates with its rings, where Uranus and

Neptune travel, even there the cosmic rocket could obtain heat from the

sun sufficient to sustain life.

It is also possible to obtain very low temperatures_ in spite of

the most powerful rays of the sun. This will make it possible for our

rocket device to travel close to the sun_ not only where Mercury rotates

and is cooked by the solar rays, but even closer.

Published at Kaluga by the Association of

Scientific Workers in 1929. Contained in

"Selected Works_" Vol. II_ 1934.
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REACTIVE ENGINE

(1929 )

/244

I have been concerned with reactive devices since 1895. And only

now, after working for 34 years, I have come to a very simple conclusion

in regard to their system. These devices have been invented a long time

ago and require only insignificant additions.

Explosion (internal combustion or thermal) engines are also reactive

engines. However_ the reaction of the exhaust gases is not utilized at

the present time: The gases are exhausted in a useless manner in all

directions and without a conic nozzle.

The reason for this is quite rational: their action is quite weak

due to the small quantity of burnt fuel. Their action is also weak due to

the low velocity of the moving devices and due to the fact that expansion

and utilization of the heat of the products of combustion is hindered

by atmospheric pressure.

All of this changes when we use the aeroplane in rarefied regions

of the atmosphere, when the aeroplane has a high forward velocity, and

when we use conic tubes directed one way--backwards. The exhaust gases

will escape through these.

Let us see how much material is ejected. Let us assume that we

i
have an engine with i;000 metric horsepower (i00 kgm each). Let us

assume that the engine consumes 0.5 kg of fuel per hour for each hp.

For i_000 hp this will require 500 kg. If the fuel is hydrogen, atmos-

pheric oxygen will be 8 times greater, i.e., 4,000 kg. However, oxygen

in the atmosphere constitutes only i/5_ so that the mass of the required

air will be 20_000 kg. We neglect the hydrogen. Over 20,000 kg are

ejected each hour_ and each second 5.6 kg of vapors and gases are ejected.

i
i metric horsepower : 75 kgm/sec.

engineering. Editor's Note.

This unit is not used in modern
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This is a very large quantity. Not only can we not neglect it, but it

is also sufficient to obtain tremendous velocities.

In my "Investigations 1926" I presented Table 24 for a cosmic rocket

weighing i ton. This rocket reaches the first cosmic velocity of 8 km/

sec when the fuel supply (together with oxygen) is 4 tons. The fuel

itself will weigh from 1/2-1 ton (if we do not take a supply of oxygen

with us). The cosmic rocket ejects 5 kg of products of combustion every

second, i.e., even less than our engine.

It is true, of course, that due to the large quantity of nitrogen

in the atmosphere, the velocity of the ejected products of combustion

will not reach 3 kg/sec. This means that we shall not achieve cosmic

velocities in this case, but will approach them very closely.

The rocket weighs i ton. Is this mass enough for it to have a_.

engine of 1,000 hp? At the present time engines are made twice as light

as they were a short time ago. Let us assume that an engine of 1,000

hp weighs 50 kg. This is particularly possible since the engine need

not be perfect: it may only produce 200 hp instead of 1,000 hp, or even

less; it is only necessary that it consume a large quantity of material.

The more material it burns_ the better it is; because it is not work that

we need so much as the explosion and ejection of gases.

Let us also draw attention to the fact that we are taking the fuel

supply to be 4 tons. If, however, we can use part of the oxygen in the

air, it will be sufficient to take along i ton of fuel. This means that

we shall economize by 3 tons. Such a mass may serve its purpose for

the most diverse objectives, e.g., for increasing the supply of hydrogen

compounds (and the achievement of cosmic velocity), for increasing the

number of passengers, for improving and strengthening the structure, etc.

What is the problem, how can we carry out the flight, how can we

perfect it and get close to flying beyond the atmosphere?

Let us imagine the aeroplane I described with the smallest possible

dimensions. Its engine at first is concerned more with the operation of

propellers and less with the reaction of ejected gases. However, as

altitude is reached and the velocity increases, the work done by the pro-

pellers decreases_ while the work performed by the combustion of fuel

increases. This is possible because any engine may operate even in the

idling state, i.e., without any results. The work performed by the

propeller is gradually replaced by the reactive work. Finally, the

propeller is removed or rotates without developing thrust, or is com-

pletely stopped with its blades feathered.

However, we shall use the engine first to pump air and then, in

the rarefied layers of the atmosphere or in vacuum (where this pumping

/245
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isn't possible), to force the supply of explosives into the explosion
tube in order to achieve cosmic velocities.

If we have i0 engines_ each with i0 cylinders which produce 30

revolutions per sec, we shall have 3,000 bangs per sec and a reactive

pressure up to 5 tons. This is true if we use i00 tubes. Each one will

be provided with a pressure of 10-50 kg.

Published in the pamphlet "Cosmic Rocket Trains,"

Kaluga, 1929; published for the second time in

the pamphlet "The New Airplane," Kaluga, 1929.
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THE !I_W AIRPDd{E

flgSg)

Preface

My first work devoted to the airplane was published in the journal

"Nauka j Zhizn' "in 1895. Before that time no one published such a

detailed theory of the airplane with such concrete conclusions, which

have only recently been justified. A special printing of this work was

given extensive dissemination. Incidentally_ a copy was sent to the

Secretary of the French Academy of Sciences.

A short period after this, the Frenchman Ader constructed his

"avion," which was followed by more successful experiments, until the

Wright brothers in 190 3 solved this problem practically in the most

brilliant manner. I wrote a few more things about the airplane in the

journal called "Vozdukhoplavatel'", and my thoughts about it would not

leave me. Sometimes I began carrying out calculations. However, matters

were progressing quite well without any efforts on my part, so that to
me my work appeared superfluous.

The significance of the wing shape was clarified experimentally and

by means of calculations in 1891, 1896, 1898, 1899, and 190 3. All of

the information was published in well-known journals. Only recently,

when I had come to new and comforting conclusions_ did I decide to share
them with the reader.

In spite of everything, the future airships will always have a

certain advantage over the airplane as the cheapest means of transporting

the most inexpensive cargo. Indeed, the future airship will transport
them using the wind like a sailing vessel or like the flow of a river.

The airplane will not have these advantages because it cannot be low-

powered like the airship. Gliders will be of no significance as a means
of transportation.
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i. Let us imagine the surface of a revolution in the form of a

spindle strongly inflated with air or oxygen. Its diameter is not less

than 2 m and its length not more than 20 m.

A parallel series of such spindles is attached along the edges and

forms a wavy square plate with projections to the rear and in front

(see Figure i).

2

Figure i

The area of the plate is not less than 400 m2 (20 x 20). In front

and behind, each sharp end has a propeller. The diameter of the pro-

peller is not less than i m, and there are at least 10-20 propellers.

Along the sides at the stern are two large rudders for controlling

the altitude as well as lateral stability. On the top of the projectile

and also at the stern, there is one rudder (or several) for controlling

direction.

The engines drive the propellers.

2. When the airplane takes off from water, it must be placed on

special floats in a slightly inclined position. When it has achieved

sufficient velocity and has become airborne_ the floats are detached

and the airplane flies without them. Descent may be accomplished

directly on water since the shells are watertight. The takeoff from

the airport is carried out in the san_ manner, but the floats are re-

placed by landing gears which remain on the ground when the airplane

has taken, off. However, a descent in this case _iso requires a large

water surface. It can be achieved without water, if we have a level

f_eld or a flat surface covered wit_ snow. It is not advantageous to

carry the landing gear or the floats on the _=iY-piane--this will be

discontinued soon.

/2L';
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3. And so this is the principal construction of a new airplane

without a fuselage. The advantages may be clarified only by means of

calculations. However, even now we can enumerate the more obvious

advantages.

4. Since the shell is impervious to air, a constant pressure is

obtained inside the airplane and consequently it is safe to fly in the

rarefied layers of the atmosphere. In this case it is necessary to pump

air into the cabins, so that it _y be burned by the engines. However,

pumping is also necessary in conventional airplanes at high altitudes.

5. The strength of the entire device is due to the internal excess

pressure, and the weight therefore remains at a minimum.

6. Minimum weight and maximum strength are also achieved by the

uniform distribution of people and loads.

7- The low air resistance due to the absence of the framework,

struts, wheels, floats, wings, bracing wires, angle braces, etc. is

responsible for the high speeds.

71 . For the same reason we have economy in weight.

$. The construction is very simple and the entire structure there-

fore very inexpensive.

9. We have the possibility of constructing large load-carrying

airplanes, suitable for i00 or more passengers. The distribution of

various propellers and engines is very convenient and provides total

safety. A simultaneous breakdown of even 5 engines is entirely safe

and has almost no effect on the speed of the flight. It is possible

to use propellers of small diameter with high rpm engines, which makes

them more powerful.

i0. The device may be elongated and expanded without increasing

its height. When it is expanded, the work decreases; when it is con-

tracted, the work increases. The previous calculations were made for

a square wing.

!i. We may lengthen and widen the apparatus without increasing its

height. With widening, its work is decreased (the oblong form of the

wing is transverse), while for narrowing it is increased (the oblong

form is longitudinal). We will perform the following calculations for

a square wing.

12. The low-power requirements of each engine result in mimimum

weight, interchangeability, low cost, and simplicity.

/248
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13 . There is a great deal of space and comfort.

14. It will be possible to fly at high altitudes where the air

is rarefied and, therefore, to have large forward velocity.

15. It will be possible to achieve gradual transition into a cosmic

reactive ship. Other advantages will be clarified by calculations,

which will confirm what we have already stated.

16. It is inconvenient to have a continuous pumping of air into

the airplane, but, generally speaking, this is unavoidable if the engine

is still delivering full power in the rarefied air, and if theairplane

is designed to fly at high altitudes, as is now the custom.

Velocity of Flight and Other Characteristics

17. Let us start our calculations. I warn the reader that they

are all very approximate.

Unless otherwise stated, the basic units are as follows: second,

meter and its products--ton_ ton-meter_ etc._ are implied.

Let us imagine a cutout between two transverse parallel sections

of the same spindle with a length of i m. We shall assume this cutout

to be a round cylinder with diameter D (average cross section).

18. The circumference U of this cross section as well as the

surface area F will be

U=F=_D.

19. The weight of the shell GI will be given by the
/249

Gl.-__r.D.a. g,

where _ and _ are the thickness of the shell and the specific weight

of its material, respectively.

20. The area of its horizontal projection is Fh = D.
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21. The load ql of one shell per unit area of the projection is

obtained from (19) and (20).

ql_-Gl : Fh_-_._,." f.

22. However; this load is incomplete. This load is only due to the

weight of the shell. The load is increased further by the weight of the

engines and the control elements q2; of the fuel with tanks q3 _ of people

and cargo q4 _ and of the safety factor q5" The total load q will be
equal to

q:q_ + q_-[-q3-_-q, q-q_.

23. If_ for simplicity_ we assume for the present that all of the

loads are identical, we find from (21) and (22)

q:-5ql_---_5=g_.

24. The resistance to the breakdown of the shell Q must be equal to

the excess pressure P of the gas inside the shell. Therefore we write

Ou_._2g,.. S__ laFh = PD,

where K z is the temporary resistance to failure; S is the safety factor

and P is the overpressure of the gas on a unit area.

25. Equation (24) makes it possible for us to compute the thickness

of the sheli and, consequently; its weight and loading. The total load

will also be known. Thus from (23) and (24) we obtain

==:PDS: 21(_

and

q_5q_-S=._P Ds
2Kz
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We have assumed that the individual loads on i m 2 of the projection

are equal to 1/5 of the total load (22).

26. In general the surface of the entire airplane represents a

single plane wing. We assume the most undesirable conditions. Thus, we

could impart a slight curvature to this wing so that the lift force would

be doubled. However, we make our calculations assuming that the wing

is flat.

27 Furthermore, the pressure on the plane P , which is normal to• n

the flow, is assumed to be given by equation

P,,= (c_: 2g) d,

where c is the flow velocity, g is the acceleration due to Earth's

gravity, and d is the density of air. This equation gives us a value of

the pressure which is 1-1/2 times smaller than the real value. This is

also disadvantageous.

28. To compute the pressure on a plane, inclined with respect to

the flow_ we utilize the equation of Langley, since this equation is very

close to mine and is entirely justified on the basis of my experiments.

According to Langley, the pressure on an inclined plane may be obtained

by multiplying the magnitude of the pressure o__ the nor_l stream by

2 sin y: (i + sin 2 y).

However, during the efficient flight of am airplane, its angle of

attack with respect to the horizon y is very s_r_ll, so that we may multiply

the normal pressure simply by twice the sine of this angle. The error will

be insignificant.

29. On the basis of condition (26) we then obtain a pressure which

is actually much greater, particularly if we impart a slight curvature

to our airplane. Specifically, the lift Pv of a plane inclined slightly

to the horizon and having an area of i m2 will be (26) and (25)

P,:(c_:g) d siny.

The error will be quite small. With an angle of i0 ° it will be not

more than 3 percent. It is insignificant for the plane_ compared with the

decreased lift of the air, according to conditions (26) and (27).
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30 . The uniform horizontal flight of an airplane requires that the

total load q be equal to the lift force P . Therefore, from (25) and
(29) we obtain v

c---_ V 57: . g. "J_SD: 2d sin yKz.

Here the velocity is expressed independently of the weight of the

shell and of the weight of the airplane and its pilots. It is only

assumed that it must be equal to its total lift force produced by the

pressure of the incident flow on the wing. The lift force may be very

small and the entire airplane must also be small, which is not achievable

in practice. Conversely, the airplane may be very large, which also

cannot be achieved. This velocity is therefore of little interest to us.

From the equation we see that it must increase when we have a decrease

in the excess pressure, the desired strength and dimension D, and that

it decreases when we have an increase in the density of the air, the

angle of attack of the wing, and in the strength of the material.

3]. Now we must consider the significance of the energy (or the
power of the engine) and the resistance of air due to friction and inertia.

Let us imagine that our airplane has a length i, a width b, and a
height D. It is required to determine its total resistance when it moves

in the air and to determine its specific resistance, i.e., for I m2 of

the horizontal projection.

I make use of my work "The Resistance of Air and the Fast Train,"

1927. In that work equation (31) determines the total resistance of a

surface which is an ellipsoid of rotation. We shall not concern our-

selves with the meaning of the constants in this equation and will only

replace them by numbers. In addition to this we shall divide the total

resistance by the r_gnitude of the horizontal projection. We may set its

area equal to i'D'0.75, where i and D are the diameter and the length

of the ellipsoid, respectively.

32. Then, imstead of equation (31) of this work which gives the

total resistamce, we obtain the specific resistance, i.e., for i m2
of a projection

P_,---=d_c_ (A: X:--F B: A'D).
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th._ coefficie_-t <f _':s[_:tance ,f tkc spn,:: b ]<;,I, - . .J+: tn_ 3'",',

coefficient Kf = ,. the coefficient of' a %£_no . _,_,<_ _,_',, = Lj t:.e

coefficient, for the convergence .,-_ th'_ :>_ f_,_' a, i,i.',_ _,-'l_:: if,.-. .Yb',

and th", thickness of the surfz_' -__a',:,.;._ '].:s.... :, ., :, :z_i, . 'T::,_ sf_;z:iiL,::;;.:_:

of these constants io sufficientlj _,s_<_-:=_:_(,_,in mj:.work "The RcsisLance

of Air, 1927.

35. To make the c&ic_lations more convenienL we make the following

substitution in equation (33)

A:PO-]- B :XD=:C.

Then

I_, = d{c'C.

36 . This is the specific resistance due to friction and inertia,

when the airplane flies in a completely horizontal direction. To obtain

lift it is necessary to have an angle of attack. Therefore,• an addi-

tional horizontal resistance Ph2 is obtained due to the angle of attack

of the airplane. This is the horizontal component of the lift force Pv

or of the normal pressure on the wing. It is equal to (see 29)

P_=P_ s,n y: (c':g,)" " d sin:3'.

iHere we have retained the symbols used in the wor_ "The Resista:_ce 0,£

Air and the Fast Train," 192_. We should ooir_% ou_ that *,,hederivation

of equations by, Tsiolkovskiy_ is ver, _-_f'_:,,_......... from the acc_bt_d_,_

oractice in modern aerodyna:rics. - Ed_q<:r':_ R_-:r,<'_rK.
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_:,_7,.... In orJ_:,_" t,_ "]et,_z'::iu,:_ the _..=_rl-4-_d...... work which must _i:,e d:::,._>2i.-.

the _tiz-'}:.h:::c, we mui t,i>l: the sum of all the ha, rizor_t,_.l resist, an:;c,s 13,:')
_,.l_'_rq(:_ ] the v_.:L:,,r:t', <,,i' E:_)ti ,v,_,_ },:' , , H,:_wever, bec_se a prc,_eh:!e2 i,:

-FT-, _ ....'_sed, _z_.. wot'k d::,_,, [ _,,, ':tJr[;_'_.iL::'- will be gre::,,ter Lh;<n the id,<_! work
__:, Lt ,_',kC],_ r g_,

seeoud f'r,:,: _ ) " ( "r

=;-Phi)ac ::::adc _,, (_Cn-sin_y:g)==fl.

The last letter designates the magnitude of the specific _ower of

the engine, i.e._ the amount of work which it does every second for eve,<,

i m2 of the horizontal projection of the airplane.

39. On the other hand, the power L is determined by the magnitu<_e
i

of the lift force: the greater it is, the more m_ss we can provide <_

the engine and, consequently, the more powerful it will be. In (23)
we have assumed that the masses of the five loads are the same and that

they are equal to the mass of the shell. Then the weight of the engine

will be given by the weight of the shell, or by one-fifth of the total

load (see 25). If we know the weights of the engines, their energy

E, and the work performed by their unit weight in I sec (specific work),

it is easy to find an expression for their power. Thus, by means of
(25) we find

Z, -_-O,5_,EP'_DS: I_.

40. The basic equations are as follows: equation (25) gives the

total load on i m2 of the projection as a function of the weight of the

shell. Equation (29) gives the same thing, but gives the lift force as

a function of the velocity of the forward motion. Equation (38 ) gives

the specific power which depends on the velocity of horizontal motion

and the angle of attack. Equation (39) also gives the power for i m2

of the projection as a function of the weight of the engines, which is

assumed to be equal to the weight of the shell, or to 0.2 of the total

lift force. Equations (32), (33) and (36 ) are auxiliary equations.

2
Ali of the sew_n equations pertain to ! m of the horizontal _rojection

of the airplane. We cannot do without equation (25), because tlue snell

must be sufficiently_ massive for high altitude _llg__' _+ and because it

must b_v_.... a tetras r" _mount L,._strength.
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For horizontal flight the total load q must be equal to the lift

force P . This makes it possible to eliminate the specific loading or

the specific lift force from equations (25) and (29).

In the same way, the specific power L I depends on the drag (38),

and it also depends on the specific weight of the engines (39), which

makes it possible to eliminate the specific power L I. Thus we obtain

41.

2.5:7p D S e"..... d sin y
Kz g

g_ _, ,-]

( sadc _ _C'-t ---=-- =O.5",:L"{.P.D G "

By el Lmin_-_ti_g the density D of the air from the equation we obtain

by means of (k])

k3.

(,,-, ,,iCy 'd"Sag, -g ,_c;==Esiny. _.c i - --1/-

F-"om this we c:zu see that the velocity of the airplane is propor-

tional to the s?ecifie energy of its engine. Thus_ if the weight were

to decrease by a factor of i0_ while the power remained constant, the
• ___C_ eaoe_ndependent horizomtal velocity would _ r _ by the same factor.

44. However_ let us not forget that the density of the medium in

th_s ca:Je ::<_.tisfi_ eq_ation (_ ). m_._rn_e we have

/ DG o

d :==2.'&::;' . ]V:G'i', : ( /(: ,,.iz__ , : ).

Ccnseque_tis' this density must dec_,'ease_ because the square of the

veLocit 2 increases. If_ for ex<Lmp].e_ the veb:city imcreases oy a factor
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of i0, the airplane must rise to an altitude where the density of the

medium is i00 times less than at a lower altitude, where it flew with

an anergy i0 times less. However, it is difficult to obtain energy

from the engines at high altitudes, unless the rarefied air is con-

densed or we use a supply of liquid oxygen. It is re_r_rkable that the

velocity does not depend on the weight of the shell or on its proper-
ties.

45. Let us remember that _ itself depends on the ratio of the

velocity to the length of the airplane (equation (20) in "Resistance").

Therefore, we determine the velocity approximately. As a _mtter of

fact, _ varies very little. From equation (20) or from the tables in

"Resistance" we find, if we assume that the length i of the airplane
is 20 meters.

velocity i00 200 300 400

2.5 3.4 3.7 4.2.

Hence the corrections are not difficult, since the calculations

are approximate.

Let us now turn our attention to C. Equation (3D) gives the

variation in C as a function of the dimensions D and the elongation

X of the airplane. Consequently, the magnitude of the velocity depends

also on its elongation.

However, let us determine the velocity C itself. Let us assume

that i = 20; D = 2; _ = 3.14] E = i00 (I metric hp per i kg of the

engine's weight); a = 1.5] sin y = 0.i (6 ° inclination with respect to

the horizon)] g = I0, and X = i0. From these data we find _ = 2.5

(see 45). Assuming beforehand a velocity of i00 m/sec, C = 0.000088

and c = 109 m/sec (393 km/hour).

This is the first approximate value. However, we have proposed

a priori a velocity of 100 m/see, whereas it has turned out to be

approximately 109. Therefore _ will not be 2.5, but will be slightly

larger, which will produce a very small increase in the velocity we
established.

46. Let us also com_ute the corresponding density of the air

using equation (44). Let us assume that _ = $; P = i0] D = 2; S = i0]

g = i0; Kz = 105 (i00 kg per i _n2 of the section), and c = 109. Then

we find the density of the medium to be slightly less than 0.0011.

This means that we can ascend to an altitude which @oes not exceed 2 km.

kT. On the basis of equation (44) we prepare a table.
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Velocity, in m/sec 109 545 1,090 2,180

Ratio of densities of

medium i 1:25 i:i00 1:400

48. However, the variation in the velocity as the function of the

angle of attack of the airplane (sin y) is not entirely clear. The

function

/254

siny: (_C-_- sin_y :g)

has a maximum at which we obtain the greatest velocity. By taking the

derivative, setting it equal to zero, and determining the slope sin y,

corresponding to its maximum, from the resulting equation_ we obtain

49. Substituting this slope sin y into equation (43), we find

E E
g_

ioa-V"_--_ iOa shly

50. Let us assume that C = 0.000088;

(48) we obtain

= 2.5; g = i0. Now from

slny=0.047 (the angle is equal to 2040').

51. Assuming also that E = i00 (a conventional aircraft engine)

and that a = 1.5, we compute c = 141.8 m/sec, or 511 km/hour. This is

the maximum velocity achieved when the angle of attack of the airplane

is almost 3° with respect to the horizon. We cannot obtain a greater

velocity by using a smaller or greater angle of attack.

52. If we always maintain the optimum angle of attack, then_ to

compute the densit:/ _f the mediunl from (h4) and (49), we obtain
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From this we can see that if we were to obtain the maximumenergy
from the engines, it would be necessary to fly in the highly rarefied
layers of the atmospherebecause, according to the equation_ the density
of the mediummust decrease very rapidly as the power of the engines is
increased.

53. Let us determine sin y from equation (41); we find

sin y = A. D: (c'. d),

where

A-_-2.5",:'lP g(S: I(z).

54. Now eliminating sin y from equation (42) and solving this

equation with respect to the density of the medium d, we obtain

lOg._.C.a.c* \ V_ -- ...... E-_..... ]"

55. From this we can see that

c _ E:(lO.ai'_..C.g),

i.e., the velocity cannot be greater than a definite value.

the previous conditions, we compute

55.

Assuming /255

c _ 141.8.

We obtain the same laaximum velocity which we obtained earlier (49).

55_- The velocity of conventional airplanes cannot, therefore,
be increased in the rarefied regions of the atmosphere, unless the

soecific energy of the engines is also increased. Therefore, it

would seem that the conventional aircraft engine is not suitable for

achieving high velocities.
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552. The necessary rarefaction of the air for this maximum
velocity will be given by equation (54) in the following form

d_--A.E.D:(lOg._.C.a.c_).

If we eliminate the velocity C and A by means of equations (54)

and (55), we obtain equation (52).

56. What is the work performed by the airplane? The specific

work is given by equation (38 ) or (39). Under conditions (45) and

(46) we compute LI equals 2.5 ton-meters or 25 metric hp for each

m 2 of the horizontal projection. For the entire projection (20 x 20),

we obtain i0,000 metric hp.

57. The total load can be obtained from equation (25)

q_5gl--O.125m _:125 kg.

Every type of load (0.2) will constitute 0.025 tons or 25 kg.

55 . A man weighing 75 kg will require 3 m2 of the projection,

i.e., 75 metric hp. Since the entire projection consists of 400

2
m , the airplame _r_y contain 133 persons.

59. The volume corresponding to i m2 of t_e projection will be

0.7D'2 = 1.5 m 3. Consequently, for each man there will be approximately

4.5 m 3. The area of the floor, which is equal to 3 m2, may give us even

more than we require.

61. The specific work of the engine which we have obtained for

each person--75 metric [_--is too great and not economical (although

a velocity of 511 km/hour more than corr_ensates for the expenditure of

energy). Can we decrease it? To do this we must first ex[:ress the work

of the engine corr'esponding not to i unit of area of the horizontal

projection, but to I unit of the lift force and to i unit of the velocity

of forward motion. Indeed, if we move i0 times faster and lift a load

i0 times greater, why not expend a quantity of work which is i00 times

greater? The red_ction in time due to the velocity of motion is another

advantage which we shall not consider here (in view of its uncertainty).
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62. From equations (39), (55) and (25) we obtain /256

L,:(c.q)=2 Vg .g.

Here we divide the power (39) by the maximum velocity (55) and the
total load (25).

63 . From this we can see that the power required to produce a

unit displacement of unit load does not depend on the energy of the

engine nor on the velocity, but only on the form and size of the air-
plane. It is almost constant.

64. Equation (62) shows the amount of work done every second in

ton-meters, when i ton of airplane is displaced by a distance of i meter

along the path. However, the passengers occupy only one-fifth of the

weight or 200 kg. Therefore, we obtain the work performed in displac-

ing two people (with their baggage) for a distance of i meter along
the path.

65. Let us assume condition (46). Then from (62) we find 0.047

ton-meters or 47 kgm for each ton of airplane and i meter of the path.

This is for two people; for one (i00 kg), we obtain 24. Normally a

conventional airplone traveling at the velocity of 40 m/see (IL4 km/

hour) uses _0 metric hp per person. Over i meter of path, i metric

np will be required. In our case we have four times Less. However,
we shall also save a trememd©us amount of time_

66. Ho_' L_ng ca_:lour _irplane fly without descending under

conditions (46)? We see tirol, :in this case the velocib _ is 551 km/hour.

The t{_tal ionia is equal to 125 kg, while the individual load (for

e×amp_e, of the er_ginc) is 25 k$_ (] rr_2of the horizontal projection).

The corresponding bower wJLL be ;2'£me-trlc hp (56). 25 metric hp will

_:'e_Lui_'ea fuel equr_1%o 0.;,!:. 35 : 'jkg. Lq_:/smeans that our gasoline

._:,,,__._'I£_,st _s.for ,,'ko_o£cc :::_'<'_:[Sht. Du£'ins this time the airplane will

4::'uei 2_51;:_,_m. Ko<¢ever. ',,_:: :<_:e sho_m that the lift force of our

a_rp].'_,z_ewill aetur:/i7 be : .'.er,st two times greater, i.e._ we will be

.............. i_' i:<:; , :_' ,.u ..... '_-,=,. will m_ke it possible for the

"ii:'pt:ttPt: 13'<: £-i " .."Re: no_,.i,rs ...... _..b i'_:udin£:; or a distance of 15,338, kilo-
me%e:,_ ; ,:hiker i _-: s,N.£fioJ_:_, _o cross -.kP,e ocean.

_:7. _'_-o_.:vci:;_<<,v ,,t"f_"---a "': _ _'_,[ci:<:_4_;on the velccit> of the

, - - "'_ .... _, _,_; :iLlr_qber of revolutions

'-"_'-' "-,":" :-:] :.hi::_. ]-,:ff<_.;,:2f_:;: <:_[e' :._:: ]-%_e {]i:,-_:,i :.'s:]. {n£ J3B6_ propeller
:%_'":-;,i',{:; <;,r_.:=_L":_'),. -;mi:::j d:.,:,_ ,; :'_ :_'</ %':'_- ':_ :< ' .... _?P size {}f the

P;"""_"!!' .... (i_:_ "_,, ...... _;')_. _ .';i . K: '_-.... _',_',:._.:,_ ::,;" the ,, ,'-_

its ']:]S[:-J_t_L_t£Oh ._, ;_p: _ _....... ,, _ ..... i.,dC, it JJ d_s_r_b_e to make the
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<.i7 } 7t'_
'vJ ±L

' L

C,. Co_iseque_,Li.,, ir we <,'iL-:htO aC_:i___ ,' Sr {{' _,"_i : ...."_ .-

fl inT_ in the r_refieQ _ab'ers of the atx,ospher::, %i_c ry'<.r+lL;" AS :i

s_itable (in additiok t:= the norm-:,- weakness :f tile en@±/-<=:

In addition to these obstacles there are others mo iess serious.

This is the question concerning oxygen. Air rr_y be compressed, i.e.,

it may be ptmL_ed into the cabin of the airplane. However, when air

is compressed by a factor of 6, its absolute temperature increases by

a factor of 2. Here is the table:

Number of times rarefied air is compressed:

i 6 36 216 i,296 7,776

Absolute temperature of compressed air:

200 400 800 i,600 3,200 6,400

o CTemperature,

-73 127 527 i, 327 2,927 6,127

/2p_

69. The temperature of the compressed gas reaches a value of

6,000 ° C. Here a tremendous amount of _ork is used which is partially

returned if, without lowering the high temperature_ we drive the com-

pressed air into the engine.

Compression by a factor of 36 is still possible (during high

compression, chemical reaction and liberation of heat is retarded).

Here the temperature will be approximately 52/° C.

70. For an airplane this is also good, i.e., 3,066 km/hour. How-

ever_ compression tc this degree has not been _chieved in practice; it

may be achieved in the future.

,.,_Ls _,i.t;t'; How can we obtain7i. However, what <x w.: do be;,,onc __'" s
even _ _ ÷ _ __ ..... _=_ ;Tor_eLLer nor the cot;-6r_a_e_ v_iocit'<< _:".... wh4 el< ncitagr _ '_'

.... _ 4 _1 ] = < £%vo converitionaioression in ttie emg-'lr'e=, :Ls ...._.7.__,.ao .. ,= r us< . u]

engines arl I_ [ropeL L.yr ,
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We can take supplies of oxygen in liquid form with us and explode

the fuels with them, ejecting the products of explosion through a

tube, I and utilize the recoil to produce motion.

However, on one hand, it is very uneconomical to load an airplane

with the weight of oxygen previously obtained from the atmosphere. On

the other hand, the velocity of the airplane is not important enough

to utilize the recoil action for propulsion.

For i unit mass of fuel consisting of pure carbon we require a

quantity of oxygen whose weight is 2.7 times greater (32:12). The mass

of the fuel supply containing the same amount of energy increases by a

factor of 3.7. If the utilization of the fuel were greater by the same

factor, we could get used to this inconvenience, particularly since we

gain a great deal in the velocity of motion.

72. In a rarefied atmosphere the utilization of heat may be brought

up to a value of 50-100 percent (in the motion of the ejected gaseous
matter). The utilization of the fuel to produce rocket motion with a

velocity of i to 2 km/sec will be hardly greater than its utilization in

conventional engines.

To obtain complete utilization of the rocket it is necessary that

the velocity of the ejected matter at each instant of time be equal to

the velocity of motion of the airplane.2

73. As a result of this, the construction of a flying machine

having a high velocity is very complicated. First, it uses the con-

ventional engine and a propeller. Then the propeller is removed or

idles while the engines pump air into the rear, isolated compartment,

from which it is ejected with a velocity equal to the velocity of the

device. Since this velocity of the airplane increases initially, the

velocity of the air ejected to the rear must also increase. When it

reaches a value of i km/sec or greater, the same engines pump the

elements of explosion into the explosion tube, such that these elements

are ejected into the rarefied atmosphere with a velocity of 3-5 km/sec.

74. At this point the centrifugal force produced by the motion of

the airplane around Earth becomes quite substantial, decreases its

weight and the work it has to do for displacement. This work becomes

equal to 0 when the airplane attains the first cosmic velocity and
moves beyond the limits of the atmosphere.

iSee the article "A Rocket Into Cosmic Space."

2See "Investigation of Universal Space by Means of Reactive Devices,"
1926.

/258-
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75- A propeller can give an airplane a much higher velocity than

is realized. Its peripheral velocity, of course, cannot be greater than

500 m/sec, but the blades of the propeller may be directed almost parallel
to the incident flow or parallel to the motion of the airplane (with an

angle of attack from 20-40o). At first its work will be almost useless.

However_ when the airplane achieves a high velocity, the propeller under

certain known conditions will begin to operate more efficiently. The

work performed by any propeller is not efficient at the beginning of

motion when the airplane has not yet achieved a constant velocity. It

would be well if the blades of the propeller could change their angle

of attack gradually, by means of automatic or manual control_ and de-

crease this angle of attack as the speed of the airplane is increased.

Although the work performed during _ne small angle of attack of

the blades is very uneconomical, there is no way out of it. However,

we do not recommend this construction and the small angle of attack

for the blades.

76. It would be simpler to use some method to impart a substan-

tial velocity to an airplane and then to turn on the air pumps, which

by means of conventional engines would condense and pump the air into

a special chamber. From this chamber the air would be forced out through

special tubes to the outside beyond the stern of the ship. It is easy

to control the ejection of the gases in accordance with She velocity

obtained by the airplane.

77- The velocity of the gas ejected into the rarefied space from

the opening is rather similar and depends little on the degree of its

compression. However, this is only true for constant temperature.

But the temperature is not constant and may reach a value of several

thousand degrees (no matter how rarefied and cold the initial gas is).

If we require a low ejection velocity (when the velocity of the pro-

jectile is low), we compress and pump the air in a moderate manner.
Then its velocity during ejection may be even less than 500 m/sec.

However, if we require a large velocity for the ejected air, the pump-

ing is accelerated, the air is strongly compressed and heated, and the

velocity increases. The velocity of highly compressed and heated air

(up to several thousand degrees) may reach a value of 2 km/sec and

higher (proportional to the square root of the elasticity of the gas

or its absolute temperature).

Let us not forget that we compress a gas which is highly rarefied

(for example, by a factor of 1,000), and its condensation will produce

a pressure of only I atmosphere, that it is cold initially but will heat

substantially, due to compression, and that it will be ejected with a

velocity which will be greater when this heating is greater.

/259
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78. Engines may operate with a constant force, and the ejection

velocity of the compressed air may be controlled by valves. When the

exit nozzle is small there will be more air in the reservoir, it will

be more compressed and hotter, and the velocity of its ejection from
the tube will be greater.

• 79. It is only necessary to isolate the air chamber from heat

losses. If the compressed air is cooled, the ejection velocity will

be difficult to increase and, in addition, there will be a useless

expenditure of energy (energy which is transformed into heat and

dissipated in space).

80. When the airplane has to reach even higher velocities, it

becomes efficient to burn the fuel directly with the supply of oxygen.

81. Any thermal engine is also a reactive engine, if the exhaust

gases are directed into a conic tube and are ejected in the direction

opposite to that of the ship's travel. However, since only a small

quantity is ejected, the velocity of the ship is small, so that utiliza-

tion of this auxiliary energy will be very weak; for example, in an

automobile or a conventional airplane it is not used and the gases are
ejected into spcae without any special devices.

In our high-speed airplane at high altitudes we cannot neglect

this. However, the force of this reaction will not be sufficient in

view of the small quantity of explosives in the engines.

The engines may pump air and produce an air reaction; the exhaust
gases will also produce a gaseous reaction.

The air rocket will utilize approximately 20 percent of the heat

of combustion. The remaining 80 percent will be utilized by the exhaust

gases. In view of the small velocity of the airplane, only i0 to 20 per-

cent of this energy will be used to impart motion to the projectile.

Nevertheless, it turns out that the utilization of the gases

ejected into rarefied space may double the work performed by the
engines.

82. We note that the air to be pumped must be removed by the

pumps from the space directly in front of the ship, and must be released

from the stern. Then the air ahead of the projectile will become

rarefied, while behind the projectile it will become condensed. This
will move the airplane faster.

83 . A complex construction of the aircraft engines make the air-

plane heavy and quite unsuitable. Therefore, we propose several types

of airplanes. They will'all be capable of carrying large loads--not

less than 133 persons, and of dimensions not less than 20 m long, 20 m



306

wide, 2 m high. The power of their engines will be not less than i0,000
metric hp (as a matter of fact, the airplane maybe narrowed by a factor
of 2, and the specific work will then increase by a factor of 1.4).

However, we must not forget that the total true lift force of the
airplane or of a load per i m2is greater by a factor of at least 2 than
the value computedby equations (26) and (27).

This excess force maybe utilized in various ways: it may increase
the numberof passengers by 6, and it _y be used to increase the fuel
supply which will permit the airplane to fly one-fourth of Earth's
circumference without landing. Part of the excess lift maybe used to
increase the factor of safety of the airplane (25). The utilization
efficiency mayalso be of a different order.

Types of Airplanes Suitable for Various Flight Velocities

Let us return to types of airplanes.

$4. A. An airplane for flight into the troposphere not exceeding
an altitude of 3-4 km. The excess pressure of half an atmosphere is
required only to give the shell necessary strength and rigidity. The
engines and the propellers are of the conventional type, the velocity
if 500 km/hour, the flight from Europe to America takes longer than 12-
15 hours. The numberof passengers, of minimumsize (20 x 20), varies
from 133 to 795. Each passenger will require from 75 to 12 metric hp.

$5. B. An airplane for flight to high altitudes where the human
being already suffers from rarefaction of air and where the velocity
of the airplane maybe muchhigher. The engines are conventional, but
the propeller blades have a small angle of attack. Part of the work
done by the engine is used to compressthe air for the engines_ while
the second part is used for air reaction. Here the operation of the
propellers is inefficient, but the velocity of the airplane is greater
by a factor of 2.

86. C. The propeller is removed. The engines are used exclu-
sively to compress air for the purpose of air reaction. The exhaust
gases are also utilized. The velocity and altitude of flight are
higher than in the preceding type.

87. D. The velocity and altitude of flight are very high. The
engines are low-powered and are used only to pumppetroleum and oxygen
compoundsinto the conic explosion tube.

88. E. The velocity is even greater. The high velocity elimini-
nates air resistance, while the high velocity and the centrifugal force
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counteract Earth's gravity. Here the motion of the projectile becomes
permanent, because no expenditure of energy is necessary.

89. The last three types require a substantial initial velocity
which maybe imparted to them by auxiliary trains which ascend a

imountain.

90. With the new system of engines it is possible to achieve
higher altitudes, rarefied layers of the atmosphere and greater veloci-
ties. The cost of traveling a unit path will not be low, but there will
be a tremendous saving of time. This is the main advantage of these
airplanes. In the future they will serve for transition to astro-
navigation.

91. There is no necessity for giving the horizontal projection of
the airplane a square form. It maybe narrow, consisting of 3-5 inflated
surfaces of revolution. However, in this case the specific work of the
engine will be greater, due to longitudinal elongation. With this
inverse elongation equal to 2, the work will increase by some30 percent
(see "Resistance," 1903).

92. Whenthe airplane moveswith the velocity of 300-400 m/sec at
the equator in the direction of the rotation of Earth, the centrifugal
force will decrease the weight of the airplane by approximately i percent.

Published at Kaluga in 1929. Contained in the
"Selected Works," Vol. II, 1934.

iSee the article "Rocket Cosmic Trains."
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• i
THEREACTIVEAIRPLANE

(1930)

i. The reactive airplane differs from a conventional airplane by
not having a propeller.

The action of the propeller is replaced by the recoil (reaction)
of the products of combustion in ordinary aircraft engines. However,
the latter require sometransformation and addition since they consume
a great deal of fuel and produce a relatively small amountof work, for
example, ten times less than what is available in the form of thermal
energy. Furthermore, they have a large numberof revolutions per sec-
ond and therefore have large valve openings. In addition, as we can
see from the table, compression of even the very cold air at high alti-
tudes is accompaniedby heating.

The compression factor of someconstant gas or mixture (air)

i 6 36 216 1,296 7,800

Absolute relative temperature

1 2 4 8 16 32

Absolute temperature

+273 546 1,092 2,184 4,368 8,736

Same, in °C

0 273 819 1,911 4,095 8,463

Absolute temperature

+2oo 4oo 8oo 1,6oo 3,2oo 6,4oo

Same, in °C

-73 +127 +527 1,327 2,927 6,127

/262
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From the last line we can see that even when the temperature of the

gas is -73 ° C, its compression by a factor of 36 requires cooling.

To achieve this we use the tremendous expansion of the products of

combustion in a rarefied atmosphere; this is also associated with strong

cooling. Therefore, the air_ heated by compression, is first passed in-

to a shell which surrounds the tail end of the tube with the expanding

products of combustion. I Only then does this compressed and cooled air

serve to cool the working cylinders and then to burn in them.

2. The airplane acquires increased speed in the rarefied layers of

the atmosphere only when the work performed by the engine is propor-

tional to the velocity of the airplane.

The following table illustrates this.

Relative density of air at high altitudes

i 1:4 1:9 1:16 1:25

Approximate flight altitude above sea level in km (at 0° C)

0 Ii.i 17.6 22.1 25. 7

Relative fomcard velocity of the airplane

1 2 3 4 5

Required relative energy uf the engines

1 2 3 4 9

This capability (to produce work proportional to the velocity of
the projectile) can only be done by a reactive engine. We want to

transform the conventional aircraft engine into such a reaction engine

in order to increase the velocity of the airplane in the rarefied layers

of the atmosphere. No other solution is possible. We arrive at this

conclusion if we neglect the work of compression of the incident air
stream needed to burn the fuel.

iTo decrease the amount of work required to compress the gases, it is

best to cool the air between each of the two stages of the compressor

by passing the corresponding tubes to the tail part of the nozzles.
Remark by Tsander.
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_owever, at high altitudes it is necessar7 to compressthe rarefied
air for use in the engines. It is for this purpose that the principal
part of the ordinary mechanical work of the engine will be used. There-
fore, we cannot entirely eliminate these engines. I

The engine makesa large numberof revolutions and operates almost
without a load_ doing relatively little work: it is not efficient.
However_we do not require muchwork because the work of compressing
the cold rarefied atmospheric air is rather small, and the energy of
the engines is more than adequate for this purpose. The principal pur-
pose of the engine is to provide a reactive action of the ejected pro-
ducts of combustion; in this case the propeller is eliminated.

Let us indicate the magnitude of this work. Since the compressible
air is cooled by the tail sections of the reactive tube_ its temperature
is assumedto be constant. In this case we determine the work performed
to produce compression by meansof the equation. 2

L=a vl.l 

Here PI and V I are the initial pressure and volume, respectively,

while V is the final small volume (after compression). Let us assume

that the air is rarefied by a factor of 1,000. In this case its pres-

sure will also be 1,000 times smaller. Our purpose is to compress this

huge volume by a factor of i_000 in order to reduce it to the initial

small volume. In doing this we perform a certain amount of work. We

can see that the product PI-VI remains constant, no matter which rare-

fied layer of the air we consider. This means that the work of compres-

sion depends only on the logarithm of compression VI:V. The product

PI.VI is equal to 10.3 ton-meters at 0° C. By using the above equation

it is easy to prepare a table showing the work performed to obtain I

m3 of compressed air of normal density. Specifically, we have:

iHowever, air may also be compressed dynamically, by using a stream
method in air reactive engines. - Remarks by Tsander.

2Here and in the future we refer to the article "Pressure on a Plane."
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Rarefaction of the air or the required compression

i 6 36 216 1,296 7,800

The work done to obtain i m3 of air of normal density (0.00129)
at 0 temperature in ton-meters (approximately):

0 18 36 54 72 90

For benzol we need approximately ii m3 of normal air for i unit of
fuel mass (kg). I To obtain this from air which is rarefied by a factor
of 7,800 we require 90.11 = 990 ton-meters. Onekg of benzol will give
us not less than 4 hp per hour. This is equivalent to a work of
(75"3,600"4) equal to 1,080,000 kgm or 1,080 ton-meters. It turns out
that this is slightly greater than required for compression.

As we see from the table, when the compression is less, the amount
of work required is also less. However, the amount of work required if
we do not cool the air is much larger. Here we can makeuse of equa-
tion (39), indeed:

L=ap, v_[l - (v,: v)] ,_.

From (44) we take: B = 2.48 and I:B = 0.403. Let us assume that

VI:V = 7,800. Then we compute

L = PIVI34.7 = 358 ton-meters,

i.e., it will be three times greater than the preceding (90 ton-meters).

It is four times greater than the one developed by the engines. In

practice we should take the average work, which will be 5 times less
than that performed by the engines. 2 The computed work refers to Z265

iThe entire calculation carried out by Tsiolkovskiy is for i m3 of com-

pressed air. Editor's Remark.

2This constitutes 1,080:5 = 216 ton-meters for i kg of benzol or

216:11 = 19.6 ton-meters for i m3 of normal air. Approximately this

quantity of work is required to produce a 6-fold compression at con-

stant temperature. If cooling is not accomplished, the degree of com-

pression is even less. From the table in Section 2 air at an altitude

of ii.I km is rarefied by a factor of 4, while at an altitude of 17.6

km it is rarefied by a factor of 9. - Remark by Tsander.
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compression in space. Atmospheric pressure aids in the compression and
therefore the real work is less, particularly in the lower layers of the
atmosphereand during small compression.

The airplane does not remain very long in the lower layers of the
atmosphere. But even then the work of the engines is useful, and will
be used for the air-cooling of operating cylinders, and even for the
compression of air to increase the combustion of gasoline, to increase
the power of the engines and the force of the exploding gases.

Indeed, the equations and the tables maybe used to establish the
compression of normal air (near sea level), and to increase the energy
of the engines (but their walls will have to be madestronger).

From equations (141) and (39) we see that the work of compression

in this case increases proportionately, since PI increases. However,

the work performed by the engines increases by the samefactor. Since
the factor of safety for the operating cylinders is always excessively
large (so that we do not have very thin walls)_ it is quite advanta-
geous to compressthe air even in the lower layers of the atmosphere.

3. In developing the theory of such airplanes we must deal with
the compression and expansion of gases, with their thermal conductivity,
i.e., heat of combustion, with the velocity of the ejected matter, with
their reaction, with air resistance, with compressors and their opera-
tion, and with manyother things.

Therefore we must again refer to our published work "Pressure on
a Plane," 1930.

4. To be specific in our consideration of the fuel, we take three
types of fuels: hydrogen, carbon, and benzol. To burn them, we use
pure oxygen, ordinary air or nitrogen anhydride N205.

This does not meanthat we consider these materials to be the best
for the engines_ but simply that other materials have not been investi-
gated to date, and their practical applicatioh has not been
demonstrated. I

iAt the present time alcohol and gasoline were tested in Germany,while
petroleum was tested in France. Remarkby Tsander.
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For example, monatomichydrogen H liberates 16 times more energy
than the samemassof oxyhydrogen gas when it forms a diatomic hydrogen
H2 ("Cosmic Rocket," 1927).

However, we cannot propose a fuel not tested in practice. For
example, it is not knownwhether monatomic hydrogen H can be liquefied
and whether this liquid is safe from the standpoint of explosion. The
samecan be said of other materials proposed by various authors, for
example, ozone 03 and light metals (for example, aluminum, lithium,

calcium, etc.).

The idea of ejecting part of the airplane or converting it into
fuel is also impractical at this time.

5. Below we present a table which shows the relative weight of
materials which participate in combustion.

Nameof fuel Hydrogen Carbon Benzol

Formula of the fuel
Relative weight of the

particle (of the molecule)
Products of combustion

Formula for the products
of combustion

Relative weight of oxygen
02 necessary for combustion

Same,using N205
Relative weight of the pro-
ducts of combustion in
case of oxygen

Same, for N205
Weight of the fuel

considered as unity
Then the weight of the
oxygen will be

Then the weight of the pro-
ducts of combustion will
be (for oxygen)

Then the weight of N205
will be

Then the weight of the pro-
ducts of combustion for
N205will be

H2 C C6H6
2 12 78

water carbon water and carbon
dioxide dioxide

H20 C02 E20 and C02

16 32 240

21.6 43.2 324
18 44 318

23.6 55.2 402
i i i

8 2.67 3.33

9 3.67 4.33

10.8 3.6 4.5

11.8 4.6 5.5

/266
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6. If we burn air in our airplane, we must indicate the quantita-

tive ratio of its components.

For this purpose we propose the following table.

Name Air 02 Oxygen N2 and remaining
components

Composition of the I00 23.61 76.4

air by weight

Same, by volume I00 21.3 78.7

iThe handbooks for oxygen give slightly lower figures:

23.1 percent by weight or 20.9 percent by volume. -

Remark by Tsander.

From this we find the following weight ratios of the component

parts of the air: N 2 02 = 3.24; 02:N 2 = 0.309; 02:air = 0.236;

air:O 2 = 4.24; this means that oxygen constitutes 0.31 by weight of

nitrogen and 0.236 by weight of the entire air.

For the volumetric ratios we obtain N2:02 = 3.69; 02:N 2 = 0.271;

02:air = 0.213; air:02 = 4.70.

7. Now we can give the quantity of air by weight and volume for

I unit weight (kg) of fuel.

/267

Equation of the fuel

Weight of fuel

Required quantity of oxygen

Weight of the products of

combustion obtained with oxygen

Required quantity of air

Weight of the products of com-

bustion in the case of air

Required volume of air

(density of 0.0013), m3

H 2 C H6C 6

1 1 1

8 2.67 3.33

9 3.67 4.33

33.9 11.3 14.13

34.9 12.3 15.13

26.1 8.7 i0.9
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8. However, we must also know the required amount of oxygen_ air,
and nitrogen on hydride for each metric hp (i00 kgm). Wepropose,
therefore_ the following table.

9. Weshall derive and explain this table. Whenatmospheric oxy-
gen is used, it is very convenient to store hydrogen. The weight o_
this fuel for the samework will be three times less than that of gaso-
line (3 and 12). It is unfortunate that at the present time liquid hy-
drogen is difficult to handle. Liquid methane (CH4) is also very useful.

In the case of stored liquid hydrogen the difference in the supplies or
in the explosives is not very large (7). In this case there is not much
advantage in replacing gasoline with hydrogen. The sameis true if we
use N205. Whenthe total weight of the equipped airplane is i ton, even
the hourly supply of fuel does not appear to be very excessive (121).

For hydrogen it is particularly small.

The ejection velocity per second under optimum conditions is given
in 13 and 14: when combustion is complete, there is no heat loss, if
the tubes are long and conic and the products of combustion expand into
vacuum. Whenwe utilize air, it is clear that the mass of the products
of explosion will be almost four times greater (7 and 8) than in the
case of pure oxygen. In this case the ejection velocity will therefore
be twice as small. However, we shall not be overloaded with the supply
of oxygen, but, we cannot do without these supplies in a vacuumor in
a highly rarefied atmosphere. The supply of N205is slightly more ad-

vantageous comparedto oxygen.

The acceleration of the rocket_ whosemassis i ton when air re-
sistance is neglected_ is given in 15 and 16. It turns out that it
is more advantageous to utilize air because it gives higher accelera-

tion_ to say nothing of the loading effect of liquid oxygen. We ob-

tained these values after we found out how much greater the weight of

the rocket (i,000 kg) was than the weight of mass ejected per second.

We then divided the velocity of ejected matter per second by the number

obtained. (From the well-known laws stating that when a force acts

between two masses, the large one obtains a velocity which is smaller

by the ratio of the large mass to the small.) It is clear that as the

fuel is burned, the acceleration of the projectile will increase. We

have presented the lowest acceleration.

The recoil or thrust in kg is expressed in 17 and 18.

Entries 19 and 20 give the velocity of the rocket after i hour has

elapsed, without taking into account the resistance of the medium. When

air is used this velocity reaches the first cosmic velocity in value.

/269
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I Formula of the fuel H2

2 Quantity of heat per unit mass of fuel.. 34,180

3 Thermal ratio ........................... 2.97

4 Amount of fuel required for i metric

hp per hour, kg ........................

5 Amount of oxygen required for i hp (i00

km/sec) per hour ....................... 0.674

6 Amount of air required per hour for i

hp, kg ................................. 2.498

61 Amount of N205 required per hour for
i hp, kg ............................... 0.910

7 Weight of ejected matter per hour when

combustion takes place with oxygen ..... 0.758

8 Same, when combustion takes place with

air, kg ................................ 2.584

81 Same, when N205 is used ................. 0.994

9 Weight of ejected matter when oxygen is

used for 1,000 hp per hour .............. 758

i0 Same, per second ........................ 0.21

ii Same, when combustion takes place in

air, kg ................................ 0.72

12 Same, when N205 is used ................. 0.275

121 Hourly supply of fuel for 1,000 hp, kg.. 84

Velocity of ejected matter per second

when oxygen is used ("A Rocket Into

Cosmic Space," 1926) m/sec ............. 5,650

14 Same, using air ......................... 2,743

141 Same, using N205 4,900

15 Acceleration of a i ton rocket _er sec-
ond when oxygen is used, m/sec _ ........ 1.19

_3

0.0842

C

8,080

0.709

0.353

0.942

3.994

1.272

1.295

4.347

1.625

1,295

0.36

1.21

o.45o

353

4,290

2,082

3,840

1.54

ii, 500

i

0.251

0.833

3.532

1.125

i. 083

3.782

1.375

1,083

0.30

1.05

0. 380

25O

4,450

2,160

3,900

1.33
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Formula of the fuel H2 C C6H 6

16 Acceleration of a I ton rocket per sec-

ond when air is used m/sec 2 ............ I.97 2.52 2.27

161 Same, when N205 is used ................. 1.35

17 Pressure (recoil) on the rocket when

oxygen is used, kg ..................... 119

1.75 1.48

154 133

18 Same, when air is used, kg .............. 197 252 227

181 Same, when N205 is used ................. 135

19 Velocity of the rocket after i hour of

flight when oxygen is used, in vacuum,

m/sec .................................. 4,284

175 148

5,544 4,788

2O Same, when air is used (see 15, 16,

and 12) ................................ 7,092 9,072 8,172

21 Period of time, in seconds, necessary

to achieve velocity of 8,000 m/sec,

when oxygen is used .................... 6,720 5,200 6,010

22 Same, in hours .......................... 1.87 1.44 1.67

23 Corresponding quantity of fuel, kg

(see 12) ............................... 154 5O8 418

24 Number of seconds required to obtain

a velocity of 8,000 m/sec, when air

is used (see 18) ....................... 4,061 3,175 3,524

25 Same, in hours .......................... 1.13 0.88 0.98

26 Corresponding quantity of fuel .......... 94.9 310.6 245.0

27 Volume of the air used for 1,000 hp per

hour, m3. Air density = 0.0013 ........ 1,921 3,079 2,717

28 Same, for period of i second ............ 0.53 0.35 0.75

iWe assume that the metric hp is equal to i00 kgm/sec. Then we find

that the author has taken an efficiency of approximately 30 percent:

for H2 we have 29.4 percent; for C we have 29.6 percent, and for

C6H 6 we have 30.7 percent. Remark by Tsander.
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However, we might now ask the question as to whether it is possible to
have an engine with i_000 hp, when the entire system weighs 1,000 kg
The gasoline fuel alone uses up 250 kg (121). Under the present state

of engine developments an engine of 1,000 hp will weigh not less than
500 kg. The fact is that our engine need only produce i00 to 200 hp
(see Section 2), if only it could burn as muchfuel as a 1,000 horse-
power engine. Here the important thing is not the work, but combustion
and reaction. Such an engine mayweigh muchless, for example, i00 or
200 kg. Then we shall have enoughleft for the remaining part of the
structure.

Entry 23 shows the value of the fuel supply alone, whenwe use oxy-
gen to achieve a velocity of 8 km/sec (in vacuum). Even whenoxygen is
not stored, this value is quite large, and when oxygen is stored, the

value becomes impossible when the rocket weighs i ton. On the other

hand, the required fuel supply when we utilize air for the same purpose

is quite feasible.

The next question is whether a conventional airplane, weighing

i_000 kg, can take off with the value of the reactive thrust found in

entries 17 and 18? If we assume that we have a conventionaZ airplane

with i00 hp and weighing i ton and having a velocity of 40 m/sec, we

find that its thrust is 125 kg. We assume that the efficiency of the

propeller is 0.67. When we use oxygen, the thrust of a reactive air-

plane is close to 125 kg (17), so that in this case also the airplane

will take off and fly without a propeller (with a velocity of 40 m/sec).

However, when we use air (18), the thrust is almost twice as large.

According to my theory ("Airplane," 1895 and 1929), an airplane with a

thrust of 125 kg may fly with a velocity twice as great to an altitude

of 12 km_ where the air is rarefied by a factor of 4.

I0. We have in mind uniform and horizontal motion of the air-

plane. We do not consider the amount of work required for the airplane

to reach its altitude or the work required to reach a constant velocity

of motion. This can be ignored only when the velocities do not exceed

500 m/sec and when the altitude is not greater than 30 km.

Under these conditions the natural condensation of air in the for-

ward tube is quite insufficient_ and we cannot therefore eliminate some

form of compressor.

ii. Let us assume that we have achieved a velocity of i00 m/sec

at sea level. We have done this by using our reactive engine. At an

altitude of approximately 12 km where the air is rarefied by a factor

of 4, the velocity of the airplane with the same engine will be twice

as large. How is this possible? Do we not have the same engine? The

fact is that the reactive engine develops power proportional to the

/27O
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velocity of motion of the projectile. Indeed, its thrust or reaction

does not change at any velocity. For example, if the reaction is 250 kg_

there is nothing to decrease it at higher or lower velocities of the air-

plane. If this is so, the amount of work performed each second will be

proportional to the velocity of the airplane. If its velocity increases

by a factor of 5 and the thrust remains constant, the work will also in-

crease by a factor of 5. When the velocity is O_ the power of the en-

gine in spite of the tremendous reaction will also be equal to O. We

are speaking, of course, of the utilized work: as the velocity increases,

the utilization of the energy of combustion also increases.

12. The amount of work required to travel a unit distance of path

at various altitudes remains unchanged (see "The New Airplane"). It

does not depend on the velocity of the projectile at various altitudes.

This means that the power or work per unit time is proportional to the

velocity of the airplane. However, this is only true for conventional

propellers. When we have a reactive motor, the power remains the same.

Consequently, the consumption of fuel per unit distance of path will be

smaller when the velocity is larger.

13. Let us consider an example. We have discovered that an air-

plane weighing i ton must burn at least as much fuel as is required for

1,000 metric hp. At sea level it will have a velocity of I00 m/sec.

Under these conditions it will consume 5 times more fuel than a conven-

tional airplane with a propeller.

Therefore, our reactive airplane is less efficient than the conven-

tional airplane by a factor of 5. Now, however, let us assume that it

is flying at twice the velocity in the atmosphere, where the density is

4 times less. Here it will be less efficient only by a factor of 2.5.

If we go higher, where the air is 25 times thinner, it flies 5 times

faster and is now as efficient as an airplane with a propeller. At an

altitude where the medium is i00 times thinner, its velocity is I0 times

greater, but it is more efficient than a conventional airplane by a

factor of 2.

With very high velocities the phenomenon becomes so complicated_

our conclusions are not sufficiently accurate since we have neglected

the fact that oxygen is taken from the atmosphere (see "Resistance of

the Air," 1927).

14. What are we after and what are we trying to achieve, if the

efficiency of operation is not much better? The fact is that we obtain

a velocity which is impossible for an airplane with a propeller.

When we have high velocities, we inevitably reach high altitudes.

Also in this case we obtain a noticeable centrifugal force which



320

decreases the necessary work and lifts us upwards. At a velocity of 8
km/sec this work is reduced to 0, and we depart beyond the limits of the
atmosphere.

15. A large projectile velocity also has an application on Earth,
even though the efficiency is not very great.

Wehave seen that under the assumedconditions flight cannot take
place for more than 1 hour. Here are the distances which are covered by
the projectile at various altitudes with different forward velocities of
flight.

Relative density of the rarefied layers of the atmosphere

I 1:4 1:9 1:16 1:25 i:iO0

Approximate flight altitude, km

0 ii. i 17.6 22. i 25.7 36.8

Velocity in m/sec

i00 20O 30O 400 500 1,000

Velocity in km/hour

360 720 1,080 1,440 1,800 3,600

The last entry showsthe hourly race. Apparently it is not suffi-
cient for practical purposes. However, in the first place the altitude
of the velocity maybe muchgreater, in the second place, the supply by
weight and the energy of the fuel maybe increased further. Then the
distance traveled will be sufficient for flying across an ocean.

16. In this article we have hardly considered the relative ascend-
ing acceleration of the projectile and the attainment of cosmic ve!oc-
ities, which free it from the resistance of the atmosphere. Wehave
spokenof transportation on Earth and have only hinted about transporta-
tion in space: there will be a transition to this airplane. The era of
propeller airplanes will be followed by an era of reactive airplanes or
airplanes of the stratosphere.

Published as a separate pamphlet in
1930 at Kaluga.
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rl  5-36887 •
A

ROCKETPLANE /272

(1930)

i. The rocketplane is similar to a conventional airplane. However,

its wings are small compared with those of the conventional airplane_

and it does not have a propeller. The rocketplane has a very powerful

engine which ejects the products of combustion through special conic

tubes to the rear towards the stern of the projectile. As a result we

obtain recoil or thrust, which is responsible for the accelerated as-

cending motion of the rocketplane.

2. If it were to move horizontally, its velocity would increase

only to a small magnitude; however, it has an ascending motion, whereby

the air becomes more and more rarefied and its resistance decreases.

Therefore, accelerated motion takes place during the entire period of

time when the engine is in operation.

3. When the fuel has been consumed or the engine has been turned

off, it may have achieved an altitude and a rarefied region of the

atmosphere, so that its velocity permits it to fly beyond the atmosphere,

due to its inertia, and to move in the vacuum.

4. In this case, depending on the magnitude and direction of its

velocity, it may:

(a) again return to the atmosphere and by losing its velocity by

friction descend to Earth;

(b) orbit indefinitely in the vacuum around Earth like a moon or

comet;

(c) escape from Earth and orbit around the sun like a planet;

(d) escape from the sun and travel among the stars, i.e., among

other suns.

5. If the operation of the engine can be extended, all those re-

sults may be varied in any desired manner.
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6. The principal parts of our rocketplane are as follows:

(a) a frame having the form of a spindle and containing people,
machines, fuel supply, etc.;

(b) small, fixed, elongated plane wings;

(c) a direction rudder behind and above the frame;

(d) two horizontal rudders behind and on the sides which control
lateral stability and also serve as altitude rudders;

(e) several modified aircraft engines with conic tubes for ejecting
the products of combustion towards the stern;

(f) an air compressor to increase the power of the engine and pro-
duce the mandatory compression of the air at high altitudes; it is
driven by an engine;

(g) a device for cooling the compressedair which feeds the oper-
ating cylinders;

(h) a compartmentfor the fuel (gasoline);

(i) humidity absorbers, absorbers of carbon dioxide, ammoniagas
and other liberated substances harmful to mankind.

7. The frame. Since the projectile is designed to achieve alti-
tudes where mancannot breathe, the device must be hermetically sealed
so that not even the slightest amount of gas leaks outside. The inside
pressure will be maintained at a constant value.

However, in this case it will be muchgreater than the external
pressure of the rarefied atmosphereat high altitudes. From this we can
see that the excess inside pressure is unavoidable for a high altitude
airplane. Wemayalso have this excess pressure at sea level. For this
purpose it is only necessary to pumpsomeof the external air into the
frame or to turn on a jet of oxygen from the internal supply.

8. Excess pressure lends a certain amountof rigidity to a thin
shell, giving it resistance against flexure and other deformations.

Nevertheless_ the device must have a certain amount of rigidity
even without excess pressure, i.e., before it is filled with oxygen or
air. To achieve this, it is desirable to give the transverse cross sec-
tions a wavy form. The ridges of the shell _ill movealong its length.
Due to pressure the waves expandand the rigidity decreases; however_ in
this case the device is still rigid because it is inflated.

/273
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9. It is desirable to make the device as large as possible; how-

ever_ we must start with the smallest possible. The diameter of the

transverse section of the frame cannot be less than 2 m; otherwise the

movement of man will be too confined.

Elongation should also be as large as possible; however_ initially

we may use a moderate value_ for example 10. Then the length of the
frame will be 20 m.

i0. The volume W will be given by the equation

W___ 0,5 / r:___
4 '

where d is the maximum diameter and i is the length of the frame.

Since i = kd_ where _ is the elongation or the ratio of the length
to the diameter_ we have

W_--_- _ a_..
2

ii. Let us assume that d = 2 m; _ = i0. We obtain W = 31.4 m3.

12. We can also express the surface F as:

F = 0.75 l_d = 0.75 _kd 2.

13. If d = 2 m and _ = i0, then F = 94.2 m2.

14. If the frame is filled with pure oxygen_ the pressure will be

entirely sufficient (even for a sick and weak man) and will have a magni- /274
of 0.5 atmospheres. This will be its value on Earth. During ascent it

may become greater than atmospheric pressure_ but then part of the gas

may be released. During descent it will again be necessary to increase

the inside pressure_ otherwise_ the shell will be crumpled by the atmos-
pheric pressure.

What will be the thickness of the shell under these conditions? If

it is of constant thickness_ the maximum stresses are developed at the

wide parts of the central cross section. Circumferential stresses are

greater than longitudinal stresses. On this basis we write: ___ npd
_ka'
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where p is the excess pressure per unit area; _ is the thickness of the

shell; k z is the coefficient of strength of the material; and n is the

factor of safety.

15. From this equation we see that the thickness of the shell will

increase when the diameter is increased, when the safety factor is in-

creased, when the overpressure is increased, and when the resistance of

the material is decreased.

16. Let us assume that: p = 0.5 kg/cm2; n = i0; k z = 104 kg/cm 2.

Then we find _ = 0.5 mm. If we increase the factor of safety by two,

i.e., if we make n = 20_ then b = i mm. If we use chromium steel the
thickness of the shell will be quite suitable. If it has a wavy form

it will retain its shape quite well without too much excessive pressure.

17. One m 2 of this shell will weigh approximately 8 kg. The

entire shell will weigh 752 kg.

18. One-third of the volume of the frame may be occupied by fuel,

the same volume may be occupied by machines_ equipments for removing

human secretions_ and other required devices. One-third of the space is

used to house man. This space will be approximately i0 m3. For 2 or 3

travelers this is sufficient.

19. The total volume occupied by fuel and equipment will not be

greater than 15 m3. The remaining 15 m3 will be occupied by gaseous

oxygen. Its weight will be 9.75 kg when rarefied by a factor of 2. This

will be enough for i man to breathe over a period of i0 days, 2 men for

5 days or 3 men for 3 days. At the same time, the entire trip may be

completed in i hour. We may also inflate the shell with air which can

be used for breathing_ although in this case the time of use will de-

crease 5 times, i.e., the amount of oxygen will be enough for only 6

days in the case of I man, and 2 days in the case of 3 men (of course,

in this case we must not exhaust our air at high altitudes and we must

absorb human exhalations).

20. The fuel will occupy i0 m 3. Even when its density is 0.5 we

may assume that the weight of the fuel is equal to 5 tons.

21. For an engine with 1,000 metric hp it is entirely sufficient

to have a chamber with a volume of i0 m3. It may weigh 1,000 kg or

i ton.
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22. Wehave a special engine. It must burn as much fuel as pos-
sible even if it only produces the samepower. Wedo not require a
great deal of work. Actually this work is used principally to compress
the air for the operating cylinders. Werequire a large quantity of
exhaust gases or products of combustion to produce the thrust.

23. Howcan we increase fuel consumption? To do this we may:

(a) increase the numberof revolutions of the shaft (at the expense
of fuel economy);

(b) have a preliminary compression of the air which feeds the oper-
ating cylinders.

24. An increase in the numberof revolutions will require an in-
crease in the valve openings and, in general, is associated with a very
uneconomical operation of the engine; this does not justify the addi-
tional expenditure of fuel. However_in this case too we are not con-
cerned with economy. For example, the fuel may be burned at I0 times
the rate, while the work may increase only by a factor of 2. This will
be enough to compress the air feeding the cylinders.

25. Its compression even at sea level maynot increase the revolu-
tions of the engine, but it will increase its work and the quantity of
fuel burned each second.

As we shall see, the work of compression is not very large. The
compressor, the increase in the thickness of the cylinder walls, and the
massiveness of other parts will, of course, increase the weight of the
motor_ but it will not increase its volume. Wemayassumethat the
weight of the engine will be 5 tons. Wehope to increase its power to
5_000metric hp and to increase the amount of fuel consumed,not by a
factor of 5, but by a factor of 20_ i.e. 3 based on the quantity of fuel
it could give 20,000 metric hp, but will actually only produce 5,000 or
less. The economyof operation will be reduced by a factor of 4_ or
even more.

26. Nowwe can state the approximate weight of the entire projec-
tile: frame, rudders and wings--i ton; fuel--5 tons; engines and equip-
ment--5 tons, and people, various devices and small items--I ton. We
have a total of 12 tons.

27. The thrust which produces the motion of the projectile will be
4 to 5 tons, which is sufficient (see my 'Reactive Airplane") for the
accelerated ascending motion of the airplane.

/275
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28. I shall base the subsequent discussions on what I have pub-

lished in my works of 1930, "Pressure on a Plane" and "Reactive

Airplane;" also my works of 1895 and 1929_ entitled "Airplane" and "The

New Airplane."

29. The compression of the gas may take place without heat losses

and without its absorption from the outside. In this case the gas will

heat more when it is more compressed_ its elasticity will increase, and

the work of compression will become quite large. The degree of heating

does not depend on the density of the gas or on its nature (if the lat-

ter is constant). For this purpose we present Table I. I

The temperature refers to the compression of gas at 0 temperature.

At low temperatures of high altitudes the air is heated less by com-

pression_ specifically_ it is proportional to the initial absolute

temperature.

In Table i we see that compression by a factor of 4 increases the

temperature only by 204 ° C. However, at high altitudes where the air

is several thousand times thinner_ it must be compressed several thou-

sand times more. Thus, when it is compressed by a factor of i0,000_

the temperature reaches a value of 10,901 ° C. This is the temperature

of the hot surfaces of the sun.

31. We would be in a very hopeless situation without sources of

cooling in our flying device. The cooling system consists of the stern

part of the tube through which the products of combustion are rejected.

Due to their expansion_ particularly in a rarefied atmosphere, they

have a very low temperature and serve to cool the compressed air.

32. Without this cooling the work of compression is greater in a

vacuum than in a medium of equal pressure, because in the latter case

the external atmosphere itself aids in the compression process. This is

particularly noticeable at low densities.

However_ we shall not stop to consider this_ since we burn the air

when it is cooled. In our case the compressed air enters a special

jacket covering the stern parts of the exhaust tube_ where it can cool

even below the atmospheric temperature_ since the temperature of expand-

ing products of combustion may reach a value of -273 ° C at the limit.

34. In Table 2 we assume that the temperature of the air is con-

stant and remains at 0° C. The atmospheric pressure is assumed to be
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iThe table corresponds to the adibatic compression (K = 1.4). -

Editor's Remark.
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Table i

0

15

Ratio of volumes (compression)

2 3 4 5 6 7

Ratio of absolute temperatures

1.322 1.557 1.748 1.913 2. 058 2.190

Temperature in °C

87.9 152.1 204.2 249.2 288.8 324.9

Compression

2o 3o 4o 5o 6o 7o

8 9 io

2.311 2.421 2.529

357.9 387.9 417.4

8o 9o ioo

3,765 3,961 4,144

8,000 9,000 io,00o

Compression

150 200 300 400 500 600 700

Ratio of absolute temperatures

7.532 8.459 9.959 11.18 12.24 13.17 14.01

Temperature in °C

1,783 2,036 2,444 2,779 3,068 3,322 3,552

Compression

1,500 2,000 3,000 4,000 5,000 6,000 7,000

14.79 15.51 16.18

800 900 1,000

Ratio of absolute temperatures

2.978 3.344 3.937 4.422 4.837 5.206 5.540 5.847 6.130 6.397

Temperature in °C

540.0 639.9 801.8 934.2 1047.5 1148.2 1239.4 1323.2 1400.5 1463.4
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Table i (continued)

Ratio of absolute temperatures

19.05 21.40 25.19 28.29 30.95 33.30 35.44 37.40

Temperature in °C

4,928 5,569 6,604 7,450 8,176 8,818 9,402 9,937

39.22 40.93

10,434 10,901

Table 2

Compression

2 3 4 5 6 7 8 9 i0

Work in ton-meters for compressing i m3 of air in a vacuum

7.14 11.34 14.25 16.62 18.51 20.11 21.48 22.69 23.79

Work of atmospheric pressure

o 2.o 4.8 6.5 8.4 io.o 11.3

Compression

ll 12 13 ]'4 15 16 17

Work in a vacuum

24.7o 25.60 26.42 27.18 27.89 28.56 29.18

Work in atmospheric pressure

15.60 16.43 17.19 17.89 18.56 19.19 19.77

Compression

22 24 26 28 30 32 34

Work in a vacuum

30.91 31.78 32.58 33.32 34.01 34.66 35.26

12.5 13.5 14.5

18 19 2o

29.77 30.32 30.86

20.33 20.85 21.36

36 38 40

35.84 36.38 37.89
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Table 2 (continued)

Work at atmospheric pressure /278

20.91 21.78 22.56 23.32 24.01 24.66 25.26

Compression

45 50 55 60 65 70 75 80 85 90

Work in a vacuum

38.07 39.12 40.07 40.94 41.74 42.49 43.18

Work at atmospheric pressure

28.07 29.12 30.07 30.94 31.74 32.49 33.18

Compression

i00 120 140 160 180 200 220 240 260 280

Work in a vacuum

46.05 47.88 49.42 50.75 51.93 52.98 53.94

Work at atmospheric pressure

36.05 37.88 39.42 40.75 41.93 42.98 43.94

Compression

3oo 4oo 5oo 6oo 7oo 8oo 9oo

Work in a vacuum

57.04 59.92 62.15 63.97 65.51 66.85 68.02

Work at atmospheric pressure

47.04 49.92 52.15 53.97 55.51 56.85 58.02

Compression

3,ooo 5,ooo io,ooo 5o,ooo ioo,ooo 5oo,ooo ipoopoo _ooopoo 10.106 109

25.84 26.38 26.89

43.82 44.48 45.00

33.82 34.43 35.00

54.81 55.61 56.35

44.81 45.61 46.35

1,000 1,500 2,000

69.08 73.13 76.01

59.08 63.13 66.01
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Table 2 (continued)

92.10

82.10

Work in a vacuum

115.13 138.16

Work at atmospheric pressure

105.13 128.16

207.24

197.24

I0 tons per m2. Table 2 gives us the amount of the work required to

compressI m3. This is applied, first of all, to increase the power of
the engines while still at sea level. Here the pressure of the medium
helps, and the work of compression is not very large. For an engine of

1,000 metric hp we require 0.75 m3 of air per sec.

If we supply air with twice the density, the work performed by the
engines will double. Weshall then obtain 2,000 metric hp. Will this
excess power pay for the work done in compressing the air? The work

shownin Table 2 for i m3 of air must be doubled, since we must obtain

I m3 of compressedair rather than 0.5 m3. This meansthat the work

will be 4 ton-meters. To obtain 0.75 m3, we would require 3 ton-meters,
i.e., 30 metric hp, whereas we have achieved an increase of 1,000 hp.
Obviously the compression of the air is advantageous.

36. However, it is not as advantageousas this when compression is
very great. This can be seen in Table 3.

From the last entry we see that the excess of power is muchgreater
than the amount of power absorbed for compression. In a conventional
airplane this absorption will be from 3-12 percent. For our purposes
this is necessary and advantageous, since the mechanical work will un-
doubtedly be muchlarger than necessary and the thrust will increase
proportionately to the burned material and will not depend at all on the
fuel economy, as it does in a conventional airplane.

37. Nowlet u consider the rarefied air at high altitudes.

For rarefied layers of the atmospherewe mayneglect the auxiliary
force produced by the pressure of the external medium. Table 2 shows
both works. The greater the compression, the less do the two vary.

/279
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Table 3

Compression

3 4 5 6 7 8 9 i0

Work obtained for i m 3 of compressed gas in ton-meters

14.4 121.5 1454 26 42.0 60 79. i i00.0

Same, for 0.75 m 3 of air

3 i0.8 19.5 31.5 45 59.3 75 91.1 108.7

Same_ in metric hp

30 108 195 315 460 593 750 911 i, 087

Excess work of engine by compression of air in metric hp

1,000 2,000 3_000 4_000 5,000 6,000 7,000 8,000 9,000

Percentage of work absorbed (due to excess) by work of compression

3 5.4 6.5 7.9 9 9.9 10.7 11.4 12.1

Let us assume that at a high altitude the air is thinner by a

factor of i00. To obtain I m3 of air under ordinary pressure, we com-

press a volume of i00 m3 by a factor of I00. On the one hand, the work

increases by a factor of i00; on the other hand, it decreases by the

same factor, because the pressure at the high altitude is !00 times less.

The work, therefore, remains constant.

The figures in the table refer to the work necessary to obtain i

m3 of air regardless of the degree of its rarefaction, provided the tem-

perature remains the same (0° C). We see from the table that even when

compression takes place by one million times and i m 3 of ordinary air is

obtained, the energy consumed is 128 ton-meters. This means that to oh-

tain 0.75 m 3 of ordinary air we require 96 ton-meters or 960 metric hp.

_owever, in this case the work done by the engine is not sufficient.
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If the front nose part of the flying projectile has an opening with
a tube leading to the engines, the air in the tube is compressedand may
be used to feed the operating cylinders without special compression.
However, this is only possible at extremely high velocities which are of
the order of i km/sec and higher. At lower velocities we have to use a
compressor. Nevertheless, we should not ignore the compression of air
produced by the motion of the projectile.

38. Wehave determined that the thrust produced by the ejected
gases is 4-5 tons. Is this pressure sufficient, comparedwith the re-
sistance of the air at various altitudes? To solve this question we
must specify the density of the air at various altitudes, which speci-
fies the resistance, and the resistance of our projectile when it has a
specific velocity and a specific shape. If the resistance turns out to
be negligible comparedwith the value of the thrust, then_ in the first
place, we shall simplify the problem of the motion of the rocket, and,
in the second place, its motion will be accelerated and will achieve the
high velocities we desire.

39. I refer to my works "Resistance of Air," (1927), "Aerostat"
and "Airplane," (1906-1908), and "Pressure on a Plane," (1930).

40. If the velocity of the body is very high and the body is not
elongated, the air in front of the body is compressedand the resistance
becomesextremely large. Table 4 showsthe variation in the elongation
(the ratio of the bodies' length to the diameter of its maximumcross
section) of a body of proper shape as a function of its forward velocit_

It would be even better if the elongation at the indicated veloc-
ities were greater than specified in the table.

41. The equations and calculations in the above references can
also be used to prepare Table 5-

Table 4

Elongation of a moving body

i 2 3 4 5 6 7 8 9 i0 15 20
(spher@

Maximum velocity in km/sec

0.3 0.6 0.9 1.2 1.5 1.8 2.1 2.4 2.7 3.0 4.5 6.0
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Table 5

Elongation

Length

Velocity
in m/sec

5 I0 2O 3O

io 2o 4o 6o

Ratio of resistance of the body to resistance

of a plate and reciprocal value of this ratio

i0 0.0244 0.0211 0.0226 0.0248

41 47 44 40

50 0.00927 0.00657 0.00761 0.0106

108 152 131 94

i00 0.00756 0.00422 0.00489 0.00573

132 236 204 174

200 0.00610 0.00372 0.00357 0.00398

164 269 280 251

300 0.00561 0.00335 0.00310 0.00336

178 299 323 298

500 0.00488 0.00298 0.00273 0.00283

205 336 366 353

700 0.00464 0.00260 0.00244 0.00256

216 385 410 391

1,000 0.00439 0.00248 0.00226 0.00230

228 403 442 435

In Table 5 we have computed the resistances of bodies having a

cross section diameter of 2 m with respect to the resistance of a plane

plate with a surface equal in area to the maximum cross section of the

body_ as a function of the body's velocity and its elongation. Thus_

when the elongation is i0 and the length is 20 m_ the resistance of the
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body comparedwith the resistance of the plate decreases by a factor of
47 when the velocity is i0 m/sec.

42. To find the absolute pressure of the flow incident on the body,
we must determine the resistance of air to the motion of the transverse
plane of the body at the samevelocities and then divide the result by
the efficiency of the shape Ksh. Whenthe diameter is 2 m the resist-

ance of this circular area is given by the expression

Q = 0.306 Ksh Z_V2 kg

where A is the density of the mediumwith respect to its density at sea
level.

For example, if the efficiency of the shape, the velocity, and rela-
tive density are equal to unity_ the resistance will be 0.306 kg (when
the diameter is 2 m).

43. Now, by using Column3 in Table 5 we may computethe resist-
ance encountered by our body at sea level for various velocities
(specifically Table 6).

Table 6

Velocity of device in m/sec

i0 50 i00 200 300 500 700 1,000

Efficiency of shape

47 152 236 269 299 336 385 403

Air resistance in kc

0.646 5.03 12.91 45.53 92.25 228.00 390.04 758.90

Same, in percent, referred to reaction pressure of 4000 kg

0.016 0.13 o.32 1.1 2.3 5.7 9.8 19
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From Table 6 it is clear that even with a velocity of 1,000 m/sec

and with dense air at the sea level its resistance is only 19 percent of

the reactive pressure. _owever, before the projectile attains a veloc-

ity of 1,000 m/sec, it will reach a high altitude where the resistance

of the medium is close to zero due to its rarefaction.

44. To confirm this further, let us prepare a table showing the

densities of the air for various altitudes above sea level. The value

of this density is affected by the decrease in temperature with altitude.

Let us assume that this decrease is 5° C for each km of ascent. We fur-

ther assume that the temperature at sea level is 0° C and the atmospheric

pressure at sea level is 10.33 tons per i m2. On the basis of these

data we compute the density up to an altitude of 18 km. The decrease in

temperature may be assumed to take place to an altitude of 15 km. Above

this the decrease in temperature ceases.

45. For altitudes above 15 km, for the stratosphere we assume that
the temperature is constant and has a value of -75 •

46. At an altitude of 15 km the density and resistance have already

decreased by a factor of 6, and at an altitude of 30 km they have de-

creased by a factor of 80, while at an altitude of 33 km they have de-

creased by a factor of 135. Above this altitude the pressure is insig-

nificant. Thus, at an altitude of 58 km the pressure has decreased by a
factor of I0,000 times.

We see that during the ascending motion of the reactive airplane_
which consumes a tremendous quantity of fuel and develops a thrust of

4-5 tons_ the air resistance may be neglected. This simplified the ini-

tial calculations of the motion of the airplane, specifically the veloc-

ities in the horizontal and vertical direction, the corresponding

density of the medium_ its resistance, required work, etc.

47. Initially, the airplane, due to its own reaction or due to an

external force_ moves up a mountain with a definite slope. Then, having
assumed sufficient velocity_ it takes off from the mountain and moves

into the atmosphere. The inclination of the frame may remain the same.

The airplane will also move upwards. However, at the same time it may

fall, due to its weight: the reaction will tend to lift it, while its

lon the basis of the approximate _ralues presented here, Tsiolkovskiy

computes and presents two tables which show the variation in density

with altitude. Because in the international standard atmosphere other

initial data are assumed, we omit these two tables as of no specific
interest. - Editor's Remark.

/283



336

weight will tend to drop it. However, the drop is prevented by air re-

sistance_ I particularly since the velocity of the frame is very high.

Before the solid runway is left the velocity must be such that the drop

is less than the lift, otherwise the projectile may fall to the ground

or into the sea. It would be best if the drop were much less_ compared

with the lift. Then the projectile would move in the atmosphere as if

it were on a track.

48. Let us determine the conditions for such motion. According to

Langley, the pressure on a slightly inclined plate is obtained if the

pressure of the normal flow on it is multiplied by 2 sin _.2 I have de-

rived theoretically ("The Pressure of a Plane," 1891), that this pres-

where a is the side of the rectanglesure is also proportional to

situated normal to the flow, while b is its other side. As applied to

our device, the role of a is played by the diameter d; it is less than

d, i.e., than the length i. In addition_ we have an elongated body of
revolution rather than a plane. Because it is a body of revolution_ the

side pressure3 exhibited by the medium on it will decrease_ as in the

case of a round cylinder. The coefficient of resistance of the latter

may be assumed to be equal to K2 = 0.6 (according to various experi-

ments). The constriction of our body (spindle or bird) towards the ends

will produce a decrease in the ratio b/a, but we shall assume that it is

equal to the elongation i/d of the device and in this manner obtain the

resistance; this is less than its true value: the fall will be greater

than its computed value.

Thus the relative coefficient of resistance of our spindle inclined

at a small angle with respect to the horizon will be:

49. KI = 2 sin a K 2. Here sin a specifies the sin of the in-

clination angle of the longitudinal axis of the body with respect to the

horizon.

If this slightly inclined body moves under the action of its thrust

(directed along its length) with a velocity VI and falls in the same air

due to its gravity with a velocity V2, then

iThat is_ the lift force. - Editor's Remark.

2a is the angle of attack; this equation is not accurate. - Editor's

Remark.

3That is, the lift force. - Editor's Remark.
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sin _ = V2/VI and the coefficient of resistance will be

K,----2K,v:if- 
v_F_-"

We may assume that the area S of the longitudinal section of the

device is given by

52. S = 0.75 dl. The pressure Q of the normal flow on the plane
may be equal to

53.

Here K3 is the longitudinal coefficient for the plane_ which is

close to 1.5_ while • is the specific weight of the air. We must multi-

ply the magnitude of the pressure Q by the coefficient K I. We obtain

the value of the vertical pressure on our projectile.

54.

p = o,75_K3K, V, V d __/-f
g 2 F'3"

55. Let us assume that _ = 0.0013 tons/m3, d = 2 m, i = 20 m. We

find P = 0.0111 VIV2; this is the pressure on our projectile as a func-

tion of its fall velocity V2.

For a uniform fall of the projectile the pressure due to the resist-

ance of the medium is equal to the weight of the projectile G_ i.e._
0.00111 VIV 2 = G; from which

56.

• V,=901 o
V1
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57. If the projectile were to fall due to gravity, it would climb

due to inclined motion (with its nose upwards). The velocity of this

fall would be equal to VI sin a. When the 2 velocities (of fall and

ascent) are in equilibrium, the projectile will move horizontally. This

will take place when the following equation is satisfied.

58.

V x sin a-_-901--_ 1 •

From this we find

59.

60. We see that G = 12 tons.

Let us assume for an example that sin _ = 0.i. Then we obtain

VI = 329 m/sec. The projectile takes off from the mountain after it

has achieved this velocity, and it will fly horizontally.

61. _Fhat must be the length and altitude of the mountain in this

case? _4hen the thrust is 4 tons_ the acceleration of the projectile j

is equal to

4
i=gN=w.

12 3

The distance L traveled until a velocity of 329 m/sec is achieved will

be L-- _ - 5,412 m_ i.e.; approximately 5 km. We obtain the altitude

of the mountain if we multiply the inclined path which has been traveled

by sin <_. It is equal to 541 m_ i.e., approximately 0.5 km. This is

entirely feasible.

63. _4ith the velocity specified above the projectile will leave

the solid runway and will not drop. If the velocity is greater it will
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begin to ascend. Ascending motion is desirable. To achieve this, it is

necessary that the ratio of the velocity of fall V2 to the velocity of

ascent VI sin _ be very small.

by m is equal to

m----

However, this ratio which we designate

V_ 9{]!G

V! sin a V_ sin a

From this it follows that

64.

VI = _/_ 901Gm sina

65. Let us assume that C = 12 tons, sin _ = 0.i and prepare a
table:

m i _ i i i9 % 23

VI m/see 329 658 987 1,316 1,645

When the velocity is I km/sec, the drop will be almost unnoticeable.

Nevertheless_ the velocity is quite substantial, and the altitudes of

the mountains necessary to construct the inclined path will be very
high; specifically, they will be:

H, km O. 54 2.16 4.99 8.80 13.75.

66. To decrease the fall and to decrease the length of the solid

runway, we utilize the thin, narrow, almost flat wings which we have

mentioned, but whose action we have neglected.

In any case, a mountain with a height of 5 km is entirely suffi-

cient to achieve velocities at which the projectile will move without
support.

/286

Published from a manuscript
dated 1930.
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• ! SEMI-REACTIVESTRATOPLANE

(1932)

Z287

Introduction

In the lower layers of the atmosphere the airplane cannot reach

high speeds. If we wish to increase its speed by a factor of 2, 3, or

4, the power of the engine will have to be increased by a factor of 8,

27, and 64, respectively, without changing the weight of the entire

airplane. This is difficult for many reasons. For example, the

strength of the engine would be inadequate, the propeller would fail

due to rapid rotation, the airplane itself would be unable to with-

stand the pressure of the incident flow, etc.

It is easier to achieve high speeds at high altitudes in the

rarefied air. Accurate calculations show that when the rarefaction

of the medium reaches values of 4, 9, 16, 25, the velocity of the

airplane may be increased by a factor of 2, 3, 4, 5; however, it is

necessary that the power of the engine also increase by a factor of 2,

3, 4, 5 and not by 8, 27, 64, 125, as is necessary in the lower part

of the atmosphere with constant air density.

Although at high altitudes the air is sufficiently cold, it is

too rarefied to cool the engine sufficiently.

The shortage of oxygen at high altitudes and the low atmospheric

pressure require sealing the cabin of the airplane hermetically. Then

the pressure on the human being will not decrease, and he will not

become weak or suffocate.

At the same time, it is more difficult to increase the horsepower

of the engine at high altitudes, because the air which feeds the operat-

ing cylinders must previously be compressed. This increases the weight

of the engine and consequently the weight of the entire airplane. How-

ever, the increase in the weight may be partially compensated by using

the recoil (reaction) of the exhaust gases.
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My reflections and calculations have convinced meat this time
that the type of high-altitude airplane described below is the one most
feasible.

Short Description

i. Figure i showsa diagram of the almost identical frames of
proper shape. Oneof these contains a pilot and is hermetically sealed,
so that respiration at high altitudes is as easy as at low altitudes.
Another frame contains the fuel. The middle frame contains the pro-
peller_ engine_ compressor_ cooler, etc. _288

The middle frame will be described further_ using the sketches.

Above the frames there is a large wing to connect the frames. To the

rear there are two wings to control the altitude and the lateral stability.

Finally_ there is a direction rudder which is placed behind on the top

of the middle frame.

2. Figure 2 shows the longitudinal cross section of the frame. The

size of the opening on its forward part i may be controlled within cer-

tain limits (see also Figure 3)- It is never completely closed. The

rear part of the frame 9 is constructed in the same manner. During

the motion of the airplane the incident flow enters the frame aided by

the propeller 2_ which is driven by an oil or a gasoline engine 3-

The latter is cooled by the flow of air. In the drawing the flow of

pure air is designated by single arrows. The products of combustion

move from the engine along many tubes 3 and are collected in an annular_

gradually diverging space.

Figure i
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Figure 2

Figure 3

Here they undergo substantial expansion; heat is converted into
motion, and they attain high velocity and a low temperature which may

reach a value of -250°. 1 This provides us with a very good cooler 5.
The tubes with the products of reaction are the shadedparts in the
Figure 2.

IThis low temperature is obtained whenthe initial temperature is 2,400°
absolute (the temperature of gasoline combustion in air), whenthe
products of combustion expandadiabatically to such an extent that their
pressure decreases approximately by a factor of 17.106. Even with very
high initial pressures, the final pressures in this case are very low.
Actually, the resistance caused by the friction of gases along the
walls and the internal friction is associated with the liberation of
heat and the drop in pressure. Therefore, the gases at the end of the
nozzle will be substantially warmer and their velocity will be de-
creased; it is possible to have a secondary increase of pressure inside
the tube, which is then followed by the final pressure drop with a
lower exit velocity. It is possible to select the most advantageous
total length of the tube for a given angle of divergence. In this case
the temperature will be greater than -250° C. - Remark by Tsander.

/289
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The direction of the products of reaction is designated by double
arrows.

The airplane moves due to the thrust developed by the propeller

and the recoil produced by the products of combustion. This entire mass

of gases escapes at high velocity from the rear, variable opening of
the middle frame.

The annular space 5 of the cooler adjoins a similar space, also

between two cylinders. A flow of pure air enters this space through

the annular opening 7, changing its direction toward the rear. This

air is substantially cooled by the cooler 5 and moves through a series

of tubes 8 into compressor I0, which is driven by an engine 3 through

a gear box and Hooke's link ii. The pure, compressed and heated air

from the compressor is directed along several tubes to the engine to mix

with the gasoline and feed the operating cylinders. I

As the velocity of the airplane increases, the openings in front

and in back of the middle frame are made smaller. Figure 3 shows the

design of the variable opening. The surface at the end of the frame

consists of rectangular plates which form creases or a wavy star at the

opening. There are other ways of constructing this variable orifice.

Now we list all the things achieved by this machine.

3. The hermetically sealed cabin containing the pilot and the

passengers makes it possible to fly in the most rarefied layers of the
atmosphere.

4. The propeller always rotates with a safe, constant velocity

(150-300 m/sec peripheral velocity) in spite of the very high velocity

of the airplane. The fact is that when its velocity increases by a

certain factor, the area of the openings in front and to the rear de-

creases by the same factor. Let us assume, for example, that when we

have a maximum opening the velocity of the airplane is i00 m/sec. If

the velocity of the projectile increases by a factor of 9 (900 m/sec),

the area of the opening will also gradually decrease by a factor of

9 and the border by a factor of 3. Consequently, the quantity of air which

enters the middle frame will always be the same under this action, there-

by producing a constant flow velocity in the wide part of the case and /290

llt is better to cool the air between the stages of the compressor and

inject relatively cold air into the cylinders: this increases the

volumetric factor of the cylinders, i.e., the power of an engine of

given size, and decreases the work required to compress the air.
Remark by Tsander.



344

also a constant velocity of the propeller, even though the velocity of
the airplane and the velocity of the incident air mayvary over a wide
range. Weshall clarify this later.

5- The thrust of the airplane is produced not only by the pro-
peller_ but also by the recoil of the products of combustion.

6. Whenthe stratoplane flies at a high altitude the atmosphere
becomesthinner and the gaseousproducts of combustion expand so that
their temperature becomeslower. This imcreases the cooling of the air
which feeds the engine_ and the action of the compressor is increased
so that it operates properly both in the dense and in the rarefied
atmosphere.

The theory of the gas compressor is described in my special pub-
lished article. I

7. Initially the stratoplane travels over tracks, over snow or
water (it is also a stable hydroplane). Having achieved a velocity of
i00 m/sec, it flies up along an inclined path. In the lower layers of
the atmosphere it would have reached the limiting velocity of approxi-
mately 200 m/sec in a very short period of time. However, in its steep
ascent it encounters more rarefied layers of the atmosphere and its
velocity therefore continues to increase: first slowly and then more
rapidly at the higher altitudes where the air is extremely thin.

8. Weshould note that the work performed by the engine tends to
increase rather than decrease, due to the low temperature of the cooler
and due to the strong cooling of the air which enters the compressor
(the air mayeven becomeliquefied).

9. The drawings are presented in schematic form. To achieve
better understanding of the construction and operation of the projectile,
all secondary details had been eliminated; for example, the reinforce-
ments are not shownnor the mechanismfor the construction of the input
and output vents (for the air).

i0. If the velocity of the stratoplane is to exceed by several
factors the magnitude which can be withstood by the conventional pro-
peller without enclosure, it is morepractical to makethis enclosure
smooth, of proper shape, but with equal openings in front and back.

If, for example, the maximumvelocity of the projectile is to be
nine times greater than the conventional velocity, the opening must
also have an area which is nine times smaller.

l"The Compressorof Gases," 36 pp., Kaluga, 1931•
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Thus, we can design stratoplanes which will fly at twice th_
velocity, three times the velocity, etc.

In order not to expend unnecessary work on the motion at the
beginning of flight, the case maybe provided with special longitudinal
openings which close gradually; these should be above the case in front
and below the case in back. This construction will increase the lift
force.

Air Compressor

ii. The conventional propeller cannot be used for high altitude,
high-speed flight, because it breaks downat a definite peripheral
velocity, regardless of its size. Similarly, the blades of our fan can-
not exceed a certain peripheral velocity. The rpm of the engine will
be larger whenthe diameter of the propeller is smaller; however, the
peripheral velocity cannot exceed a limit which depends on the strength
of the material used to construct the propeller.

12. The fan-compressor is shownin Figure 2 (i0). At the rear
where the flow exists we must add a conic surface which can be compressed
at the apex. Its opening at the apex mayconstrict or expand under the
control of the operator. This surface may change from a cone with a
barely noticeable opening to a cylinder.

13. The fan-compressor (Figures 2 and 3) consists of a round
cylindrical tube which contains another rotating, closed cylinder with
air blades secured on its surface (these blades are similar to the blades
of the propeller or have the shape of Archimedes' spiral). A stationary
blade is placed between each two rings with longitudinal blades, parallel
to the axis of the cylinders. It maybe extended in an eccentric manner
in the large cylinder and attached to it. The purpose of these blades
is to prevent the possible rotation of air in the compressor. The
diameter of the internal rotating cylinder is approximately half as
large as that of the external stationary cylinder.

14. Whenthe axis rotates with a total expansion of the end cone
(cylinder), the air encounters almost no resistance and movesalong almost
without compression. However, whenthe exit opening (Figure 3) is con-
stricted, the gas passing through is compressedmore strongly at its exit.

This action is best understood if we imagine that the exit opening
is completely closed. There will be no flow, but the air will be com-
pressed, more so toward the end of the tube.

15. In this case each pair of blades compressesit by a certain
amount. Let us assumethat the first blade increases the pressure and

/291
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compresses the air by i.i. Then the second blade, together with the

first, increases this pressure by a factor (i.i)2_ the third, with the

first and second, by a factor (1.1) 3, the tenth by (i.i) I0, etc.

We see that the limiting pressure and compression in the tube

increases with the number of compressor stages. It is not the same in

any one tube and is expressed by a series of numbers: (i.i)...

(1.1)3... (i.i) I0. The last number expresses the pressure in the tube

after the tenth compressor stage.

In addition, the temperature increases due to compression, which

distorts these conclusions by causing the pressure to decrease due to

a decrease in the density of heated air.

16. If we open the hole slightly, flow will take place; however,

the pressure will immediately become weaker. The wider the opening in

the cone (Figure 3), the faster will be the flow, but pressure and

compression will decrease (the phenomenon is considerably more complex).

There is an average external resistance during which the action of

flow is most advantageous.

18. Let us assume that the axis is covered with a cylinder whose

diameter is two times smaller than the diameter of the tube. The com-

pressor blades are situated around a small cylinder, and the air stream

passes in the annular space between the two cylinders. This passage

constitutes 0.75 of the cross section area of the large cylinder. The

small cylinder is terminated with streamlined surfaces at both ends.

19. Figure 2 shows the longitudinal cross section of compressor

i0. In this illustration we can see partitions. These are attached to

the large cylinder but do not touch the small cylinder. The purpose of

the partitions is to assure that no rotating streams are formed in the

tube. These'would destroy or weaken the gas pressure and its forward

motion.

20. It is desirable that the partitions have the lowest possible

resistance and the lowest possible weight. For this purpose both ends

of each partition are secured to the large cylinder.
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Design of the Compressor

21. Let us determine the maximum velocity u along the circum-

ference of a rotating body. Let us assume that this body is a cylin-

drical rod_ or a cylinder in general, which is perpendicular to the axis

of rotation (like the spokes of a wheel).
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A maximumcircumferential velocity will be obtained whenthe maximum
stress in the cylinder (y axis) due to the centrifugal force is equal to
the strength of the material. On this basis we write the following
equation

le _0.5--

where i is the length of the cylinder, g is the acceleration due to

gravity, T is the specific weight of the material, K is the resistance
z

of the material to breakdown, and S is the factor of safety. Coefficient

0.5 is obtained by means of simple integration. Therefore

We can see that the maximum circumferential velocity of the cylinder

does not depend in any way on its thickness or its length. It is clear

that the number of revolutions of the rod per sec can be greater when

its length I is smaller. However, the velocity u is proportional to

the square root of the strength of the material and inversely propor-

tional to the factor of safety S and the density of the material (see
the equation).

22. The rod may be tapered toward the end like a cone, like a

wedge or like a body having the same resistance at all points. This will

increase the circumferential velocity. However, we expect to use blades

in the compressor stage, and therefore it is not convenient to decrease

the cross section area toward the end. Since the cylinder is flattened
into a blade, it becomes thinner toward the end.

23. What will be the condensation of the air produced by the
blade of the fan?

The shape of the blade is part of Archimedes' spiral. We shall use

only the upper half of the rod.

If the inclination of the upper part of the blade with respect to

the circumference of its rotation is designated by tan a, the inclina-

tion of its lower part will be (2 tan _ ). The maximum velocity of the

airflow in the cylindrical pipe normal to the circumference will be

v = u tan a. This velocity due to the properties of Archimedes' spiral

will be the same for all of the blades or for a definite cross section
of the tube.

/293
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24. This flow of air along the tube may produce a maximum pressure

P, which is not less than

25. Here may be eliminated by equation (21). Then we obtain

P=tg'ot [K_: (_S')]- d.

We are particularly interested in this maximum pressure. It

increases with the specific strength of the material (KzS), with the

density of the medium d and the tangent of the angle of inclination of

the blades (as the square of this tangent).

A large factor of safety S is not desirable.

26. The tangent of the angle of the upper part must not be greater

than i. Then the angle of the blade with respect to the circumference

will be 45° and of its lower part will be 64.5 ° . Let us assume further

that in equation (25) K z = 2 "106 kg/cm2 of the section (we can assume

this to be so only for selected and tested types of chromium steel or

other similar steels); y = 8; S = 4 (not less); d = 0.0012 kg/am3. Now

we use equation (25) to compute P = 75 kg_m 2 or 0.75 atm. Equation

(21) will also give the corresponding velocity along the circumference

of the blades, specifically, u = 353.5 m/sac.

27. It would be more practical to let tan a = 0.5. Then P = 19

kg_m 2 or 0.19 atm, while u = 353-5 (the same).

28. A cylindrical tube with several stages on one axis will pro-

duce the following maximum pressures for different numbers of stages.

We may assume a value of 1.2 for the pressure increase, assuming that

the temperature is constant or that there is artificial cooling of the

tube and of the air.

29. To be even more practical, let us make the following sub-

stitutions in equation (25)
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tan a= 0.5; K = 106; • = 8; S = 5; d = 0.0012.
Z

Then P = 7.5 kg/am2, or 0.075 atm. From equation (21) u = 223.6

m/sec.

Number of stages i 2

Compression, in atm 1.2 1.44

Number of stages i0 12

Approximate compression,

in atm 6.75 8.94

3 4 5 6 7 8

1.73 2.07 2.48 2.99 3.59 4.28

14 16 18 2o 22 24

12.9 18.3 26.3 37.8 54.4 79.9
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30 . On the basis of this we obtain the following table.

Number of stages 2 4 6 8 i0 14 18 20

Approximate pressure,
in atm 1.15 1.32 1.52 1.74 2.00 2.64 3.48 4

Number of stages 30 40 50 60 70 80 90 i00

Pressure, in atm 8 16 32 64 128 256 512 1,024

31 . For a stratoplane flying at high altitudes in very thin layers

of the atmosphere we require large compression and the maximum number

of stages, as well as a huge volume of air for combustion.

Let us assume condition (26). Specifically, u = 353-5 m/sec,

compression = 1.75 (for each stage).

Number of stages

Compression, in atm

Number of stages 12

Pressure, in atm 591

i 2 3 4 5 6 7 8 9 i0

1.7 2.9 4.9 8.4 14.3 24.0 40.8 70.5 117.6 204.5

14 16 18 20 22 24 26

1,714 4,960 14,380 41,470 120,000 348" 103 106
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Of course, in all these tables we obtain the maximumlimiting
pressure. High condensation is applicable only for the case of highly
rarefied air in the uppermost layers of the atmosphere.

32. This compressormaygive us any optimumpressure (up to a point
where the gases are liquefied or very high temperatures are reached) and
any quantity of air. The efficiency of the engine depends on the design
of the compressor, pressure, and f_ight velocity.

Low efficiency is compensatedby the sir_licity of construction,
absence of lubrication, compactness, possibility of high temperature,
light weight, and low cost of the compressor. It can be applied to fans_
blast furnaces, and other types of furnaces and devices where a great
deal of air is required at high pressure and high temperature. It can
also be applied to stratoplanes, to reactive ships, to vehicles and fast
trains (see for example "Zeppelin on the Tracks" and mywheelless train).
It transforms mechanical energy into heat and maybe used to lift fluids
and also as a turbine.
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Propeller

33. Now let us describe the propeller. It differs from the

compressor by having a cone in front as well as one behind The number

of its blades is indefinite and we may even limit ourselves to one

blade (Figure 2).

When the input is fully opened, the relative velocity of the stream

with respect to the tube is c + w, i.e., the velocity of the projectile

c plus the relative (in relation to the propeller) velocity of the exhaust

w from the. action of the air propeller. However, since the velocity

of the projectile c may be very large, the relative velocity of the flow

in the tube of the propeller is also large, whereas the latter cannot

exceed the limit given by equation (21)

This velocity is quite definite. We determine its maximum value

to be 353 m/sec. This means that the projectile cannot have a large

velocity, because the air blades inside the tube would break down due

to centrifugal force.

34. What should we do? Does this mean that we cannot have high

velocities for the projectile? However, we have a way out of this



351

dead end. Let us start with the experiment (Figure 4). I have con-
structed the external part (case) of mypropeller without blades.

The blades in this tube, which is widened substantially at the
center, were placed in four locations: in the middle, at the inlet, at
the outlet and to the side of the inlet--outside the tube. Both open-
ings were of the samesize and the blades were identical.

With this device I moveduniformly or stood still near the half-
opened door of a warmroom. In the latter case there was a very
regular flow from the warm room into a cold room above the door.

All of the deflectors were identical. Therefore, the observed
identical deviation of the end deflectors pointed to the sameforce or
flow velocity. However, the middle deflector movedvery little. This
pointed to a small flow velocity in the expandedportion of the tube.

35. What is it that we observed? Let us assumethat a tube of
this type is moving with the projectile in the direction of its longi-
tudinal axis. The incident flow enters the inlet with the velocity of
the projectile, then is weakenedsubstantially in the wide part of the
tube, but leaves the outlet with the samevelocity with which it
entered. This is what our experiment confirms.

36. If we decrease the area of the end openings proportionately
to the increase in velocity of the airplane, the relative velocity in
the expandedpart of the tube will remain constant, regardless of the
increase in velocity of the projectile. Indeed, if, for example, the
velocity of the airplane increases by a factor of i0, while the end
openings decrease by the samefactor, the volume of air entering the
propeller will be the same. Since the average area of the tube's
cross section is also constant, the flow velocity in this section will
remain unchanged.

37. Thus the air screw will operate safely at any velocity of the
airplane, since the velocity of the surrounding mediumwill not increase
even with an increase in the velocity of the airplane.

Whenthe propeller is absent, the relative velocity of the medium
at the input and output will be approximately equal to the velocity of
the airplane. However, the action of the operating propeller increases
this velocity by somemagnitude dependent on the power of the engine.

Thus, the output flow obtains someexcess velocity above that of
the stratoplane.

38. Whenthe airp]_ane flies, the openings must be closed gradually
as the airplane accelerates. Thus, if the velocity of the projectile
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Figure 4

increases by a factor of 25, the area of both openings must be decreased

by a factor of 25 and their diameter by a factor of 5.

39. In this case we must be guided by the acceleration indicator:

it is necessary to change the size of the opening until the acceleration

of the projectile has reached the maximum value. The acceleration of

any body is recorded accurately by a simple special device (accelerometer).

Our setup makes it possible for us to use the air propeller at any

velocity of the airplane since our blade always rotates with the same

velocity, even though the velocity of the projectile varies.

We determined the maximum velocity of the flow at the midsection

of the tube to be 353 m/sec. A smaller velocity, for example, 210,

would be safer. Initially this velocity is not obtained. However, the

velocity of the projectile increases gradually and reaches a value which

we shall assume to be 200 m/sec. The ejection velocity will be assumed

to be i0 m/sec. Later, when the tube has a cylindrical form, i.e., when

the holes of the propeller tube are fully opened, the velocity of the

flow and the rotation of the blades should not increase. Therefore,

as the velocity of the projectile increases, we decrease the end open-

ings proportionally to the increase in the velocity of the device.
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Let us express this by means of a _able:

Velocity of the projectile,

m/sec i00 200 400 900 1,600 2,500

Relative area of the end

sections of the tube 1 1 1/2 2/9 2/16 2/25

Relative diameter of

openings i i 0.707 0.471 0.354 0.284

The velocity of the flow in the wide part of the tube will always

be I0 m/sec; the inflow and the outflow, which are approximately equal,

will have the corresponding values:

ii0, 210, 420, 945, 1,680, 2,625



353

Of course, the openings maybe closed more than indicated (but
this is not advantageous), but they cannot be increased above the norm
because the propeller would break down.

Whenthe inlet and outlet are fully openedwe can travel only with
a velocity up to I00 m/sec. Beyondthis point it is absolutely necessary
to increase the size of the openings. If this decrease is greater than
required the propeller will remain intact_ if the decrease is less than
indicated by the table, the propeller will fail.

In order to achieve mediumaltitudes, our stratoplane must have
not less than i_000 metric hp_ whenthe total weight is i ton. Con-
sequently, the engine must be lighter than the conventional aircraft
engine. It must develop not less than 2-4 metric hp for each kilogram
of its weight. The trend is in this direction, and there are already
engines in existence which produce 2 hp for i kg of engine weight
(this refers to the state-of-the-art in 1930).

Acceleration of the Stratoplane

51. The air enters at the nose of the airplane and is ejected
backwards, thereby obtaining sometrue velocity v or the ejection
velocity. This velocity is absolute. The relative velocity of the
outgoing flow v0 will be (if we do not consider the change in density)

v0 = c + v, where c is the velocity of the stratoplane.

52. The acceleration of the projectile, if we neglect the resist-
ance of the mediumfor the time being, will be proportional to the mass
ejected per second Ms and its velocity v. The velocity v is actually

the excess velocity produced by the action of the propeller compared
with the velocity of the projectile itself.

The momentummust remain unchanged. Therefore, after one sec we
find: Mj + M = O, from which j =(-Ms/M)v. The minus sign showsthat

S

the acceleration of the airplane j is opposite to the acceleration of

the ejected matter. We may take a plus sign here because we are not

interested in the direction of the projectile. In the equations M is

the mass of the airplane.

53- The velocity of ejected matter v depends on the construction

and operation of the propeller, while the fuel consumption by weight

per sec C s depends on the same factors and on the density of air and
dimensions of the tube. Due to the limited strength of the materials,
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the maximum relative velocity in the wide part of the tube is constant.

Therefore_ we always have

O_----4F(e+v).

Consequently_ G s depends only on the density of the medium and the diameter

of the tube, because the relative velocity of the flow in the center

part of the tube is constant.

54. The density of the medium depends primarily on the flight

altitude; the cross section F of the wide part of the tube (where the

blades rotate) depends on its diameter D and the cross section of the

axial shaft.

In place of the axial shaft there may be another obstruction for

the motion of the flow, for example, internal engines, pipe work, etc.).

Assuming that it is equal to half of the diameter of the tube we obtain

F-- =D" 3
4 4 '

where

_=0.59.
16

55. The relative velocity of the flow at the point where the blades

are located is given by equation (see 21 and 23)

c+v=/1/ 2gK_. tg,,,
";uS¥

where
m

56.

is the specific weight of the material.

Now from equations (53), (54) and (55) we obtain /299
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0 -----a'r D2 ]/_e--_"- tg _ _,
16 ¥ 'tM_

where • is the specific weight of the medium.

Density of the Air

57. We express the density of the air d as a function of its

rarefaction pl and its density dO at sea level

'l'_---To:T"_°_'o :p.
T

58 . From equation (52) we find

/ ,a= D_ 1/ 2eK: tg"_'o _
16 G J/ T.S p '

where G is the weight of the stratoplane.

This means that at high altitudes in the rarefied medium the

acceleration will be less, if the velocity v does not increase pro-

portionately to the rarefaction of the air. We can see that the preser-

vation of the constant acceleration requires imcreased work by the

engine at high altitudes.

59. Let us compute the acceleration j. Let us assume that D = 2m;

..... 2.5.1o6;G i ton; tan a i; _0 0"0013 t°n/m3; _m 8 ton/m3; kz

S = 5. Then we find j = 3.43 v/p. For example, when p = i (sea level)

and v = i, j = 3.43 m/sec2, i.e., it is 3 times less than the accelera-

tion due to gravity.

Operation of the Propeller

60. Now let us consider the minimum required work of the engine.

It consists of two parts:

i
p = I/A, where h= P/PO" - Editor's Remark.
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(i) the work performed to movethe massof air LI pushedbackwards
by the propeller, and

(2) the work required to accelerate the projectile L2. Wedetermine
the former first. It is equal to

61. From (56) and (57) we find

L 3, D" -/ "2--Ck_tg _ __o e''=_ V ,.s . Yi"

62. Let us assume that

To 1/_=const.
16 2g } ].S

63 . Based on the data of Section 59, the constant is equal to
0.0422 and then
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LI=D" tga. t_ const.
p

64. From (61) and (58), by eliminating p, we obtain

O o

Ll= _- _J.
zg

65. Now let us determine the work performed every second to

accelerate the projectile. We obtain it from the equation

t,=.K @+ at)'-# c,=--° (2¢a<+ aa).
2i _g 21
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Here the increment of the projectile Ac is numerically equal to j.

66. However, since j is not very large compared with c, because

the projectile achieves a large velocity while it is still on Earth, we
obtain, approximately,

G

g

67. The total work L will be

L= G-_-2gvJ+ G---[cJ=2_g J(v+2c)"

We see that the work done every second, or the power, is propor-

tional to G and j. We also see that the work LI is insignificant

compared with L2, particularly when the velocity of the projectile is
high.

68. Let us not forget that work depends on the rarefaction of the

medium and is given by equation (58) when j remains constant. From
this equation we find

'v 16 1/-'_.S G /o
= 3;rI"-_ I/ _ D' tg,,"

69. On the basis of (62)

v=C 0 iP
D2 lg,,

where C = 1.185; see equation (63).

70. Let us assume: G = i ton; tan a = i; D = 2 m. Then

v=O,296.jp.
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71. Now we eliminate v from equation (67) by means of equation

(69). We find

L=2g j C F2c •tg = D"

We can see that L of the engine is generally variable even with j constant.

It increases with the velocity of the projectile and the rarefaction of /301

the medium, i.e., with the ascent of the airplane into the rarefied
i

layers of the atmosphere.

Reaction of the Engine's Exhaust

8 3 . In addition to the action of the propeller, we also have the

reaction of the exhaust gases which are ejected through special conic

tubes at the stern of the airplane. This recoil is computed, approxi-

mately, in my work "Reactive Airplane," 1930 . When the latter weighs
i ton and when the combustion of gasoline and air corresponds to i_000

metric hp, the recoil reaches a value of 227 kg. The acceleration of

the projectile resulting from this will be 2.27. We know the mechani-

cal work of the engine may be much less than 1,000 hp. It may be, for

example, 500 or i00 hp. The recoil does not decrease as a result of

this and may even increase.

84. However, in our case acceleration due to reaction will be

more than 2.27 m/sec 2. Indeed, we assume that the weight of the

equipped airplane is 24 tons, and that the horsepower of the engine is

i0,000 metric hp_ while the power produced by the burning of the fuel

is 40,000. The thrust will be 9.08 tons. Therefore, the acceleration

of a mass of 24 tons will be equal to the acceleration due to Earth's

gravity, multiplied by the ratio (9.08:24), i.e., by 0.38 . We obtain

approximately 3.8 m/sec 2 and not 2.27. However, this calculation is

made under the assumption that the velocity of the stratoplane does

not exceed 1,000 m/sec. Now we present equations which are more accu-

rate and which are applicable for the cosmic velocities of the projectile.

85 . We compute the reactive action of the exhaust gases in the

following manner. Let us assume that an incident particle of air con-

taining oxygen and nitrogen is stopped by the projectile. Its reactive

action will be detrimental, negative, and equal to mc, where m desig-

nates the mass of the exhaust gas per sec and where c is the velocity

of the projectile.

iSections 72-82 are missing in the manuscript. - Editor's Note.
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86. Thenwe may impart somevelocity x in the opposite direction

to the ejected material by using the energy of stoppage mc2/2 and the

chemical energy of combustion, whose relative velocity is w and whose

energy is mw2/2.

$7. Wedetermine this velocity from the equation

m_ _ mw' __mx t .
2 2 2

From this we find

88. The useful reaction will be

w'.

$9. The total reaction of the ejected matter will be

--mc+mVc'+w'.

Here we have mot considered the fact that the fuel is carried in the

projectile amd is not taken from the atmosphere. This situation pro-

duces only a positive effect, because it increases the recoil. In

addition, the mass of the fuel is small compared with the mass of the

exhaust gases. The weight of the gasoline comprises 1/15 of the

ejected matter, while the hydrogen comprises 1/30. This means that the

error will be quite insignificant. Also, by using the equation we
obtain a smaller reaction compared with its real value.

90. From the well-known laws we may write

m/=- + mV + w'.
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By means of this equation we may determine the acceleration of the

projectile with mass equal to M.

91. We obtain

92. During the initial motion of the stratoplane the velocity c

is insignificant. Therefore, we may simplify equation (91)

94. When the velocity of the projectile is less than 500 m/sec,

we may even use the equation j = m (w-c)/M and equation j = mw/M. In

general we can see from equation (92) that when the velocity of the

projectile is smaller, the value of j given by equation (94) is more

accurate.

95. If, on the other hand, c is large compared with the velocity

of the exhaust gases, then we may write

j.__.__[ c(l_W*\ 1 m lw*\•

98. We may use the exact equation (91) directly, expressing it

in the form

j--_" ( c -I/1 +-_-- -- 1) .

99. Let us assume for gasoline and air m = 42 kg per 40,000 metric

hp; M = 24,000 kg; w = 2,000 m/sec. We obtain

( v  ,ooo.,).C _
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i00. By making use of these equations we prepare the table:

c, km 0 0.5 i 2 3 4 6 8 i0 12

J, m/sec 2 = 3.50 3.73 2.16 1.45 1.O5 0.826 0.567 0.430 0.346 0.289

/303

Elongation of the Frame

10 3 . Let us consider the design for a stratoplane. In my work

"Pressure" of 1930 1 showed that if the velocity of any projectile in

the air becomes great, no matter how correct its shape is, a time is

reached when the air in front of the device is compressed by a large

factor and the projectile appesrs to press against the wall. Further

motion becomes impossible.

Motion is possible and is economical when the compression of the

medium in front of the nose is insignificant.

In the same article I showed that for a sphere this phenomenon

occurs at a velocity which exceeds 300 m/sec.

104. When the body has a smooth shape with any elongation_ I there

will be a limiting velocity which cannot be exceeded. Otherwise_ we

will hit a wall produced by the strong compression of the medium.

In this case the increase in the temperature of the compressed

gas may reach many thousands of degrees, which is entirely unsuitable

for the projectile.

105. On the basis of my article referred to above, we prepare a

table showing the elongations necessary for different velocities to

prevent high compression of the medium and the resulting dangerous

overheating.

Below we show the velocities of the stratoplane in km/sec and the

corresponding limiting elongations.

Velocity, km/sec 0.5 1 1.5 2 3 4 5 6 7 8 9 i0

Elongation 2.5 5 7.5 i0 15 20 25 30 35 40 45 50

These elongations may be larger but in no case must they be smaller.

Therefore, for example, if our rocketplane is to achieve a velocity

of 500 m/sec, the elongation of its proper shape must not be less than

iThe ratio of the length to the maximum diameter. Editor's Remark.
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2.5. If, on the other hand, we desire to fly with a velocity of I0 km/
sec, its elongation must be greater than 50. Thus, whenthe diameter
of the projectile is 2 m, its length must be i00 m.

Thickness of the Wings

106. Although we anticipate small wings, they also must satisfy
certain conditions to prevent formation of the air "wall" and its
dangerous overheating.

Onthe average, the wings must be plane and their thickness, or
the ratio of the maximumthickness to the depth, must be twice as small
as the elongation of the projectile's frame. Wepresent a table.

Velocity 0.5 i 1.5 2 3 4 5 6 7 8 9 i0

Relative thickness i i
5 i0

i i i i i i i i i 1
15 20 30 _-O 50 _ 7--O_-G 90 i00

It would be better to makethem thinner.

107. This condition will correct itself, since the length of the
projectile becomesgreater as the velocity increases. Whenits length
is great_ the depth of the wings maybe larger and their relative
thickness maybe less at the maximumheight of the profile.

Thus, if we hope to achieve a velocity of 2 km/sec, the elongation
of the frame will be i0 and its length will be 20 m, whenits diameter
is 2 m. If the depth of the wings is 1/4 of the length of the frame,
this will be 5 m, while the thickness will be 20 times less, i.e., 0.25
m or 25 cm.

The auxiliary braces and struts maybe left out because of the
small span of the wings. If they do exist, the form of their transverse
cross section must satisfy the samecondition as the wings. The section
of the rudders must also satisfy the samelaw.
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Shape of the Projectile. Rudders

108. In view of the fact that sufficient elongation eliminates

the compression of the medium, the shape of the frame at the stern part

of the projectile must also be smooth like that of a bird, fish or ship.

We have seen that we require a special propeller contained within a

case or a closed longitudinal enclosure. This enclosure also has the

form of a bird, although its ends are more or less open. It is incon-

venient to place it in a second frame, because the latter would have to

be too large. Therefore we place the case with the propeller between
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two bodies of the sameshape. These contain the people, fuel, and various
other equipment. All of the three frames are identical and are parallel.
They are joined at their edges and are attached to the short wings.

This arrangement increases the lift force of the projectile and
produces a very small increase in the drag.

The two side frames are hermetically sealed and do not permit the
escape of gas, even whenthe external pressure is lowered.

The one or two direction rudders are situated to the rear over the
frame. The rudders for altitude control are also behind, but are on the
sides. There are two of them. They also serve to control lateral
stability. There is a similar system of small rudders placed in front
of the rear opening of the middle frame from which the gases are
ejected, i.e., air and products of combustion. This system is opera-
tional in the vacuumor in a highly rarefied medium. As a matter of
fact, it is also functional in the air. Initially we can dispense with
the second system.
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Dimensions, Areas, Surfaces, and Volumes

109. It is necessary to take the smallest possible dimensions.

For the initial experiments, which will probably be unsuccessful_ this
is particularly important.

The limiting diameter of the cross section of each frame must not

be less than i m. On the other hand, initially it is not necessary to

have this dimension greater than 2 m. In the first case, man may fit

himself into the projectile and control it in a sitting position. In

the second case, the tallest pilot will be able to stand up and move
freely in this position.

Later we shall present a table for dimensions, values_ and surfaces

based on the following approximate equations which pertain to one of
the frames.

ii0. The volume V = (_D2/4)I 0.5 where D is the maximum diameter,
while i is the length of the frame.

iii. Since I = XD_ where _ is the elongation of the frame, we
find from (ii0)
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112. The surface of one frame will be

So_DI O,75=O,75=).DL

113 . The area of the maximum cross section will be

S=0,25 ,_D'.

114. The same longitudinal area along the long axis of the frame

will be

S, - 0,751/9'.

115. Let us assume that the elongation of the frame is equal to

5. Then, for a projectile velocity less than i km/sec, we obtain the

following table:

D 1.0 1.2 1.4 1.6 1.8 2.0

5 6 7 8 9 i0

O. 785 1.131 1.529 2.011 2.545 3. 142

S 3-75 5.40 7- 35 9.60 12.15 15. O0
i

S ii. 78 16.97 22.94 30 .17 38 .18 47.13
0

V 1.96 3- 39 5.38 8.03 ii.4 15.7

3 s 2.355 3. 394 4-587 6.033 7-635 9. 426

3 SI ii. 25

3 S 35.34
0

2 V 3.92

16.20 22.05 28.80 36.45 45.00

50.91 68.82 90.51 114.54 141.39

6.78 10.76 16.06 22.8 31.4

2
_ v 1.3o
3

2.26 3.59 5.35 7.60 10.47

/30___(

(Continued)
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D 1.O 1.2 1.4 1.6 1.8 2.O

For velocities of the projectile less than 2 km/sec, when _ = I0

1 lO 12 14 16 18 2O

S 7.50 10.8 14.7 19.2 24.3 30 0i

SO 23.6 34.0 45.9 60.3 76.4 94.3

V 3-92 6.75 i0.76 16.06 22.8 31.4

3 S
i

3 S0
2 V

2 V

22.5 32.4 44.1 57.6 72.9 90.0

70.8 102.0 137.7 180.9 229.2 282.9

7.84 13.56 21.52 32.12 45.6 62.8

2.61 4.52 7.17 i0.71 15.2 20.9

Weshall limit ourselves to these tables, since they are easy to
prepare for high velocities and large elongations.

Limiting Supply of Fuel, Engine

116. Weuse the volume of the two side frames to store the fuel and
the equipment, and to house the people. If we assumethat the volumes of
the first, second, and third cases are the same, we can see from the above
table that this third of the volume is 1. 3 to 20.9 m3. If we assumethat
the fuel density is 0.5, we find that we can store from 0.65 to 10.45 tons
of it. The weight of the equipment and of the instruments would be ap-
proximately the same, and we could have from i to 20 people.

Compartmentfor the Engine

117. The engine is placed in the central part of the propeller
case, close to the longitudinal axis of the case which is always open
and air-cooled.



366

Engine

118. At the present time explosive engines are most suitable for
our purpose because they are the lightest. However, there are manytypes.
We select one having the following characteristics:

(i) with air-cooling in order to achieve economyin weight;

(2) with the smallest possible operating cylinders to produce the
best cooling and maximumenergy;

(3) a star arrangement of cylinders to produce the best cooling
and economyof massfor the cranks;

(4) with 4-cycle operation_ for simplicity;

(5) without rotation with a movableaxis;

(6) with a compressor so that we can fly into rarefied layers of
the atmosphereand increase the energy and power of the engines as we
gain altitude;

(7) without mufflers, but rather with the freest exit of gases
from the cylinders, so that we can more conveniently use the reaction of
the exhaust.
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Fuel

119. For our fuel we select the lightest gasoline or liquid hydrogen

because it mixes readily with air. We also sekect the highest rpm for

the axis of the engine. In addition, we increase the energy and mass

of the ejected products of combustion (the reactive action of the exhaust).

Perhaps initially it will be necessary to use a mixture of gasoline and

hydrogen.

120. The energy contained in i ton of ii'_Dline is equal to

4,922,000 ton-meters. The energy of a metric _p per hour (i00 kgm/sec)

will be 360 ton-meters. The minimum specifi: :_uanZity of gas, line per

metric hp per will be

360:4,922,000 = 0.00,3.:0732 tons : 0.07}2 kg.

In practice we shall require 0.25 kg :oer hour for i metric hp. The

utilization efficiency of the heat will be £.0732:0.23 : 0.2!)3, i.e.,

approximately 29 percent. However, our yrojectiLe also uses the ey_haust

gases since, when these are expanded <_nd cooled, they produce high

velocity and large reactive pressure. Part of their energy is trans-

formed into the motion of the projectile.
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121. Liquid hydrogen gives almost three times more energy than
gasoline and mixes very quickly with air, and therefore produces a high
rpm of the axis and great energy.

Utilizing the Oxygenof the Air

122. To simplify the problem, we use the oxygen of the atmosphere.
Pure stored oxygen tends to overload our airplane, particularly in rela-
tion to the mass of hydrogen. The required supply of oxygen is eight
times greater than that of hydrogen.

123. For 1,000 metric hp we require 0.75 m3of air per sec (when
the density is equal to 0.0013).

MaximumPower

124. What is the hp rating of an engine which we can place into
the propeller tube or into the middle frame of the projectile? The
volume of the middle frame varies from 2-16 m3. However, the engine can
only occupy the central part of the tube close to its axis. The volume

of this part is not more than 0.25 of the entire volume or 0.5-4 m3.
This will be enough to accommodatean engine of i_000-8,000 metric hp.

Of course_ if we use condensedair_ the power produced by the same
volume of the engine may increase by a factor of several times.

Excess Pressure and the Thickness of the Shell I

129. Excess pressure is necessary to provide rigidity of the shell.
At high altitudes it is unavoidable, since atmospheric pressure approaches
zero; the air or oxygen is necessary for respiration and therefore must
not escape from the shell.

At sea level we mayassumethat excess pressure is equal to 1/2 atm.
The air inside the frame will be 1.5 times denser than outside. During
rapid ascent to a high altitude this density must be retained, so that
the excess pressure must reach a value of 1.5 arm. It maybe decreased
only very gradua£1y. If we replace the air with pure oxygen, the excess
pressure in the vacuummayapproach a value equal to half of the atmos-
pheric pressure. However, the entire flight mayend so quickly that it

iThis Section is identical to Sections 14-16 of Tsiolkovskiy's article
"Rocketplane." Therefore we shall retain those statements not contained
in the indicated article. Editor's Remark.
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is not worth bothering about decreasing the pressure. Also, whenwe
descend, we must again build up the air pressure so that the frame is
not crumbled by atmospheric pressure. In other words, during the initial
short flights the internal pressure should remain constant. The excess
pressure will increase during ascent, and the design of the shell's
thickness must be based on the higher pressure at this time.

Whenthe thickness of the shell is sufficiently great and its waves
are longitudinal, it is sufficient for the internal pressure to be equal
to I atm. Thus, at the sea level the excess pressure will be zero and
as the altitude is gained, it will increase and strain the shell, giving
it rigidity.

130. Under these conditions whenD = 2 m and the factor of safety
is equal to 5, our calculations showus tnat the thickness of the shell
madeof chromiumsteel must be i mm. If it has a corrugated form and is
not subjected to excess pressure, it will retain its form quite well.
Of course, only part of the shell maybe covered with corrugations.
Approximately 1/3 of it must remain smooth. This is the part that will
have doors and windows.

131. i m2 of this shell will weigh approximately 8 kg.

The average thickness of the case holding the propeller will also
be i mm.

132. For small dimensions we shall decrease the thickness pro-
portionately, while the factor of safety will remain the same.
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General Table

133. We can now tabulate the weights of the various parts of the

flying projectile when its dimensions vary, its total weight, power_

fuel supply, number of people in the cabin, etc.

i. D, diameter of maximum cross section of each frame

1.0 1.2 1.4 1.6 1.8 2.o

2. D 2 = 1.000 1.44 1.96 2.56 3-24 4.00

3. D3 = 1.000 1.728 2.744 4.096 5.832 8.000

4. Thickness of shell in mm

o.5 o.6 o.7 o.8 o.9 1.o



369

5. Weight of i m2 when specific weight is 8 kg

.

4.0 4.8 5.6 6.4 7.2 8.0

Weight of 3 frames

O. 142 O. 246 O. 389 O. 582 0. 828 i. 136

7. Weight of wings, rudders, braces, etc. (0.5 of the frames'

weight)

0.071 0.123 0.195 0.291 0.414 0.568

8. Weight of 3 frames with wings, etc.

0.213 0.368 0.584 0.873 1.242 1.704

9. Volume occupied by engine in propeller tube

0.245 0.424 0.671 1.004 1.428 1.960

i0. Power of engine

245 424 671 1,004 1,428 1,960

ii. Weight of engine in tons

0.245 0.424 0.671 1.004 1.428 1.960

12. Number of people in projectile

i 2 3 4 6 8

13 . Weight of people with baggage and equipment

0.346 0.548 0.820 1.166 1.6000.200

Weight of fuel

0.650

14.

1.124 1.781 2.665 3.790 5.200

15. Total weight of projectile

1.308 2.263 3.584 5.363

16. Horizontal projection of projectile

11.25 16.20 22.05 28.80 36.45 45.00

7.626 10.464

/310
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17. Same, with wings

25 36 49 64 81 I00

18. Load per m 2 of projection in kg

52 63 73 84 95 105

°

19. Number of metric hp for i m2 of projection

9.8 11.8 13. 7 15.7 17.6 19.6

(Here we do not consider reaction of exhaust gases)

2 Weight of gasoline for i hour operation; for i metric hp we

obtain 0.25 kg

0.0613 0.108 0.168 0.251 0.357 0.490

21. This will be enough for 10.6 hours of accelerated flight

22. Approximate volume occupied in two frames by air or oxygen

2.6 4.52 7.18 10.70 15.20 20.94

23. Amount of air allocated to each person

2.6 2.26 2.39 3.57 2.53 2.62

134. We do not assume any conditions which cannot be realized today.

The horsepower of the motor is not excessive: from 245-1,960 metric hp.

To permit free travel in the frame it is sufficient to have dimension

of 1.8 m and therefore 1,000-1,400 metric hp. We do not take into account

the reactive work done by the exhaust gases; this is usually neglected,

although at high velocities it may even exceed the work done by the

engine.

135. The acceleration as a function of the ejection velocity v

produced by the propeller and the rarefaction of the atmosphere p is

expressed by the equation (98). From equation (71) or from the approxi-

mate equation j = Lg/Gc we find the acceleration as the function of the

work performed by the motor L.

The latter equation is applicable when the projectile has traveled

over the solid or liquid runway and has achieved a velocity of approxi-

mately i00 m/sec.
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136. The acceleration and the reaction of exhaust gases is given
by equation (91) or by the identical equation (98).

137. As we see, both accelerations are applicable. The total
acceleration will be

l/ :-,)_Oc "M c H -_ .

138. From the General Table for D = 1.8 we find L = 142.8 ton-

meters and G = 7.6 3 tons. Also we know from "Reactive Airplane" that

m = 0.0015 and w : 2,000 m/sec.

Let us further assume that c = i00 m/sec. Now, by means of (137)
we compute j = 2.248.

P

139. For c, which is less than 1,000 m/sec and greater than i00

m/sec, we may use the following equation instead of (137)
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|L__ m

#,

140. From this equation we see that the first term, which depends

on the propeller, decreases very rapidly as c increases, while the

second term_ which depends on the reaction_ remains constant. On the

basis of (139) we prepare the following table

c = i00 200 300 400 500

jp = 2.248 1.310 0.998 0.842 0.748

141. Beyond this point the acceleration will decrease even more,

so that it will be insufficient for operation in the medium with gravity

even at small velocities during inclined motion. According to Table

140, we use only 1/7 of the weight of the equipped airplane for the

engine. We could make the engine heavier, but there is another solu-

tion. By compressing the air which is fed to the operating cylinders

and by increasing the rpm_ we may increase t_e {_>wer of the engine and

the mass of the ejected gases. For example_ let us increase the mass

of the burning gasoline (or hydrogen) by a factor of 6 and the power

of the engine by a factor of 2. Then the first term will increase by

a factor of 2, and the second term will increase by the factor of 6.
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In this case instead of Table 140 we obtain

c = i00 200 300 400 500 600 700

j = 5.99 4.11 3.49 3.17 2.99 2.36 2.77
P

142. At high velocities the first term of equation (139) becomes
very small, and only reactive action remains. At high velocities it is
expressed by equation (95)

Let us assume, for example, that m = 0.009; M = 7.63; w = 2,000; c =
8,000. Then j = 0.305. This meansthat the acceleration due to reaction
at cosmic velocities is very small. However, it maybe sufficient,
because at high velocities the centrifugal force decreases the weight
of the projectile, eliminates or even exceeds it.
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143 . As the fuel is consumed, the mass of the projectile decreases

causing an increase in acceleration j. Finally, as the velocity c of

the projectile increases, we may compress the air which enters the

operating cylinder more and more, and thus increase the velocity of the

projectile. Of course, there are practical limits to this.

Part of this article, specifically Sections 1-39 ,

was published as a separate brochure at Kaluga in

1932 . This part was also contained in "Selected

Works," Part II, 1934. The remaining part of the

article is published from the manuscript dated

19 31 •
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 65-36a.89

REACTIVE MOTION

(1932)

Reactive motion is the one which is produced by the recoil of
firearms.

It would seem strange that this clumsy force, which pushes back the

cannon when it is fired, would be considered as a form of propulsion in

the rarefied layers of the atmosphere (in the stratosphere) as well as

for very high-speed travel between the planets and the stars.

I have shown that an explosive may be used to impart any velocity
to a device in which it is exploded.

When the weight of an equipped rocket increases in geometric pro-

gression, the velocity of the rocket also increases without a limit, but
in the arithmetic progression.

The true terminal velocity of the projectile depends on the veloc-

ity of the gases ejected from the nozzle and on the quantity of fuel
supply (for example, gun powder).

Experiments conducted by Goddard and others show that the velocity

of the gases ejected from the nozzle may reach a value of 3 or more

km/sec. Theory shows that in the vacuum, when we have a sufficiently

long conic tube and use the most powerful explosives_ this velocity may
reach a value of 5-6 km/sec.

The velocity of a rocket having a value of 8 km/sec is sufficient

to escape permanently from the atmosphere of Earth and to orbit around

Earth as a satellite. A velocity of 12 km/sec is sufficient to become

a small planet along Earth's orbit. Finally, a velocity of 16 km/sec

may be enough to overcome the attractive force of all the planets and

the sun. Then the projectile will move away permanently from our solar

system and will fly in the Milky Way (in the Galaxy) among other stars

and planets. This will take place when the supply of explosives ex-

ceeds the weight of the rocket by only a factor of 15.
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The question is whether such supplies of fuel are feasible. Even
in the record-breaking airplanes the massof fuel does not exceed the
weight of the device.

The following conditions must be satisfied, if the weight of fuel
and oxygen is 15 times greater than the weight of the rocket:

I. The elements of explosion (petroleum and oxygen) must not pro-
duce pressure on the vessels which contain them.

2. They must be dense, so that they do not occupy too muchspace.
In this respect liquid hydrogen is not suitable, because it is 14 times
lighter than water.

3. The acceleration of the projectile must not be more than i0

m/sec2, otherwise the relative gravity produced by the explosion will
makeit necessary for all parts of the projectile to be strong and
massive. For this reason it is desirable to have the projectile move
along an inclined path.

Conditions for safety_ light weight, and proper operation of the
rocket consist of the following:

i. The elements of explosion must be separate and combinedgradu-
ally to produce the reactive pressure.

2. Wemust use a conic tube such that batches of explosives mix
and explode in its narrow section.

3. Wemust use piston pumpsto pumpthe explosives.

4. Wemust use periodic pumping. This consists of a series of
idle firings, which take place 50-100 per sec. After each firing the
nozzle is freed of the gases, so that a very small force is required to
force a new charge into it. If we needed continuous explosion
(combustion), the pumpsand the prime mover for the pumpswould have to
be very powerful.

Flight in the rarefied atmosphere (stratosphere) and then in the
vacuumrequires the following meansfor preserving the life of the pilot
and the passengers:

i. A hermetically sealed frame similar to the one used by Piccard
(he ascendedto an altitude of 16 km, where the air was 6 times thinner
than at sea level).

/314
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2. The compartment must be supplied with oxygen. The daily supply

of oxygen per man does not exceed i kg.

3. Alkalies and other substances for absorbing the products exhaled
and secreted by man.

4. Food supply. For prolonged stay outside the atmosphere we can

use specially selected plants which provide oxygen and food. To do this

we must have transparent windows and solar light. Solar light is suffi-

cient, since there are no clouds or fog or air beyond the atmosphere.

5. We must control the internal temperature of the rocket by

varying the amount of solar light absorbed by the surface of the

projectile. In addition to the strong, impermeable shell of the device,
a second shell must be placed on it which has the form of fish scales

and can be adjusted to produce a shiny or black surface on the exterior
of the projectile.

6. Protective cooling of the surface of the frame against heat

during flight through the atmosphere. For this purpose we also use a
shiny movable scale.

Cosmic velocities (8-16 km/sec) are impossible in the lower layers

of the atmosphere_ because they are immediately lost due to the tremen-
dous resistance of the atmosphere.

However, the reactive device achieves cosmic velocity gradually.

It is very advantageous to have an inclined; ascending accelerated

flight. In this case flat wings are useful. In the lower layers of the
atmosphere the velocity is small; while in the rarefied medium it

achieves a value of 1-2 km/sec. However_ at these altitudes the high

velocity does not encounter great resistance_ because the air is ex-

tremely thin. Furthermore_ this velocity does not produce great heating

of the projectile's surface_ because the air is very thin and cold. To

protect the rocket from excessive heating_ apparently it is sufficient

to have one heat-insulating layer_ for example_ powder or cork. The

second shell is particularly suitable due to its lightness.

We give a schematic drawing of this device in its simplest form_
indicating various components (Fig. i).

i. Plane wings. With small span they will not be heavy_ and even

though their length along the projectile may be considerable; they will

not be very thick. At low velocities they will not operate too well_

but they will become more effective as the velocity increases. Their
form must be almost flat.

/315
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Plane wings t

I
Plane wings

Figure I

2. A part of the movable, shiny scale. When the scale assumes a

position normal to the surface of the rocket_ it exposes a black sur-

face of the projectile_ and the temperature will %e lower. If, on the

other hand_ it is parallel to the frame, the heat loss will be less and

the temperature will be higher. To obtain a high temperature, the parts

of windows facing the solar light must not be covered by the scale.

During flight through the atmosphere the scale must be closed, and it

is then impossible to control the temperature (Fig. 2).

3. A compartment for people.

4. A hermetically sealed rocket frame which can withstand the

pressure of at least i atm.

5. Therefore_ it is convenient to have a movable scale (like a

fan).

6. A place for a small engine.

7. Pumps for pumping oxygen and oil.

8. A place to mix the elements of explosion (carburetor).

9. A conic tube. The expanded and cold gases are ejected from the

opening with a relative velocity of 3-6 km/sec. This velocity is con-

stant for each device.

/31(
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9.

Figure 2. Drawing from the manuscript of

K. E. Tsiolkovskiy's "Album for Cosmic

Travels"

I0. There are two vertical and two horizontal rudders. These are

rudders for controlling direction and stability. The rudders operate

in vacuum due to the stream of ejected products of combustion.

ii. Liquid oxygen.

12. Petroleum.
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The construction of such a purely reactive device is extremely
simple: an impermeable, extremely elongated surface with a cover which
produces thermal insulation and regulates the temperature; a conic tube
with a carburetor where liquid oxygen and petroleum are mixed; the tube
is cooled by petroleum, while the heated petroleum is cooled by oxygen;
special tanks are eliminated (we have only partitions); two tiny pumps,
and a very weak engine (Fig. 3).

The virtue of this device is its extreme simplicity and lightness.
Its disadvantage is that it must carry oxygen with it.

Initially, the flight of the device maybe limited to the lower
layers of the atmosphere (stratosphere), then it can fly beyond the
atmosphere_and finally it can undertake cosmic flights.

Return to Earth, as shownby meand Homann,maybe carried out
without expending any explosives: first we shall have spiral motion in
the thin layers of the atmosphere, then, in the denser regions, a grad-
ual decrease in cosmic velocity_ and finally we shall glide downto de-
scend to the ground or water like the conventional airplane (Fig. 4).
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3- Earth rocket containing cosmic rockets.
Velocity of earth rocket 20 times greater than that

of the Earth's gravitation, i.e., 200 m can be

tolerated by man only in water.

_gen or oxygeno_'__

Figure 3. Drawing showing the earth's (auxiliary)

rocket with a cosmic rocket contained within it.

(From the "Album of Cosmic Travels.") The drawings

and inscriptions were made by K. E. Tsiolkovskiy
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48. Food and oxygen supplies spent. Plan of return to

Earth. Rocket turned nose last, and retroblast

begun.

_Space-- -- • _-

_--_ _ _ Space

_--_ It is now flying in that direction, but

with tail first, where gases are exploding

49. Landing on Earth. Meeting.

Figure 4. Sketch from the manuscript of

K. E. Tsiolkovskiy's "Album of Cosmic Travels"

These purely reactive devices are extremely promising. Why is it

that the results obtained in Europe and in America have given us so

little? The most successful flight of a rocket, built by Ridel (1931)

near Berlin, achieved an altitude of only 1. 5 km. The other practical
results are even worse.

The Goddard and Swan rockets with wings also produced insignificant

results. For example, the reactive glider of Swan which weighed 80 kg

ascended to an altitude of only 60 m.
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These poor results are due partially to inadequate funds and par-

tially to errors made by the investigators. I have already pointed out

these errors in my book "To the Astronauts."

However, from the standpoint of achieving very high velocities,

high-altitude airplanes or stratoplanes are of interest in addition to

the rocket. These are conventional airplanes which are equipped with:

i. Unusually light and powerful engines;

2. a compressor of air;

3. a propeller with sharply inclined blades;

4. multiple coolers and radiators.

The flight of such a stratoplane is possible only in the atmosphere.

Their construction is very complicated, and their mass is necessarily

high.

According to my calculations ("Airplane," 1895), which have been

confirmed by the most recent investigations (for example, by Corvin-

Krukovskiy, see the book by Rynin "Super Aviation and Super Artillery,"

1929, Pp. 51-53), it follows that the velocity of the stratoplanes, when

other conditions are equal, is proportional to the square root of the

rarefaction of the medium, and the power must increase proportionately

to the velocity of flight.

Therefore, to double the velocity_ it is necessary to increase the

power of the engine by a factor of 2, which produces an increase in

weight, or to make the engine twice as light for the same power. The

latter is the only solution. Perhaps in time engines will be designed

weighing 200 g per hp. Then the forward horizontal velocity will be in-

creased by a factor of 5. If, for example, for engines of conventional

weight it reaches a value of 200 m/sec (720 km/hour), for lighter ones

it will then be 1,000 m/sec (3,600 km/hour).

With airplanes of this type it will be possible to fly over the

Atlantic Ocean in 2-3 _ours. This will have to be done at a high alti-

tude where the air is 25 times thinner than at sea level.

It is reported in journals that the well-known builder Farman is

quite occupied with high-altitude airplanes. He hopes that at an alti-

tude of 6 km the velocity of the stratoplane will double, while at an

altitude of 12 km it will increase by a factor of 4. At an altitude of

6 km the atmosphere is rarefied by a factor of 2, while at an altitude

of 12 km it is rarefied by a factor of 4. Consequently, in the latter

case the velocity may only double compared with the record velocity,
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and it can do this only if the specific weight of the motor is reduced

by a factor of 2, or its power is increased by a factor of 2. However_

doubling of the velocity is difficult to expect, due to the complexity

of the airplane and the associated increase in its weight.

It has been reported that in England, in 1932, a flight across the

Atlantic Ocean is expected, at an altitude of 16 km with a velocity of

1,250 km/hour (347 m/see). At an altitude of 16 km the air is rarefied

by a factor of 6. This means that the velocity may be increased by a

factor of 2.5. However, in this case, too_ if the weight of the engine

is to remain the same, it must deliver 2.5 times more power. If the

record velocity for long distance flight is I00 m/see (360 km/hour), it

will be possible to achieve a velocity of 250 m/see and not 347 m/see.

Consequently, this, too, is still a dream. We do not take into account
here the increase in the weight of the airplane due to various complica-

tions associated with the rarefied atmosphere. However, there is no

doubt that all these things are possible.

In my work "Semireactive Stratoplane" I propose semireactive

stratoplanes. They are also quite complicated, but will achieve the

required success much faster than airplanes, although they will never

reach cosmic velocities.

Astronautics is only a goal, and a rather remote one. It is very

attractive if we remember the possibility of using solar energy, which

is 2,000 million times greater than that received by our planet.

Before achieving this goal we must go through a series of stages.

The first stage is to perfect the conventional airplane and to double or

triple its velocity at an altitude of 12-18 km, where the air is 4-9

times thinner. Then we shall obtain a velocity of 200-300 m/see.

Flight across the Atlantic Ocean will be reduced to 8-10 hours (see my

"New Airplane," 1929). After this, a semireactive stratoplane will

appear. Its velocity may be much higher, for example, up to i_000

m/see. It will fly at an altitude of 23-24 km_ where the atmosphere is

i00 times thinner than at the surface of the ocean. Flight from America

to Europe will last from 2-3 hours.

However, there will be no economic advantage. Theory shows that

for one unit of traveled path the fuel consumption is the same. Further-

more, such devices are very complicated and expensive. Therefore, the

fare will be extremely high. However_ the time of travel would be re-

duced when an altitude of 24 km is reached.

However, this will not be a complete conquest of the stratosphere.

A purely reactive device, due to its extreme simplicity and its supply

of oxygen, permits even higher penetration. It is difficult to predict

what maximum velocity will be attained in practice. However, when the
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velocity is greater than i km/sec, centrifugal force will begin to show
its influence and will lighten the rocket. If the velocity reaches 8
km/sec, the projectile will lose all of its weight and will be carried
awaybeyond the limits of the atmosphere. This is whenEarth's atmos-
phere will be conquered and Earth's gravity overcome. Then the rocket
during its spiral ascent will fly through the vacuumlike a small moon
close to Earth.

However, it is doubtful that we can expect the achievement of the
first cosmic velocity without someauxiliary means.

The auxiliary meansconsist of the following:

i. Preliminary acceleration of the rocket along a specially
designed, solid, ascending path (Fig. 5) where the rocket does not ex-
pend its fuel, but uses the energy obtained from special installations
situated along the sides of the runway (for example, like a streetcar).

2. A multi-rocket train flying into the atmosphere_where only one
of the componentrockets achieves a maximumvelocity and flies beyond the
atmosphere, while the other rockets return to Earth (see my article
"Cosmic Rocket Trains," 1929).

3. Transmission of energy to a flying rocket from Earth by means
of real or virtual wires (for example, the flux of radiant energy).

5- Earth rocket path in mountains, but cosmic rocket in
mountains and beyond. Path actually twice as steep.

6. Form of the final rocket without fins.

Figure _. Sketch from the manuscript of
K..E. Tsiolkovskiy's "Album of CosmicTravels"
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Swing and rotation of the rocket with rotation

of the disk. Direction obtained.

13. Construction of the rocket with its im-

movability and rapid rotation of two

pairs of disks

I

(Test on water or a pendant.)

Figure 6. Sketch from the manuscript of K. E.

Tsiolkovskiy's "Album of Cosmic Travels"

Having achieved the maximum possible velocity, the rocket continues

to increase it by means of its own energy, i.e., by the explosion of its
fuel supply.

The benefits to be gained by mankind in overcoming gravity and

conquering the solar system are described in my book "The Goals of
Astronautics," 1929.
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The commandof solar energy which now escapes into space does not
constitute the conquest of the moonand of the planets. Even descent
to the moonfor manyreasons presents a complex and difficult problem.
As far as the large planets are concerned, we cannot even think about
this at the present time.

The asteroids are quite accessible, as are heavenly bodies of even
smaller dimensions. They will be the first to be reached by astronauts.

Inscription on the memorial on the grave of K. E. Tsiolkovskiy
at Kaluga. (A facsimile of the letter written by K. E.
Tsiolkovskiy to B. N. Vorob'yev, 1911.) (Mankind will not
always remain on Earth, but in the pursuit of the sun and space,
will first timidly reach the limits of the atmosphere, and then
will conquer for himself all the space near the sun.)
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When will all this take place?

Not a single wise man can predict the time. Even if we take into

account the madly rapid progress in science and technology of our day,

apparently we shall have to wait a decade, if not a century.

The rapid growth of progress is an unknown quantity. It is pos-

sible that the time will be much shorter, although we feel otherwise.

Published in the journal "V boy za tekhnikum,"

No. 15-16, August 1932 , under the title "The

Theory of Reactive Motion." We have retained

the title of the manuscript. - Editor's Note.
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(1932-1933)

In essence there is no sharp boundary between the processes of ex-
plosion and simple combustion. Both represent a more or less rapid
chemical reaction. Combustion is slow reaction, while explosion is

rapid combustion.

We may regard smoldering, rusting, and slow oxidation or, in gen-

eral, any slow chemical reaction in the same way. In other words, the

difference between all these phenomena is purely quantitative.

We note that the energy of explosives per unit mass is much less

than the energy released by one mass of fuel. In the economic sense,

combustible materials are more advantageous than explosive materials,

because the latter are much more expensive, and it is much more diffi-

cult to use them.

At the present time no one knows how to do this economically. All

of the experiments with rocket automobiles, hydroplanes, sleds, and

gliders are of significance only as study and preparation for the strat-

oplane and the astroplane.

What then are the advantages of explosives? The advantages are

great, but they do not include economy.

Indeed, explosives release a tremendous amount of energy in a very

short period of time because the chemical combination of the mixed ele-

ments of combustion takes place instantaneously.

Let us assume that i kg of carbon is burned every second, while the

explosive material burns at a rate of several tons per second. If, as

usually happens, volatile products are obtained, they may achieve a

velocity of several km per sec. Their energy of motion may be used by

a turbine, but a practical solution of this question is not sufficiently

advanced. We believe, however, that the future of rocket engines will

be quite remarkable.
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We base our conclusions on the fact that the volatile products of

explosion expand in the artificial or natural vacuum (outside the

atmosphere) and convert all of their energy into motion. Therefore,

the efficiency of converting heat into motion may be higher than

anywhere else. In addition, we have very rapid combustion and a sub-

stantial quantity of energy liberated every second.

The energy of explosives is used today for firearms and to destroy

solid masses (for example, granite rocks). In a small fraction of a

second they impart high velocity to the cannon shell and develop several

million hp (on the average). In the same small fraction of a second

they produce a tremendous amount of work in shattering stone masses.

The rocket devices of direct action (rockets) may also impart

tremendous power to projectiles and vehicles, when their velocity is

several km per sec. However, this velocity is impossible in the lower

layers of the atmosphere because of air resistance. It is only in the

rarefied regions of the atmosphere that this velocity and high efficiency

is possible.

In conjunction with this, I should like to repudiate the widely

held misconception that cosmic velocity is possible in the upper rare-

fied layers of the atmosphere, if we use the common energy of engines.

Back in 1895, in my published works, I found that the power consumed

by an engine with constant weight in the optimum rarefied layer is

proportional to the velocity of the airplane. For example,

Density of atmosphere. 1 1/9 1/16 1/2 

Velocity .......... i 2 3 4 5

Required power ....... i 2 3 4 5

Here the velocity of horizontal flight when we fly over the surface

of Earth is assumed to be unity; the power of the engine in this case

is also assumed to be unity. If the atmospheric density remains con-

stant, this power is proportional to the cube of the velocity, i.e.,

this power increases as the ratio of the numbers i, 8, 27, 64, etc.

This was confirmed 35 years later by the American scientist Corvin-

Krukovskiy.

The difficulties of flying into the stratosphere are great, but

they can be overcome by making use of precisely the monstrous power of

combustible substances.

/ 32_
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Engines and Explosion

Actually, in any fuel we have continuous combustion-explosion,
particularly whenwe use atomizers. However, in conventional steam
engines or turbines this explosion is not used directly. Only the heat
obtained in this manner is used. Whenwe have a cheap fuel such as
peat or coal, with undesirable impurities, and whenwe are not concerned
about the weight of the machine, this becomesquite economical. How-
ever, in the locomotive the fuel is muchpurer, more expensive, and
less economical. There are someefforts to employ explosion engines
(benzol and Diesel engines) or electric engines.

Internal combustion engines are another case. Here the force of
explosion is used, and these engines should therefore be called explo-
sion engines. Their advantage is that they produce such a tremendous
amount of energy and use the fuel so efficiently, that its supply can
be quite small. Their disadvantage is that the fuel must be purer
and is, consequently, more expensive. In both cases the free oxygen
of the atmosphere is used.

Reactive automobiles, hydroplanes, sleds, airplanes, stratoplanes,
and astroplanes use stored oxygen with another element required for
combustion. The purpose is to obtain a tremendous amountof energy in
a very short period of time. Here wehave two approaches.

i. The oxygen element or its substitute maybe mixed with the
fuel beforehand (for example, with gunpowder). Until now only ready-
madeexplosives have been used for flight propulsion of people.

The advantage of this approach is as follows. There is an
arbitrarily rapid release of energy and simplicity in the construction
of the engine. There are manymore disadvantages; specifically, there
is danger of the entire supply exploding (the catastrophy of Tilling
and others), and overloading of the device by the weight of the oxygen
compoundor of the liquid oxygen. Another disadvantage is overloading
due to the weight of the tubes which are filled with explosives and
which sustain a tremendouspressure produced by the escaping, com-
pressed products of combustion (the tube must therefore be strong and
heavy) at low velocities in the lower layers of the atmosphere. Others
are low efficiency of utilized chemical energy and the high cost of
explosives.

2. In the second approach the oxygen compoundis separated from
the combustible material. The two componentsare mixed gradually, as
in the aircraft engine, except that the oxygen is taken directly from
the atmosphere. There is no danger of a total explosion. The over-
loading produced by the heavy tubes is the same, but the other disad-
vantages are absent.
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Why will it be necessary for us to store oxygen? At very high alti-

tudes, in the extremely rarefied atmosphere or, in general, beyond the

atmosphere in the vacuum, we require a supply of oxygen compounds because

it is practically impossible to extract oxygen from the atmosphere and

in the vacuum oxygen does not exist.

There we can achieve large velocities and high efficiency for the

utilization of chemical energy. The disadvantages which remain are as

follows: we have overloading due to the weight of the oxygen, and oxygen

or its compounds are very expensive. However, the elements of explosion

may consist of cheap petroleum (combustible material) and liquid oxygen

or its compounds, for example, liquid nitrogen anhydride. This is not

so expensive." The separation of the elements of explosion is already

achieved in practice in cases of small flying devices (without people).

Matters are apparently progressing. However, these devices have their

shortcomings which have been pointed out by me in the journal "Samolet"

(1932). It is for these reasons that the results are extremely poor.

Selecting the Elements of Explosion

Here we presuppose the attainment of very high rarefied layers of

the atmosphere, where it is very difficult to extract oxygen.

The elements of explosion for the rocket engine must have the

following properties:

i. They must liberate a maximum amount of work per unit of their

mass when they burn.

2. During their combination they must produce gases or volatile

liquids which turn into vapor by heating.

3. They must generate as low a temperature-as possible during the

eombustion_ so that they do not burn or fuse the combustion chamber.

4. They must occupy a small volume, i.e., have as large a density

as possible.

5. They must be liquid and easily mixed. The use of powders is

very complicated.

6. They may be gaseous, but must have high critical temperature

and low critical pressure, so that they can be used in liquefied form.

The liquefaction of gases is undesirable in general, due to the low

temperature and because they absorb heat when they are heated. Their
use is also associated with losses by evaporation and danger of explo-

sion. The expensive, chemically unstable products difficult to obtain

are also unsuitab]_
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We shall present some examples. Hydrogen and nitrogen, for ex-

ample, satisfy all the conditions except those indicated in Sections

4 and 6. Indeed, liquid hydrogen is 14 times lighter than water (its

density is 0.07), and therefore it is inconvenient because it occupies

a large volume. Also, the critical temperature of hydrogen is equal

to -234o , while that of oxygen _s equal to -119 ° . Carbon by itself is

not suitable because of its solid state. Silicon, aluminum, calcium, and

other substances are not suitable, not only because they are solids, but

because they produce nonvolatile products when they react with oxygen.

Ozone is not suitable because it is expensive and chemically unstable.

Its boiling temperature is -106 ° C. Most of the simple and complex

bodies are not suitable because they release very little energy per

unit mass of their products.

What are the suitable substances? They are those which satisfy

the following conditions.

i. Simple or complex substances which do not become liquid under

ordinary temperature or under a temperature which is not toe low, and

whose density is not too far from the density of water. Thus, we can

accept the liquefied gases, but only those which have low critical

temperatures.

2. Substances which liberate the maximum amount of work per unit

of the resulting products. These are certain weakly exogenous com-

pounds and, particularly, endogenous compounds (the latter do not

absorb heat during decomposition, but rather liberate heat and there-

fore are particularly useful).

3. Inexpensive and chemically stable substances.

4. Substances which produce volatile products during combustion"

gases or vapors.

The most energetic components of an explosion which yield volatile

products are hydrogen and oxygen.

When water vapor is formed, 3,233 cal are liberated for each kg.

The burning of light metals such as lithium, aluminum, and magnesium

is also the same, as well as silicon and boron which give from 3,400-

5,100 cal, i.e., substantially more. However, these materials are

unsuitable because the products are not volatile.

However, hydrogen and oxygen stored individually are not convenient

at the present time. It is best to replace them with their weak com-

pounds with other elements.

/328
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Thus, in place of hydrogen, we have hydrogen compounds and in

place of oxygen, we have oxygen compounds. The most convenient com-

pounds for burning in oxygen are hydrocarbons. Both hydrogen and carbon,

when they unite with oxygen, produce volatile products. Hydrogen, when

combined with oxygen, produces more energy per unit mass of the products

than carbon. Specifically, hydrogen produces from 3,233 (vapor) to 3,833

cal (water), while carbon produces 2,136 cal. (All subsequent numbers

are expressed in terms of small cal per g or per mol of substance.)

Therefore, hydrocarbons liberate more energy during combustion when the

percentage of hydrogen is higher.

Such are the limiting hydrocarbons. Of these the simplest is

methane, CH4, or marsh gas. It contains the maximum percent of hydrogen

(25 percent). However, we must bear in mind that most of these compounds

are exogenous, i.e., when they are formed, heat is liberated. When

these compounds burn in oxygen they must first be broken down into H2

and 02, which causes the inverse absorption of heat. In addition,

liquefied methane has a very low boiling temperature (-82 ° C) and there-

fore is inconvenient.

However, let us compute its energy of explosion. One part of C

requires 2 parts of 02 • In this case every gram molecule (mol) lib-

erates 94,000 cal. Four parts of H require 2 parts of O. In this

case for 36 g, 116,000 cal is liberated. For 80 g, a total of 210,000

cal is liberated. However, the initial breakdown of CH 4 requires

15,500 cal for 16 g (mol). This leaves 191,500 cal for 80 g. For I g

of the products we obtain 2,39k cal.

Among the hydrocarbons there is one which contains a smaller

percent of hydrogen (12.2 percent), but which is formed with absorption

of heat (endogenous compound). This compound is ethylene (C2H4).

We find it to be more suitable. Indeed, 2 parts of C require 4 parts

of 0. For 89 g, the liberated heat is 188,000 cal, and 4 parts of H re-

quire 2 parts of 0. For 36 g, 116,000 cal is liberated (vapor). This

means that for 124 g we get 304,000 cal. However, when C2H 4 breaks down,

the heat absorbed earlier, amounting to 15,400 cal per 28 g (mol), is

liberated. We obtain, therefore, a total of 3_9,400 cal. This is for

124 g. For I g of the products we obtain 2,576 cal. This is slightly

greater than what we obtained from methane. Ethylene is easily liquefied,

because its critical temperature is I0 ° above 0, while its critical pres

sure is 52 atm. Ethylene is obtained quite easily from ethyl alcohol or

ether by passing the latter through clay bowls heated to 300-400 ° C. It

turns out that ethylene is better than marsh gas (methane).

329
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Nowlet us consider benzol, C6H6. Because it is a dense liquid, it

is more suitable for a vacuum. However, it contains only 8 percent
hydrogen. What is its energy per unit massof the products whenit
combines chemically with oxygen? During its formation it liberates only
102,000 cal per mol (gram molecule or 78 g). Nevertheless, let us carry
out the calculations. C6 requires 02 and H6 requires 03. This means

that for 318 g of the products a heat of 738,000 cal is liberated. If
we subtract from this the absorption of heat caused by the breakdownof
C6H6, we obtain 727,800 cal. This is for 318 g. For i g of the products
we obtain 2,289 cal. This is slightly less than what we obtained from
ethylene, but we have a liquid at room temperature with very insignifi-
cant vapor pressure.

Acetylene, C2H2,which has the samepercent composition as the gas_

is not convenient to use. Also_ this is an exogenouscompoundwhich
liberates a muchgreater quantity of heat during its formation than
benzol, approximately greater by a factor of 18. This mea_isthat it
absorbs more during combustion. In addition, when the quantity of carbon
in the hydrocarbon is increased, the dissociation temperature become:_
higher and, consequently, the temperature of combustion becomeshigher.
The best substance is liquid hydrogen; however, it is difficult to obtain
and to store, and it occupies a very large volume.

Wepresent data on the heat of combustion of alcohol, ether, and
turpentine.

Methyl alcohol .... CH40 2,123 cal

Ethyl alcohol .... C2H6 S,327 "

Ether ........ CH4016 2,512 "

Turpentine ...... CIoHI6 2,527 "

Here we have shownthe numberof calories liberated per unit of the
products of combustion. Wecan see that we cannot neglect these fuels
either.

In our calculations we have assumed a liquefied oxygen. This is

highly inconvenient. Ozone, on the other hand, is chemically unstable

and unobtainable in practice. Therefore we turn to oxygen compounds.

The oxygen compounds of nitrogen are very interesting. We list those

most suitable for our purpose. The endogenous, gaseous compound N20
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is not suitable, because it contains a very large percent of nitrogen.
The sameis true of the endogenouscompoundNO. The third compound,
N02, is a stable liquid. Its formation (synthesis) is accompaniedby
insignificant liberation of heat. It is sufficiently stable chemically
(up to 500° C) and is very dense (1.49), which makesit quite suitable.
It is a strong oxidizer; however, if the reservoir tubes, valves, etc.
are plated with gold, platinum, indium, or other noncorrosive substances
or alloys, its corrosive action can be controlled.

The fifth compound,nitrogen anhydride, (N205), contains a slightly
smaller amount of nitrogen, but it is inconvenient because of its
chemical instability.

Let us consider NO2. This compoundcan replace oxygen, but it is

overloaded with nitrogen. This decreases the ejection velocity of the
products of combustion because their massis increased. Wehave con-
s_Ceredbenzol. Its grammolecule is 78. Wehave seen that 75 g of
this substance _qumres 240 g of oxygen for complete combustion. The
wG_ghtof the products whencombustion takes place in pure oxygen is equal
to 3i3 g. However, in place of oxygen we have NO2. Here we have an

additional 105 g of nitrogen. Therefore, the products will be 423.
This quantity is greater by a factor 423:318 = 1.331. Becauseof the
increase of the massof the products of combustion, their ejection
velocity decreases by a factor 1.15, i.e., it constitutes 87 percent.
For example, instead of 6,000 m/sec the velocity will be 5,220 m/sec.
The energy of explosion for i g of the products will be 1,721 cal.

Perhaps we shall be asked whether nitroglycerin pyroxylin and
simpler substances give a larger amount of energy. This is not so.
The energy they release is muchsmaller, as we can see from the follow-
ing table. The table showsthe heat of formation of several substances
for i g of products in small cal. Let us select the most powerful
explosive substances.

Aluminumwith ammoniumnitrate ........... i, 480 cal
Smokingpowderand smokelesspowder, from 720 to 960 cal
Nitroglycerin powder ............... to 1,195 "
Nitroglycerin .................... 1,475 "
Dinitrobenzene with nitric acid ........... 1,480 "
Picric acid ..................... 750 "
Mercury fulminate .................. 350 "

These ready explosives cannot be used because of the danger of
suddenexplosion of the entire mass, in addition to the fact that their
energy is very low.
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Summary

i. Hydrogen is unsuitable because of its low density and storage

difficulties when in liquid form.

2. Liquefied methane, CH4, with liquid oxygen produces 2,394 cal

and is inconvenient due to the low boiling temperature.

3. Ethylene, C2H4, with 02 produces 2,576 cal.

This mixture is more suitable because ethylene has a critical

temperature equal to i0 ° C.

4. Benzol, C6H6, with oxygen produces 2,289 cal. The amount of

energy is low, but it is convenient that benzol is a liquid at room

temperature. Mixtures of liquid hydrocarbons with a high boiling tem-

perature are also suitable (kerosene and others), particularly because

they are inexpensive (petroleum).

5. The use of liquid oxygen presents some inconvenience because

of difficulties in storing it.

6. The most suitable replacement for oxygen is nitrogen anhydride,

NO 2. This is a chemically stable liquid denser than water. When it is

mixed with benzol, i_721 cal are liberated per unit of the products.

These two liquids are most suitable for the rocket. However, the

components of the machines must be protected from the oxidizing influ-

ence of N02. This energy (1,421 cal) is not great, but is larger than

the energy of the best gunpowder and of the most dangerous explosives

(nitroglycerin). Also, the latter is expensive and dangerous in ex-

ploitation.

7. Alcohol and sulfuric ether are also suitable. We present the

relationship between the heat of combustion and the corresponding velocity

of the products of combustion under ideal conditions, i.e., in a vacuum

with very long nozzles:

Heat b in cal ......... 1,000 1,500 2,000 2,500 3,000

Ejection velocity in m/sec. 2,900 3,600 4,200 4,600 5,100

When we use ether we obtain a velocity of 4,630 m/sec. In this

last case, when we have horizontal motion along the tracks, or the

ground gravity and the resistance of the medium are absent, we obtain
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the following velocities of the projectile for various ratios of the

fuel weight to the weight of the projectile with all its contents except

the fuel and the oxygen.

Ratio of the fuel's weight to the

weight of the structure. i 2 3 4 5

Maximum velocity in m/sec .... 3,500 5,000 6,500 7,700 8,600

Ratio of the fuel's weight to the

weight of the structure .... 6 7 8 9 l0

Maximum velocity in m/sec .... 9,500 i0,i00 10,700 ii,i00 11,300

This means that when we have a 5 to i ratio, we can become the

satellite of Earth, and when we have a I0 to i ratio, we can become a

satellite of the sun. The projectile will be separated from Earth and

will move in the orbit of our planet.

The article was published in the collection

"Reactive Motion," No. 2, 1936 .
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STEAM-GASTURBINEENGINE /332

(1933-1934)

Introduction

Ships contain the heaviest engines. In railroads these engines

are lighter. In automobiles, hydroplanes, sleds, and airships the

engines must be even lighter, and finally on high altitude flying

machines the engines must be unusual, having high power, low weight,

and small volume. The last do not exist today.

The specific weight of the motor is the weight corresponding to

I metric hp. (i metric hp is equal to 4/3 of a conventional hp or i00

kgm). The specific weight of the engine in a locomotive is I00 kg,

in an automobile it is 4 kg, and in an airplane it is i kg.

We should like to have an engine with a specific weight of 0.2 kg

or less. The light weight of such an engine makes it possible to use

it in flying machines which would have the extremely large power

necessary to fly at high altitudes.

The same light weight or even a lighter weight is required for high

altitude airplanes or stratoplanes.

The specific volume of the engine is also very important, i.e.,

the volume which corresponds to one unit of its power. Flying machines

have little space, and therefore the portability of the engine is

quite necessary. It is understood that an engine of this type need not

have boilers and coolers.

Engines using cylinders are also unsuitable, because they are

heavy and cannot withstand the high temperatures which are unavoidable

for lightweight and high-power engines. The use of cylinders and

lubrication must be avoided. Complexity of design must be avoided for

the sake of economy.

Light engines must be powered by the oxygen of the atmosphere,

since a supply of oxygen carried aboard_ particularly its compounds
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with nitrogen, load down the flying _chime. Furthermore, the pure
oxygen produces a temperature which is too high and which cannot be
endured by the structural materials: alloys of iron, with small quan-
tities of other metals. The fuel must release as muchheat as possible
and must have maximumdensity. The first condition is satisfied by hydro-
gen, while the second is satisfied by the dense products of petroleum.
Initially, we shall have to use petroleum, and then it will be necessary
to use hydrogen. The principal shortcoming of the latter is its small
specific weight_ even in liquid form (0.07 of water).

My engine consists of four principal parts (see Figure i): air
compressor i, a small carburetor tank 2, turbine 3, and a pump, shown
in the figure, to pumpthe fuel into the tank. The compressor pumps
air into tank 2 under very high pressure. The higher this pressure is
comparedwith the pressure of the surrounding atmosphere, the better
will be the efficiency for the use of the heat of combustion. The
greater the absolute value of the pressure, the smaller will be the
specific volume and the specific weight of the engine. Therefore, the
most portable machine will be the one operating with compressedair at
sea level.

However, extremely large compression of air is prevented by the
very large amount of work that has to be done, and principally by the
high temperature generated. For example, whencompression takes place
to i0 atm, the associated heating produces a temperature of 418° C.
This is not too great, if we take into the account the cooling of the

mm

Axis of the propeller and

.__ various drives _ 6__

__ _ Petroleum is mixed i I

-I I;|_ __cSmbus_---1_ [

____ate_/_ I

"-- _J_ Petroleum is mixed I Compressor

Figure i
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compre:_seduir. As f';_r as the work of compression is concerned, it is
returned whelmt_Je [_r_Jductsof combustion expand.

A compression oi' aI,t_roximately iO, regardless of the rarefaction or
density oF the atmospil,_'e, always produces the sameincrease in tempera-
ture, specificaLLy from O-l_L__° C (the absolute temperature increases by
a factor of _.5_).

In the carbur'et,_r the air is mixed with finely atomized petroleum.
IncompLete combu_tion takes place in the carburetor. Combustion continues
beyond th_ carburetor iu the conic tube placed between the carburetor
and the operating turbine. Here the products of combustion expand, are
cooled, and achteve high velocity and afterburning.

The products of c_,ml,u_t[onare cooled by expansion, more so, when
the surroundiug atmosphere is rarefied.

Having bec_:_Lesubstantially cooler, they drive the multistage
turbine.

The force of the gases acts simultaneously almost on the entire
surface of the disks.

Airships use the exhaust gases to heat and change the lift force.

At the same time water vapor is formed in the pressure tube; the liquid

which is formed flows away and goes to work. There is no vacuum in the

pressure tube. The gases exit into the atmosphere. Stratoplanes use

exhaust gases substantially coo2er than in the preceding case to obtain

recoil (reaction).

The high temperature of the small chamber-carburetor requires

cooling. Cooling is produced by thepetroleum surrounding it. The

latter is continuously mixed and transfers the heat from the very hot

chamber to the cool parts of the machine, where the turbine operates

and where the relatively cold gases exit. It is possible to have a

special jacket filled with water, which is placed close to the car-

buretor and which adjoims the very hot parts of the conic tube. When

the water in this jacket is heated and the pressure reaches the value

of i0 atm and the temperature is close to +179 ° C, the steam which is

formed bursts into the carburetor and increases the steam-gas flow

and the work performed by the turbine. Jacket ii with the water is

also surrounded by petroleum 9 and i0. The latter is circulated by

a special drive with rotating paddles. The water cools the carburetor

and the tube, the petroleum cools the water and is itself cooled by

the walls of the petroleum tank_ which are cooled by the atmosphere.

It would be possible to try and do without the water. The petroleum

may be cooled by spraying it into the airstream and then collecting

it again. This is simpler than cooling it wLth air bubbles or air
tubes.
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The engine is put into operation in the following manner. First
an auxiliary engine is used to actuate air compressor i and the
petroleum pump. In this mannercarburetor 2 and turbine 3 will begin
to operate. Then the auxiliary motor_ not shownin the drawing, is
turned off. The air compressor and the pumpare put into the operation
by a special transmission 4, 5, 6, and 7 by the turbine.

If we eliminate the water jacket ii, the fuel, i.e., the petroleum,
will surround carburetor 2, air compressor i and turbine 3- Cooling
of the last is necessary, because the compressor is excessively heated
by the compressedair; the carburetor becomeseven hotter; also the
origin of the conic tube is heated where the sprayed petroleum burns.
The expandedend of the turbine is not heated very much, and whemthe
engine is used at high altitudes it mayeven be cold, because the
ejected gases expand considerably. The hot walls of the carburetor
and the origin of the conic tube transfer their heat to the cold sec-
tions, since metal is a very good conductor of' heat. A uniform tem-
perature in the petroleum tank is sustained by the artificial mixing
of petroleum $ and 9. In the lower layers of the atmosphere it will
be necessary to use additional cooling of the petroleum by meansof
external air. The most economical methodof achieving this is to spray
the petroleum in the cold airstream. Of course, in this case the air
will carry away someof the fuel. However, we must select the fuel
which would not produce any vapors at moderate temperatures. This
cooling atmospheric air which carries awaypetroleum vapors maybe
directed into the air compressor. Then the petroleum will not be lost.
It is only necessary that the bo_ling temperature of the petroleum be
high_ so that not too muchfuel vapor is carried away and so that there
is no explosion in t;he compressor. The ribs on the beams create excess

weight and cannot be used on powerful engines which _nust also be l_ght.

The tubes which pass through the tank with petroleum are _:enetrated by
the air and are not as hear2 and therefore more accessible as coolers.

In general, this is the description _f our engine. The f_ur!ose

of this device is to produce light w<N6ht, hiilh power, simplicity of

construction and, consequently, l_w cost. E_<:it_es of this type are

particularly advantageous at high altitudes; _.!ere the reaction of the

exhaust gases may be effectively used.

The use of atmospheric oxygen is p(.ssi-!,_ _ly up tca certain

altitude where the zir is not too thin. Oth<_r.. _e diffi_tulties will be

encountered when we try to compress it. Indeed_ if, f<,r e×ampie, tLe

air which is substant_ally rarefie£ is cc.::%:ressed by a fact_r _f k,: £0,

its temperature will reach a value of k, O0£ <. it is dn_btful tha% co l-

ing bF petroleum will be adequate. IrL this c_s_ the curie f the com-

pressor will requ-lr{_ thin rLb:_. _::.a _tt_tr off faci, this role m-.. be

/'335
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played by diaphragms welded to the shell of the compressor. I The dia-

phragms must be made from a material which is the best conductor of
heat.

What is the substance of the operation of the engine proposed by
me?

Let us assume that in a period of i sec we force i m3 of air into

the chamber. The pressure in the chamber will increase continuously if

we do not have an outlet 2 through which the gases flow to the turbine.

The smaller this opening, the greater is the pressure in the chamber.

We shall make the size of our openings so that the pressure in the

chamber is always i0 arm. The mass of air entering must be equal to

the mass of air leaving. The mass of air flowing in is i m 3, and when

combustion takes place we have essentially the same mass, but at a
temperature of approximately 1,638° C. This increases the volume of

the air (at the same pressure) by a factor of 7. The annexation of

hydrogen which enters into the composition of the fuel and the splitting

of the oxygen increase the volume of the products of combustion even

more. The volume of the air will be greater not by a factor of 7, but

by a factor of approximately i0. Thus i0 m3 of gas must be withdrawn

every second through the exit o_ening of the chamber (at a pressure of
i0 arm and temperature of 1,638 C).

This is how heat is transformed into the rapid mechanical motion

of gas molecules. However, it is far from complete and combustion is

far from complete. Both phenQmena continue in cone 3. The gas which

has been compressed to i0 atm may expand by a factor of i0. Greater

expansion is impeded by atmospheric resistance.

Expansion will be accompanied by a drop in temperature and after-

burning. If the latter did not take place, the temperature would have

decreased by a factor of 2.53, i.e., it would have been 487 ° C. How-

ever, due to the continuation of combustion it will be much higher_
approximately 1,000 ° C.

We can see that for more efficient use of energy we must have

much greater compression_ for example, a compression of i00.

The purpose of the compressor is clear: the operation of the

engine is impossible without it. The compressor is particularly neces-
sary at high altitudes.

/336
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See the article by K. E. Tsiolkovskiy "Compressor of Gases_" Kaluga,
1931 - Editor's Remark.

e " " • _ iTh crltmcal cross sectlon of the nozzle. Editor s Remark.
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It is desirable to use a turbine compressor, since in this case we
obtain a very large quantity of air and have no lubrication problems
and maythus achieve a high degree of compression, which is particularly
advantageous whenthe surrounding atmosphere is very dense, for example,
in the case of airships.

The narrow outlet from the chamberis mecessary, otherwise the
overpressure of gases will not be developed in it. The latter is neces-
sary to convert the thermal energy into the rapid mechanical motion of
the products of combustion.

However, their combustion and expansion does not end at the opening:
the gas leaves the opening in a heated and col_ressed state. It con-
tinues to expand and cool as it travels through the funnel. This in-
creases the velocity of the flow further and converts more heat into
motion. The cone-shaped funnel is necessary to reduce the length of
the entire device.

At the limits, when there is no external pressure and the tube is
sufficiently long_ the products of combustion are cooled almost to
absolute zero, and all of the heat is converted into the forward motion
of the gases. It is utilized by meansof multistage turbine 3. The
funnel is useful for the simultaneous exploitation of all the turbine
blades, which reduces its weight.

Various parts of the engine have different temperatures_ from
2,000-3,000 ° to O. This makesit possible to obtain the average tem-
perature which is not very high and which the materials can withstand:
the surrounding fuel is mixed, cools the heated parts of the engine
and heats the cold parts.

What are the advantages of this engine comparedwith the lightest
aircraft engines? They are simplicity of comstruction, absence of
pistons, small specific volume and great energy, low cost of materials
and of the fuel. Unfortunately, it is doubtful that a power of less
than 1,000 metric hp would be advantageous. For low power these
engines are not efficient. In this case aircraft engines would be
better (it is assumedthat the engine operates at sea level).

The operation is very efficient and the compression and atmospheric
pressure are low. But the work performed by the engine will also de-
crease. Thus, with a compression of 5, the work of compression for a
1,000 hp motor will be approximately 292 metric hp. If we reduce this
by 2, the work will be equal to 80 metric hp. This is not very much_
even for an engine of 500 metric hp.

Wegive the approximate volume of the carburetor and other parts
of the engine_ starting with the compressor. Since for a power output
of 1,000 metric hp the carburetor is subjected to 2 m3of compressed
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air every second, it is sufficient for its volume to be 0._ m3. The
remaining componentsoccupy three times this volume. The volume of

the principal parts of the motor is 2 m3. If we assumethat, on the
average, all of the vessels can withstand an excess pressure of i0 atm,
the weight will be approximately 30 kg, if we use an acceptable factor
of safety. The disks of the turbine and the compressor do not weigh

less. If we take into account all of the other components, we obtain
a weight of i00 kg for a 1,000 metric hp engine. This will correspond
to 0.i kg per hp. This is the specific weight of the engine. It is
i0 times less than the specific weight of the aircraft engine.

The greater the engine, the more efficient it is, since the
detrimental heating of the walls will be less because the great heat
of the gases will be further removed.

I wish to note that in my published articles I proved on many
occasions that the velocity in the rarefied regions of the atmosphere
will be proportional to the square root of the rarefaction of this air,
if we satisfy the condition that the power of the engin% with its
weight unchanged, be proportional to the forward velocity of the flying
device.

If this condition is to be satisfied, we must compress the rare-
fied air to a density greater than its density at sea level.

Velocity in m/sec ........... 200 300 400 500 600

Necessary rarefaction factor ...... 4 9 16 25 36

Altitude in km............. 12 17 21 23 25

Natural compression of air ....... 1.37 2.19 4.41 8.1 25

Required compression.......... 4 9 16 25 36

Less by a factor ............ 2.9 4.1 4.7 3.1 2.24

Velocity in m/sec ........... 700 800 846 1,000 2,000

Required rarefaction factor ...... 49 64 71.6 i00 400

Altitude in km............. 27 29 29 31 39

Natural compression of air ....... 51.5 99 138 316 9,330

Required compression.......... 49 64 71.6 i00 400

Greater by a factor .......... 1.05 1.56 1.9 3.16 23.3

/338
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The first entry of this table shows the velocity of the stratoplane,

the second shows the required rarefaction of the medium to achieve this

velocity, and the third entry shows the corresponding flight altitude

above sea level. The fourth entry shows the natural compression of the

air due to the pressure of the incident flow, and the fifth entry shows

the required compression of the medium to bring it up to the density

which it has at sea level. From the sixth entry we see that the natural

compression is insufficient, and it shows by what factor it is less than

the required value. This is how matters stand up to a velocity of 700

m/sec. At velocities higher than this, the compression of the medium

produced by the incident flow will be greater than at sea level. 0nly

the increase in temperature will pose a problem. For a velocity of

700 m/sec, it is no longer applicable, unless we do something to lower

it.

Thus we encounter three difficulties. The first is to figure out

a way of increasing the power of the engine proportionately to the

velocity of the stratoplane. Of course, we could increase the hp by

increasing the weight of the entire engine and keep the flight weight

of the stratoplane unchanged. For example, the total weight of the

stratoplane may be 1,000 kg. The power required for normal velocity

is of the order of 50-100 hp, and the weight of the engine is not less

than 50 kg. If we could increase the weight of the engine to 500 kg,

the velocity would increase by a factor of i0. A certain difficulty is

associated with the necessity of having compressors for the rarefied air.

We could do without these only when the velocity is greater than 700

m/sec. The third difficulty is associated with the excessive rise in

the temperature of air due to its compression.

These difficulties prevent us from realizing the high altitude

airplane at the present time. To these we must add the necessity for

having a hermetically sealed Cabin or special clothing to protect the

passengers from the rarefied medium.

All of these calculations and considerations are approximate.

Experiments and more detailed analyses will produce more accurate con-

clusions, which apparently will be more modest.

Published from a manuscript dated 1933-1934.
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PROJECTILESWHICHACHIEVECOSMICVELOCITIESON
LANDORONWATER

/339

(1933)

i. These projectiles have a substantial advantage over those which

must achieve this velocity at a high altitude without being coupled to

installations on Earth, specifically:

(a) they may utilize electrical energy which they obtain from the

outside (i.e., from installations on Earth similar to those which power

streetcars);

(b) in horizontal cannons we may also use the elasticity of gases

heated electrically;

(c) these installations may be used continuously to dispatch many

projectiles beyond the atmosphere;

(d) if a projectile is to move in the tube, we may create a vacuum

in it; the long path of the projectile will, of course_ be horizontal

or slightly inclined and will rest on the ground and not rise vertically

like a tower;

(e) the projectiles are dispatched without a large supply of fuel.

The principal advantage is that any amount of energy can be imparted

to the projectile_ which can then reach cosmic velocities.

2. Devices of this type have many shortcomings compared with re-

active devices. The latter represent the first stage, while the first

represent the later stage of development.

Here are some of the shortcomings:

(a) it is necessary to have a special path (runway, tube), which is

up to 1,000 km long and obviously very expensive;

(b) it is necessary to have supplementary sources of energy such as,

for example, generators of electric current_ compressors, etc.;
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(c) the projectiles must be 40-400 m long or even longer, of proper
streamlined shape, otherwise it will be impossible to achieve cosmic
velocities;

(d) the projectile acquires cosmic velocity while it is still in
dense layers of the atmosphere, and it is therefore subject to great
resistance of the medium.

In general, obstacles are associated with the complexity, size,
and high cost of these installations. However, they are possible. It
is necessary that people becomeconvinced of the possibility of achieving
cosmic velocities and of the advantages of existing beyond the atmos-
phere outside Earth.

3. High velocities are possible only if the projectile which
movesor flies along Earth is extremely long. Wemakeuse of my work
"Pressure on the Plane," 1930. Wepresent a part of one of the tables:

Velocity, km/sec

1.2 1.5 1.8 2.4 3 4.5 6

Corresponding minimumelongations of projectiles

4 5 6 8 i0 15 2O

Let us assumethat with an elongation of 4 we can achieve a velocity
of only i km/sec. Thenwe obtain a slightly different table:

Velocity, km/sec

i 2 3 4 5 6 7 8 9 i0 ii 12

Elongation

4 8 12 16 20 24 28 32 36 40 44 48
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If we increase the elongation by a factor of approximately 2, we

shall have only friction, and resistance due to inertia may be neglected

as rather small.

In this case the resistance due to friction Qq per unit volume of

the projectile will be given by the equation (see my "Resistance of

Air," 1927, equation (56))
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Here x is the elongation of the projectile_ D is the diameter of

the maximum cross section, _ is the density of air, and v is the velocity

of the projectile.

5. F is variable and is given by following equation

[,+,o(+I]

where i is the length of the projectile, or xD (see equation (19) "Re-

sistance").

.

a = 0.00225.

8. Let us assume that v = 1,000 m/sec; D = 4 m; _ = 0.0013;

x = i00; i = xD = 400; F = 0.5211 (see "Resistance,"Table 21). Then

we compute

Q /V : 0.000093 tons.
q

Consequently, with a velocity of i km/sec in the densest layers of

the atmosphere, the resistance of i m3 of the projectile will be approxi-

mately 0.i kg.

9. On the basis of the above equations we prepared a table for

the specific resistances, (i.e., the resistance of i m3) in kg for

various velocities in km/sec.

v i 2 3 4 5 6 7 8 9 I0 ii

F 0.52 0.383 0.331 0.30 3 0.283 0.270 0.254 0.250 0.243 0.237 0.231

Q /V 0.i 0.296 0.576 0.928 1.35 1.87 2.45 3.07 3.77 4.56 5.37
q

i0. In order to obtain the amount of work done per sec, it is

necessary to multiply the specific resistance by the velocity

/341
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We obtain the specific work in metric hp (if we divide by 100).

ii. The total power of the projectile is huge, because it is pro-

portional to the volume

12.

14.

From equation (33) of "Resistance" we obtain

N = a FDv 3.
i

a = 0.00000156.
i

Thus we determine the total power of the projectile (under conditions

of Section 8).

16. We present a table which gives the velocity in km/sec, the

resistance of the medium per i m3 of the projectile's volume in kg, the

work performed per sec in metric hp, the resistance of the entire pro-

jectile Qq in tons and the total power per sec of the entire projectile

N in metric hp.

v i 2 3 4 5

Q /V 0.i 0.296 0.576 0.928 1.35
q

L i 5.95 17.28 37.12 67 5
S

N 251.2 15,060 42,670 92,870 170,650

v 7 8 9 i0 ii

Q /V ±.45 3.07 3.77 4.56 5 37
q

L 171.5 245.6 339.3 456.0 590.7
S

/34_

N 430 '615 $45 i, 140 i, 478
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The power is expressed in metric hp, but for a velocity greater

than 6 km/sec it is expressed in thousands of metric hp. Thus, for a

velocity of 12 km/sec, the power must reach almost 2 million metric hp,

while the resistance will reach a value of 16 tons.

17. This power may be reduced, if we decrease the dimension of

the projectile. Let us assume that the average density of the pro-

jectile is equal to 0.2 and its volume is equal to 2,680 m 3. Then

the mass of the projectile will be _21.6 tons. With an acceleration

of i00 m/sec 2 the pressure will be 5,216 tons. This means that with

the velocity of 12 km/sec the resistance of the medium is 326 times less.

18. It is interesting to compute how much of the total work is

used to overcome the resistance of the air. Of course, we shall not

take into account the work used to overcome inertia and to achieve

a high velocity.

19. If we consider only friction we have

Qq_IFD_'.

20. Or Qq = A2v2 , where A 2 = AIFD.

21. The differential of the work performed to overcome friction

= A2v2dx , where x is the length of the path.will be dL

22. However, dx = vdt, where t is the time measured from the

beginning of motion, while v equals jr. We assume that the acceleration

j of the projectile is constant.

2 3 . Then dL = A2v3dt = A2j3t3dt.

24. Integrating, we obtain

or, on the basis of (22),
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25. We can see that in order to achieve the same velocity, it is

more advantageous to use a high acceleration j. However, the magnitude

of the acceleration has its limits because great acceleration may prove

fatal not only to the pilot but also to the objects in the projectile.

Less acceleration is unsuitable_ since the path will be too long and too

expensive. If the human being is in a horizontal position in water_ we

may assume that the acceleration can be i00 m/sec 2. It will produce i0

times the force of gravity.

26. Let us assume the old conditions (see Section 8) and a velocity

of 12 km/sec. To simplify our calculations we express equation (24) in

the form

/343

L _ A2v s 41 "

On the basis of equations (12) and (20) we find

27. However, N is known from Table 16. If we take its value for

v = 12 km/sec and an acceleration of i00 m/sec 2, we compute L = 5,775,000

ton-meters.

28. A power of i metric force per sec for a 24 hour period gives

us 86,400 metric hp or 8,640 ton-meters.

The work obtained in Section 27 is liberated by a power of i metric

hp over a period of 670 days, or by a machine of 670 hp in a period of

i day_ or by a machine of 1,000 hp in a period of 16 hours.

29. It is best to compare this work with the work of inertia of the

projectile. It is equal to

30 . The weight, on the other hand, depends on the volume of the

projectile and its average density.
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32 . Let us compare this work of inertia with the work performed

by the resistance of the medium (12). We obtain

33. The table in Section 9 shows the values of F for various

velocities, when the length of the projectile is 400 m.

34. Using the conditions in Section 8 and the velocity of i km/sec

and a projectile density of 0.2_ we compute the ratio from the equation

in Section 32. We obtain 8,400, i.e., the work done to overcome re-

sistance is quite insignificant.

Even at a velocity of 12 km/sec it will be 70 3 times less than the

work of inertia. For large DX and large projectile density it will be

even smaller.

Why are we then afraid of the resistance of the atmosphere? It

is dangerous and relatively large only for bodies of small elongations

such as the airplane_ the airship and, more so, the automobile and the

ordinary train.

However, this is not all. We launch a long body of smooth shape

with the velocity of 8-12 km/sec. Will not this velocity be absorbed

by resistance during the flight of the projectile through the atmosphere?

We shall now consider this.

We prove the following theorem: the work performed in cutting

through the entire atmosphere during the vertical motion of the projectile

with a constant velocity is equal to the one obtained if the atmosphere

is considered to be of constant density, for example, equal to the

density at sea level if the mass of the atmosphere is the same.

This density is equal to 0.00129. With this constant density and

the known mass of the atmosphere its altitude will be approximately 7,800

m.

Indeed, whether any part of the atmosphere is rarefied or condensed,

the work performed by the projectile traveling through it will remain

the same. Let us assume, for example, that the atmosphere becomes

rarefied by a factor of i00 at some place. The resistance will be i00

times less, and the work will decrease by a factor of i00. However,

the work will also increase by a factor of i00 because the rarefied path

will be i00 times longer. Thus it will remain unchanged.
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35. Wemayassumein practice that the velocity in the atmosphere
will be constant because the resistance of the medium,as we shall see,
is quite insignificant comparedwith the supply of the active force of
the rocket (or its kinetic energy). The force of Earth's gravity has
muchmore effect on reducing the magnitude of the velocity. However,
even this force is insignificant over the extent of the total atmos-
phere (20-40 km) in view of the initial cosmic velocity of the projectile.

36. Due to the small inclination of the motion of the rocket with
respect to the horizon along a solid runway, the path maynot be ver-
tical: it lies along the mountains, whosetotal inclination is quite
small. This meansthat the further motion of the rocket must also be
inclined. If we assumethat the path of the rocket along a small
section of Earth is horizontal, we can present the second theorem:
The work of penetrating the atmosphere during the inclined motion of
the projectile is inversely proportional to the sin of the angle
between the path and the horizon.

37. From these two theorems it is easy to determine the work
absorbed by the atmosphere. Weeven obtain a large quantity because
the velocity is decreased during the ascent; the real work of over-
coming the atmosphere is muchless.

To obtain this work it is sufficient to multiply the resistance
given by Table 16 by 7,800 m. For example, if the velocity is 12 km/sec
we obtain 124,800 ton-meters.

The quantity 7,800 is obtained by dividing the atmospheric pres-
sure at sea level by the density of air at the samelevel.

38. Eet us find the general equation for the resistance of the
entire atmosphere (see equation (33), "Resistance")

La = _IFv_D 7800.
4 sizzy

39- Let us compare it with the work performed by air resistance

when we travel along the solid runway (24). We obtain

La _ 780u _j

L. ut sin y

Thus, the average resistance in the entire atmosphere is smaller

when the initial take off velocity of the projectile from the runway v /34
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is larger and when the inclination with respect to the horizon y is

larger. This ratio increases as the projectile is accelerated along

the runway j.

40. Let us assume, for example, that j = i00 m/sec2% v = 12,000

m/sec; sin y = 0.i. Then the ratio is 0.1717 or 1:5.8. This means that

the work performed when cutting through the atmosphere is almost six

times less than the work performed to overcome friction along the runway.

41. Needless to say, this work is much less not only with respect

to the kinetic energy of the rocket, but also with respect to the work

performed to lift the rocket. The latter is equal to the weight multi-

plied by the height H of the atmosphere, which in this case must be taken

as 30 km. The work performed to lift the rocket is equal to

Llift = GH.

Comparing this work with (38), we find

Llift = GH4 sin y

L _AIFV2D7,800
a

42. However, H = 7,800. Then we obtain

Llift _ G sin y

La _AIFV2D

This means that the relative magnitude of the work of gravity increases

as the velocity decreases, and increases as the slope and the dimensions

of the ship increase.

43. Let us assume the conditions of Section 8 and make use of Table

9. We assume that the density of the projectile is 0.2, that sin y = 0.i,

and v = 12,000 m/sec. Then from the equation we see that the work of

gravity in spite of the small slope and the large velocity is 45.16

times greater than the work required to penetrate the atmosphere when

we move freely in it.

44. In view of the rather low resistance of the air and corre-

spondingly low work we can decrease the elongation of the projectile by

a factor of 2. It is also possible to increase its dimension by the

same factor. Then D = 2 m, x = 50, and I = i00 m.
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This is muchmore feasible as far as the energy consumption and cost
are concerned. Things will be even better, if we can achieve the maxi-
mumvelocity of 8 km/sec. Then we can decrease the elongation and
dimensions by 2 and makeD = i m; x = 25, and i = 50 m. In this case
the diameter is small; however, our main concern is to displace the
massand fly through the atmosphere. Beyondthe atmospherewe maycon-
struct a dwelling of desired dimensions. Up there the dimensions are
of no significance, since there is no resistance of the medium.

45 Nowwe find the necessary length for the solid runway. High
acceleration of the projectile is impossible because manwill be crushed.
Low accelerations are also undesirable, because the solid runway will
be too long and there will not be enough roomfor it on land; besides,
its cost will be too high.

46. Assuminga constant acceleration j of the projectile, we find
the length of the path x = v2/2j. From this we see that the length of
the path will decrease as velocity decreases and acceleration increases.
Based on our preceding remarks we can neglect the resistance of air,
and the work necessary to obtain definite velocity is the same, regard-
less of acceleration.

It is not knownwhat maximumacceleration mancan endure if he lies
submergedin water. However, we can assumethat this acceleration will

not be less than i00 m/sec2 or i0 times greater than the acceleration
due to Earth's gravity. Then, for various velocities we obtain the
following path length in km:

v in km/sec 5 6 7 8 9 i0 ii 12

x in km 125 180 245 320 405 500 605 720

Whenthe acceleration is twice as large (j = 200 m/sec2)

x in km 62.5 90 122.5 160 202.5 225- 302.5 360

At the highest velocity of 8 km/sec the path will be from 320 to
160 km. If we ascend 5 km up a smoothmountain, the inclination will
be from 1:64 to 1:32. The sin at the angle will be from 0.0156 to 0.0313,
and the angle itself will be from i to 2° .

47. Weneed not concern ourselves with resistance of the medium,
but the large relative weight of the train requires that it be of
unusual strength, which should be proportional to the acceleration j.
From this point of view it would be moredesirable to makethe path
longer.
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The best method of transmitting energy is by meansof the electric
current. But how is the electrical energy to be converted into mechani-
cal energy? Of the knownelectrical motors none are suitable because
of their weight. By using electric current it is easy to obtain a high
temperature and a chemical decomposition of materials. This can be
used in thermal engines, but these motors are very heavy. It is pos-
sible to use a reactive engine and electricity to heat gases which have
becomecold by expansion. But here the advantage is not very great.
The heated temperature cannot be very high, because the tubes conduct-
ing the gas mayfuse. First of all_ it is necessary to find heat-
resistant materials and methods of their fabrication.

Printed _'romthe manuscript completed
December3, 1933.

/347

K. E. Tsiolkovskiy in the last years of his life
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MAXIMUMVELOCITYOFA ROCKET

• !
(1935)

_0

_ Chapter X of "Principles of Gas Machine Construction"

/3a8

A. Relation Between the Velocity of the Rocket and the Mass of the

Explosives

i. We shall use the simplest equations of my article "Investiga-

tions," 1926, (with gravity and resistance of the medium absent). These

equations are approximate and can be applied in the following cases:

a) when action takes place outside the gravitational field and in a

vacuum;

b) when the device moves along a horizontal path and its form is

extremely elongated and optimized;

c) when flight takes place in the atmosphere in a direction which

is almost horizontal; the device deviates very little from the horizon

because of its high speed and because it has wings.

We shall also apply these equations when the projectile moves at a

slight inclination with respect to the horizon--when it moves in the
air.

MI+M2)2. We have v = vI in _MI+A 4 ; where v is the velocity of the

rocket; M 1 is its total mass except for the explosives; vI is the rela-

tive velocity of the ejected matter (this remains constant); M 2 is the

total mass of explosives; and M is the mass of unburned explosives not

yet ejected. It is clear that v and M are variable quantities.
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3. Let us assumethat M = O, i.e., that the entire supply of ex-
plosives has burned; then we obtain the maximumvelocity of the rocket:

Mq

4. On the basis of this equation we prepare Table 41 which shows

the maximum velocities of the rocket as a function of the total expended

supply of explosives and the relative velocity of the ejected matter.

The first column shows the entire expended mass of explosives with re-

spect to the mass of the rocket (without explosives), the next six

columns give the velocity of the rocket in m/sec when the relative veloc-

ity of the ejected matter is i, 2, 3, 4, 5, and 6 km/sec. Theory shows

that the energy of explosives currently available to man cannot produce

a velocity of the products of explosion greater than 6 km/sec. Finally,

the last column shows in percent the part of the total energy of explo-

sion converted to the motion of the rocket. As we can see_ this per-

centage is very small. As the relative quantity of explosives increases,

it also increases. It reaches a maximum value when the supply is 4,

achieving in this case an efficiency of almost 65 percent, and then be-

gins to drop to 0.

/349

When the supply is between 0.7 and 30, the efficiency is quite re-

spectable and is greater than 40 percent.

The absolute velocities of the rocket reach cosmic values which are

sufficient not only to escape from Earth, but to escape from our sun and

move among the suns of the Milky Way.

5. However, in practice the ejection velocity of 5-6 km/sec has not /350

been achieved so far, and we cannot take these large supplies of explo-

sives required to attain cosmic velocities--at least not for escape from

the sun and to travel among the stars of the Milky Way.

What are the velocities that can be achieved with modest means, and
how do we find a method of achieving cosmic velocities?

6. It is impossible to utilize completely the thermal energy of an

explosion; the ejected products cannot be cooled (by expansion) to abso-

lute 0_ and therefore it is impossible to convert all of the heat into

kinetic motion of gases. The infinite expansion of gases and vapors is

iThe numbers of the tables correspond to the numbers of the sections. -

Editor's Remark.
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Table 4. Velocity of Rocket

Velocity
of

ejected
matter

in
km/sec

Velocity of rocket (whenthermal energy of chemical
combination is transformed completely into motion

of gases) in m/sec

i 2 3 4 5 6

o

40

0
0

0

m

o

o

0

0

0.I

0.2

0.3
0.4

0.5
0.6

0.7
0.8

0.9

1.0

1.2

1.5
2.0

2.5

3

4

5
6

7
8

9
i0

15
2o

3o
4o

5o
i00

193

94.5 189 283.5 378 472.5

182.0 364 546 728 910

262 524 786 1,048 1,310

336 672 1,008 1,344 1,680

405 810 1,215 1,620 2,025

469 938 1,407 1,876 2,345

529 1,058 1,587 2,116 2,645

586 1,172 1,758 2,344 2,930

642 1,284 1,926 2,508 3,210

693 1,386 2,079 2,772 3,465

788 1,576 2,364 3,152 3,940

915 1,830 2,745 3,660 4,575

1,098 2,186 3,294 4,392 5,490

1,253 2,506 3,759 5,012 6,265

1,380 2,760 4,140 5,520 6,900

1,609 3,218 4,827 6,436 8,045

I_792 3,584 5,376 7,168 8,960

1,946 3,892 5,888 7,784 9,730

2,079 4,158 6,237 8,316 10,395

2,197 4,394 6,591 8,788 10,985

2,303 4,606 6,909 9,212 11,515

2,398 4,796 7,194 9,592 11,990

2,773 5,546 8,319 11,092 13,865

3,044 6,088 9,132 12,176 15,220

3,434 6,848 10,302 13,736 17,170

3,714 7,428 11,142 15,856 18,570

4,480 8,960 13,440 17,920 22,400

5,256 10,512 15,768 21,040 26,280

6,007.6 12,015.2 18,022.8 24,032 30,038

567

1,092

1,572

2,016

2,.430

2,814

3,174

3,516

3,852

4,158

4,728

5,490

6,588

7,518

8,280

9,654

10,752

11,676

12,474

13,182

13,818

14,388

16,638

18,264

20,604

22,284

26,88o

31,536

36,045.6

8.9

16.5

22.9
28.2

32.8

36.7

4o.o

42.9

45.8
48.o

51.8
55.8

6o. 3
62.0

63.5

64.7

64.1

63.0

61.7

6o.5

58.9

57.6

51.2
46.3

39.3

34.4

31.6

21.o

14.4

infinity infinity zero



417

prevented by the external pressure of the medium (for example, of the

atmosphere), as well as the liquefaction and solidification of the pro-

ducts of combustion. The ideal utilization of chemical energy is also

prevented by the limited dimensions of the tube. I For this reason the

velocity of ejected matter will be less than computed in Table 4.

7. The next table expresses this

50 percent 60 percent 70 percent 80 percent 90 percent i00 percent

0.707 0.775 0.837 0.894 0.949 1.000

The first line shows the utilization of the heat of combustion in

percent, or the value of its relative transformation into kinetic energy

(the motion of ejected matter), the second line shows the decrease in

the velocity of the rocket proportional to the decrease in the velocity

of the ejected matter. If the thermal or mechanical work is decreased,

for example, by a factor of 9, then the velocity decreases by a factor

of 3. The values in Table 4 must be multiplied by one of the fractions

of the second line to obtain the true maximum velocity of a rocket com-

patible with the percent utilization of the heat of explosion.

8. Let us use this to prepare a new table, assuming that the effi-

ciency of heat utilization is 70 percent and that the relative velocity

of the products is 4 km/sec. The latter, of course, depends on the type

of explosives.

9. In Table 9 the first line shows the velocity of the products of

explosion (from 2 to 4 km/sec), the second line shows the utilization of

heat and percent, and the subsequent lines show the final velocity of

the rocket after the entire supply of explosives has been expended.

The first column of the table shows the supply of explosives with re-

spect to the weight of the rocket. As we can see, the practical veloc-

ity is hardly sufficient to become a close satellite of Earth.

However, we shall show other approaches for obtaining much higher

velocities of the rocket. This approach consists of starting our trip

by several similar and modest (from the standpoint of velocity) rockets.

All of these, except the last one, expend only half of their initial

supply of explosives and transmit the remaining half to each other. 0nly

the last rocket reaches maximum velocity. The other projectiles, after

giving up their supply, glide down to Earth.

ll.e., of the nozzle. - Editor's Remark.
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Table 9- Table of Velocities for Various Uses of Heat
of Combustionand Total Expenditure of Explosives

Relative
supply
of ex-

plosives

o.3

0.5

0.7

i

2

3
4

5
6

7
8

9
i0

Velocity of prod-

ucts, 2,000 m/sec

Percent use of heat

5o 6o

370 406

573 628

748 820

980 1,074

1,545 1,694

1,95112,139

2,275 i2,494

2,534 2,778

2,752 3,016

2,940 I 3,222

3,107 3,405

3,256 3,570

3,391 3,717

7o 5o 6o 7o 5o

Final velocity of rocket m/sec

Velocity of prod- Velocity of prod-

ucts, 3,000 m/sec ucts, 4,000 m/sec

Percent use of heat Percent use of heat

6o 7o

609i

942

i, 230
i, 611

2,55 3
3,208

3,741

4,166

2,524

4,834

5,108

5,354

5,575

658

1,017

1,328

1,740

2,744

3,465

4,040

4,500

4,886

5,220

5,517

5,783

6,021

741

1,125

I, 496

1,946

3,105

3,903

4,550
5,068

5,503

5,879

6, 213

6,513

6,781

i
439 556

678 859

885 I, 122

1,160 1,450 1

1,830 2,329

2,310 2,927 1

2,693 3,414 i

3,000 3,801

3,258 4,127

3,48o 4,41o

3,678 4,660

3,855 4,885

4,014 5,086

812 872

1,255 1,356

1,640 1,771

2,151 2,320

3,404 3,676

4,278 4,620

4,988 5,387

5,555 i6,ooo

6,033 6,524

6,445 6,960

6,811 7,355

7,139 7,710

7,434 8,028

B. Velocity of the Rocket Achieved after Partial Burning
of the Fuel Supply

i0. Let us assume that the mass of the burned explosives with respect
to its total supply is y.

ii.
M_ --M

12. From this we have

M = M, (1 --y).

13 . If we assume that M2/M I = x, we obtain /3%
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'P_---"O1 ]11 | + x ,
l+xO -y)

14. Let us assume that the burned part is y = 0.5.

Then we find

v-_-v t In (_ ! ± x._.].0,Sxl

From this equation we see that the velocity of the rocket does not

increase indefinitely when we have an infinitely large supply of fuel

(x) but has a limit. Indeed, let us assume that x equals infinity,

then v = vlln 2 = vI 0.693. If, for example, vI = 3,000, the velocity

of the rocket will be 2,079 m/sec in spite of the fact that we have an

infinite supply of ejected matter (x). From this we can see that if we

are to consume only half of the fuel, there is no advantage in making

this fuel supply very large.

15. By means of the above equation we prepare Table 15 which con-

firms this statement. The table gives the velocity of the rocket in

m/sec when only half of the entire supply of explosives is used up.

x is the total supply. We have in mind an ideal transformation of heat

into the motion of ejected matter and the motion of the rocket.

The first line gives the total relative supply of explosives_ the

first column gives the relative velocity of ejected matter. Even if we

assume that it is 2,000 m/sec, we can see that the velocity of the rocket,

when the total fuel supply is 4 and when half of it is expended, reaches

only a value of 1,023 m/sec. When the total supply is 2, and half of it

is used up, the velocity of the rocket is i_215 m/sec, if the relative

velocity of the ejected material is 3,000 m/sec.

C. The Velocity Which Can be Reached by One Rocket

When Assisted by Auxiliary Rockets

16. We shall see now the significance of a limited expenditure of

explosives when we try to achieve cosmic velocities.

17. Let us assume that we have many identical rockets_ each having

a fuel supply x = i. Let us assume that each rocket expends half of its

/353
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supply. Let us assume that the velocity of ejected matter is the same

for all rockets and is 4,000 m/sec.

If we use a squadron of these rockets and refuel some of them in

space, we may obtain higher velocities which cannot be obtained by a

single rocket. The refueling of an airplane in air is not only possible,

but has actually been accomplished.

18. Let us assume that one rocket is flying. Then, according to

Table 4, its maximum velocity will be 2,772 m/sec.

19. Now let us assume that two rockets are flying side by side.

Let us assume that each uses up half of its fuel supply. Then they will

have a velocity of 1,150 m/sec (see Table 15). Then one of the rockets

transmits its unburned fuel to the other and glides back to Earth. Now the

second rocket has the full fuel supply of one and will achieve an addi-

tional velocity of 2,772 m/sec and will reach 1,150 + 2,772 = 3,922 m/sec.

20. Now let us assume that four rockets are flying. When they all

use up half of their fuel supply, they will attain the same velocity of

1,150 m/sec. However, two of these rockets will replenish the supply

of the other two and will glide back to Earth. Then the two rockets

which remain in the air travel further and again use up half of their

fuel supply. As a result of this they will have a velocity of 2_300

m/sec. After this, one will replenish the supply of the other and

glide back to Earth. The last rocket with a full supply of explosives

will achieve an additional velocity of 2,772 m/sec and will thus have

a total velocity of 5,072 m/sec. After this, it will have to glide

back to Earth.

Table 21

Number of rockets .... i 2 4 8

Velocity in m/sec .... 2,772 3,922 5,072 6,222

Number of rockets .... 16 32 64 128

Velocity in m/sec .... 7,372 8,522 9,672

Number of rockets .... 256 512 1,024

10,822

2,048

Velocity in m/sec.

Number of rockets ....

11,972 13,122 14,272 15,422

4,096 8,192 16,384 -

Velocity in m/sec. 16,572 17,722 18,872 -
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21. Weprepare a table showing the velocities of the last rocket
as a function of the total numberof rockets, assuming that vI = 4,000

m/sec and the supply is i.

22. The first line of Table 21 showsthe numberof rockets which
participate in providing one rocket with the maximumvelocity. The
second line showsthe velocity of the latter in m/sec.

23. The first cosmic velocity is achieved whenwehave 32 rockets.
To escape from Earth it is necessary to have 256 rockets, and to escape
from the planets and the sun we require 4,096 rockets.

24. The most important point is to fly beyond the atmosphereof
Earth and becomefixed as Earth's satellite. A further increase in the
velocity maybe obtained by other meanswhich are muchsimpler than on
Earth. Nevertheless, the numberof rockets required is tremendously
large.

25. However, it is possible to take a large supply of explosives,
for exampl@,a supply equal to 4. Then, with a modest ejection velocity
of 3,000 m/sec, the velocity of the rocket will be 1,534 m/sec when
half of the fuel is used up (see Table 15). The total velocity, on the
other hand, is 4,827 m/sec (see Table 4). This is sufficient for us
to propose a newtable.

Table 25

Numberof rockets ..... 1 2 L 8 16

Velocity in m/sec ..... 4,827 6,361 7,895 9,429 10,962

Number of rockets ..... 32 64 128 256 512

Velocity in m/sec ..... 12,497 l&,031 15,565 17,099 18,633

In this case, if we wish to wander among the suns of the Milky Way,
it is sufficient to have 256 rockets. It requires 4 rockets to become

a satellite of Earth and 16 rockets to become the sun's satellite.

26. The velocity of the ejected matter may be greater than 3
km/sec; then we require fewer rockets to achieve cosmic velocities.

27. We may derive a general equation for the velocity of the last

rocket as a function of the number of rockets, the velocity of their

ejected matter v , and the relative supply of explosives. Then the
i

velocity of a single rocket will be (see equation (3))



423

z_e--_lIn(1+x),

where x is the total relative supply of explosives. When the number of

rockets is 2n, where n is the number of transfusions_ the velocity of
the last rocket will be

/355

_=n%In l+x .j_vlln(l_.l_x)_ -
1 + 0,5x

=_,, [(n+ l) In (l +X) -- n In (I +0,Sx)].

28. The first term of the right side has a limit, regardless of

how large x is or how large the relative supply of explosives is (see

Section 14). It is equal to 0.693 nvl. Nevertheless, it is capable

of increasing without limit when we increase n or the number of rockets

(2n). However, the second term increases without limit as x is in-

creased, or as the relative amount of explosives is increased. Thus,

the values of x and n should be increased as much as possible.

29. Even if it is not possible to increase the supply of explosives

x and the relative velocity of the products of combustion Vl, the number

of rockets (2n) is at our command, and we can therefore also control

the velocity of the last rocket in a group.

30 . Practice has shown that materials may be exchanged between

airplanes moving at the same velocity. Fuel has been transmitted from

one airplane to another. It is only necessary to develop the best

technique for doing this. In our case_ the matter is more complicated
because we must transfer two different elements: hydrocarbons (fuels)

and oxygen compounds. This may be done in various ways; for example:

(a) refueling by a tube connecting the two flying machines;

(b) transferring tanks containing the elements of explosion;

(c) directing a jet of fuel in the rear part ahead of the flying

device (injection, fire engine). Experience will show which of these

approaches is best.
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D. The Practical Course

31. It will be necessary to begin using the most imperfect and low-
power, reactive airplanes. First we learn how to fly one. The smallest
ejection velocity must be used, for example, 2,000 m/sec, with a supply
of explosives equal to unity. Table 4 showsus that the maximumvelocity
is 1,386 m/sec. Sucha rocketplane mayfly horizontally or along an
inclined path. If we do not take into account the resistance of air, it
mayreach an altitude of 96 kmwith this velocity. However, because of
the resistance of the mediumit will not reach this altitude, but be-
cause of someresidual velocity it will ascend to at least 50 km. At
this point it uses up its fuel supply and descendsby gliding to a solid
or liquid surface of the planet.

Since the maximumvelocity achieved by this modestrocketplane does
lot exceed I km/sec, the elongation of the ship need not be too great.

32. Wepresent here the necessary elongation of rocketplanes as a
function of the maximumgiven velocity (see my article "Pressure," 1930).

v, in km/sec i 2 3 4 5 6 7 8

k 4 8 12 16 20 24 28 32

v, in km/sec 9 I0 ii 12 13 14 15 16 17

K 36 40 44 48 52 56 60 6_ 68

/356

The first line gives us the velocity of the device in km/sec, while

the second line gives us the necessary minimum elongation when the shape

is optimum. We see from the table that the first modest rocket may have

a limited elongation of 4. If the elongation is below the value indi-

cated in the table, then no matter how much the surrounding air is rarefied,
it condenses in front of the device to a point where it serves the same

purpose as a steel wall.

33- Since a large velocity of approximately 5 km/sec is achieved

outside the atmosphere, the elongation in general will not exceed 20
(see table).

34. After we have learned howproperly to operate one rocketplane with

an elongation of 4, we begin to construct two identical rockets with a

greater elongation. At the same time we shall start practicing the re-

fueling of one rocketplane by another. Then we shall go to a group of

four rockets and increase their elongation even more, then to a group of

eight rockets, etc. At the same time the devices will be perfected; for

example, the relative supply of explosives will be increased, and the
velocity of the ejected material will also be increased.
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35. For the time being we propose a modest table of velocities for
the rocketplanes as a function of their number, assuming that the ejec-
tion velocity is 2,000 m/sec and that the supply of explosives is equal
to unity. The table also includes the required minimumelongation of
the group. In preparing this table we makeuse of Tables 4 and 15:

Numberof
rockets i 2 4 8 16 32 64 128 256 512

v, in km/sec 1,386 1,961 2,536 3,111 3,586 4,271 4,846 5,421 5,996 6,571

k...... 5 8 i0 12 14 16 20 22 24 26

Height of
ascent with
constant
gravity . 95 192 320 484 680 910 1,170 1,470 1,800 2,160

The first line shows the numberof rockets in a group, the second
line shows the maximumvelocity, and the third line shows the elongation
of each memberof the group, while the fourth line gives the maximum
altitude in km achieved whenall of the velocity is used up.

In practice, of course, only half of this will be achieved. For a
group of eight or sixteen rocketplanes it is possible to go beyond the
limits of the atmosphere where elongation no longer has any significance.
Therefore, it will not exceed twelve to fourteen. This meansthat the
projectile with a maximumcross section of 2 mwill have a length not
greater than 24-28 m.

36. However, we hope that during the period of these exercises or
sooner we can obtain an ejection velocity greater than 2 km/sec, because
its limit is 6 km/sec. The fuel supply mayalso go from unity to 5 or
more. Then even with small squadrons of identical rocketplanes, which
are not too elongated, we can achieve cosmic velocities.

37. As a limit for our successes we maytake an ejection velocity
equal to 6 km/sec and a fuel supply equal to i0. On the samebasis
(Tables 4 and 15) we obtain the following table:

Numberof rockets ..... i 2 4 8 16

v, in km/sec ....... 14,388 18,024 21,660 25,296 28,932

/357

Here we cannot even speak of altitude or of elongation. Both the

single rocket and the group rapidly fly beyond the atmosphere without

even having a velocity of 2 km/sec in it. Thus, an elongation of 8 is

quite sufficient for all rockets if we succeed to the limit.
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38. However, at the present time we cannot hope for such success.
It is limited by the multiplicity of secondary conditions which follow
from theoretical conclusions.

E. The Purpose of the NewApproach

The purpose of what we have presentec is to indicate the approaches
which can be used whenwe have a single imperfect rocketplane, to
combineseveral of these for the achievement of cosmic velocity suffi-
cient not only to conquer the solar system, but to travel amongthe
stars within the limits of our Milky Way. This approach consists of
utilizing a group of rocketplanes and refueling them in space, so that
we obtain one final rocketplane capable of achieving the highest cosmic
velocity.

39. Previously we have proposed the use of rocket trains and
artificial earth runways for this purpose. This is of course possible
and proper; however, at the present time it is not feasible due to high
cost and other reasons.

40. Earth cannonssimilar to the proposed runways are even less
feasible because of their high cost. All these trains and "cannons"
will find application in the distant future whenthe significance of
interplanetary travel becomesgreat, when it attracts the attention
of mankind more, and whenit develops more confidence and produces
real hopes, thereby justifying greater expensesand sacrifices than
those incurred for all the other needs of mankind.

41. The approach of using a group of the first low-power devices
and refueling is morewithin the reach of the brains of mankind in their
present state of development. Even one rocketplane will produce a desire
for experimentation with two identical and unperfected devices.

Each of these devices is valuable in itself; it may serve the needs
of mankind. Experiments with several rocketplanes will be conducted,
for example, as interesting tricks. However, these tricks will in-
evitably lead to the achievement of cosmic velocities.

Thus, the basis of this success is the achievement of the first
rocketplane, even though it is very poor in performance. The construc-
tion of two such similar projectiles will start us on the path to
increased velocities, for which there is apparently no limit.

In the preceding chapters we have presented the princiDles for
constructing individual rocketplanes. Of course, the more perfected
these rocketplanes become, the better will be the results of operating
them in groups.

/358
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F. Ejection Velocity of the Products of Explosion

43. Let us return once again to the individual lone rocketplane.

The ejection velocity of the products of explosion is of great signifi-

cance. What does it depend on? In an earlier chapter "The Energy of

the Chemical Combination of Substances" we gave tables for the ideal,

maximum velocities for the ejection of the products of explosion.

They are accomplished almost entirely under the following mutual
conditions:

(a) when the products of combustion are gaseous or are very

volatile;

(b) when there is no external pressure which inhibits the expan-

sion of gaseous products;

(c) when the tube through which the ejected matter flows is rather

long;

(d) when it does not diverge too much towards the exit, i.e., does

not deviate too much from a cylindrical form (a conic form, on the

other hand, decreases the length of the tube);

(e) when we have no heat loss by thermal conductivity and radia-
tion;

(f) when the diameter of the tube is so large that we can neglect
the friction of gases along the internal walls of the tube.

44. All of these conditions cannot be met in full in practice.
We shall indicate some of the deviations.

The projectile is usually of small size. The tube therefore is

short. In order to utilize the expansion of gases more advantageously

and to convert heat into their motion, it is necessary to have a conic
tube.

External pressure is removed only in a vacuum when the rocket has

ascended beyond the atmosphere, or when the velocity is greater than

300-500 m/sec, when the blunt forward part of the rocket is subjected

to vacuum due to high speed motion. The bow of the rocket, generally

speaking, is narrowed down. However, its part where the explosion tube

exits is necessarily blunt. The rarefied region would form here (but it

is, of course, filled with the ejected products of explosion).

Due to the limited dimensions of the explosion tube and due to a

finite external pressure, the ejected gases do not have time to cool to

absolute zero and retain some portion of the energy, depending on the

/359
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degree of their expansion. Thus, not all of the thermal energy of com-

bustion is transformed into the movement of the gaseous jet. Due to this

incomplete utilization of heat, the velocity of the products shown in the

tables will actually be smaller in practice.

This has been taken into account in the preceding tabulation.

The first horizontal line of the table indicates the ideal velocity

of the products of explosion, which depends only on the chemical energy
of their combination. Here we specify a velocity of 2-4 km/sec, although

it may reach a value of 6 km/sec. The second line indicates the utiliza-
tion of the heat of combustion in percent, depending, of course, on the

temperature of the gases ejected from the mouth of the tube.

The first column contains the total relative supply of the fuel

elements: from 0.3-10.

The second column contains half the relative fuel supply used to

obtain the velocities.

Finally, where the lines are intersected we see the magnitude of

the velocities in m/sec, when half of the explosives is used up.

These are all very moderate and feasible conditions.

Printed from the manuscript dated January, 1935.
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APPENDIX /361

Preface and Re_mzrk:_ by F. A. Tsander to the Work of

K. E. Tsiolkovskij _!]ntitled "Selected Works, "
Published in 1934

In his books K. E. Tsk_Ikovskiy was the first in the world to

present calculations which determine the flight of a rocket_ iLs fuel

consumption necessary to achieve a given velocity under various condi-

tions, and also its efficiency;both thermal and mechanical.

Tsiolkovskiy belongs to a group of people who, due to their love

of work and a penetrating brain, have discovered something new in the

field where the men of science have done very little to clarify the

existing practical possibilities. In the scientific works life on

other planets was depicted in an environment so unusual that it was

even difficult to imagine how mankind could exist in it. Fiction

writers have described only methods of flight which were not suitable

for real flights into space. However, a series of them had pointed
to the rocket as a means of flight to the moon.

The rocket was used to change the course of a projectile in inter-

planetary space by the well-known French author Jules Verne in his book
called "Voyage to the Moon."

However, Tsiolkovskiy was the first to give a scientific basis to

this problem, as contained in his works published here.

The organic deficiency (deafrless) which ueveloped in his youth had

a profound effect on his entire life and activity, forcing him to retire

and to develop many scientific problems by i_i_s_if, without the aid of

contemporary scientific disciplines. This i_ccpendence and isolation

from the technical ideas of his time left tb:_i< _:ark on the works of

Tsiolkovskiy and on the manner of their prese_Jt_tion. Thus, in his works

to designate length and weight (km, kg) TsioLk _skiy uses the same

expression "kilo." In the article "Pressure _n a Plane" we omit Sec-

tion 46_ which appears on page 8 of the ori_-inai %ecause an erroneous

conclusion is made here that the quantity which according to conventional

definition is designated by i'(k-l), where k is the adiabatic e×f0nent,

is proportional to the absolute temperat_re and inversely proportional
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to the absolute pressure. Then, on page 8 of the work "The Reactive
Airplane, " Tsiolkovskiy did not multiply the work required to obtain

i m3 of compressedair by the consumption of air necessary for I kg of
fuel, which leads to an erroneous conclusion regarding the possibility
of compressing air by meansof a compressor to very large pressures.
Here we have madethe corresponding corrections and have also corrected
someof the numerical values in the tables. Finally, Tsiolkovskiy,
having assumeda definite solution to a series of problems, does not
complete the design of the proposed construction, although he states
that the design calculations must be completed, before we know how this
construction can be reduced to practice. As a result of this, the con-
struetions which he proposes are of limited application. In all of the
books he assumesthat the temperature of the gases near the end of the
nozzle is so low that the cold maybe used to cool the air compressed
in the supercharger. However, this cold can be obtained only under
special conditions, first, whenwe have very large initial pressures
or very low terminal pressures; secondly, in the proposed method the
heat is imparted to the products of combustion which expand in the
nozzle at a rather low pressure, so that with the final expansion at
the end of the nozzle very little heat is transformed into the kinetic
energy of the moving products of combustion, as shownby me in detail
in the corresponding remarks.

The design of the supercharger given by Tsiolkovskiy is incom-
plete. In the work "The Compressorof Gases," 1931, more complete and
more interesting results are presented. However, great difficulties
will be encountered in reducing to practice the powerful devices for
cooling required by multistage compression. Here, the calculations
are insufficient.

At the end of the article "Pressure on a Plane" Tsiolkovskiy
presents a table of permissible flight velocities without showing the
calculations used to obtain these velocities.

In the work "Semi-reactive Airplane" Tsiolkovskiy does not prove
that the reaction obtained with an increased velocity of flight will
be of sufficient magnitude for the flight. Flight will be possible
only when the engine is sufficiently powerful. Although in the article
"Reactive Airplane" an airplane with a large engine is described, the
calculations are subject to the error mentioned above. In this case
the work expendedon compression must be approximately eleven times
greater than the value computedby Tsiolkovskiy. Nevertheless, within
certain limits the construction of the airplane mayfind an application.

iTsiolkovskiy designates this quantity by the letter A.
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Tsiolkovskiy's schemefor a reactive airplane requires proof that,
from the aerodynamic point of view, the shape proposed by him is suffi-
ciently advantageous to give desired results, together with the advantages
of light weight and simplicity of construction. In general this propo-
sition is quite interesting.

In the book "Investigation of Universal Space" Tsiolkovskiy omitted
a factor x in the expression for the differential work performed by the
resistance of the atmosphere. As a result, the integral for the work is
incorrect and has two variables, whereas it should be a muchsimpler
integral with only one variable. The corresponding places on the sub-
sequent pages were corrected by me, and Table i0 pertaining to the re-
maining work of atmospheric resistance was changed in a corresponding
manner.

In his books "A Rocket into Cosmic Space" and "Investigation of
Universal Space" Tsiolkovskiy comesto the conclusion that there is a
definite optimum flight angle. In the book by Oberth "The Roadsto
CosmicFlight" ('_ege Zur Raumschiffahrt," 1928) there is a different
conclusion, according to which for the unmannedflight of a rocket the
optimum flight path is vertical, while for a rocket with passengers
the optimum flight is along a special curve which he has called syn-
ergetic. However, the two results do not contradict each other since
Tsiolkovskiy assumedthat the acceleration of the rocket would be
constant, while Oberth assumesa variable acceleration for the unmanned
rocket, such that there is a maximumincrease in the velocity at each
momentof time at a given altitude and with a given expenditure of fuel;
in other words, he determines the optimum velocity of flight. For
passenger rockets Oberth also assumesa maximumaccleration which can
be withstood by humanbeings. Tsiolkovskiy computesall of the work
required for the ascent and for overcoming the atmospheric resistance,
and in this way obtains an average optimum slope for flying through the
entire atmosphere. Oberth computesthe optimum slope for each instant
of time and therefore obtains a curved line for the trajectory.

The special feature of Tsiolkovskiy's books, which makesit diffi-
cult to read them rapidly, is that the designation of mathematical
quantities are madeby the abbreviation of corresponding words, using
two or three Russian letters. This is due to the fact that the Kaluga
printing house had a shortage of Latin letters and mathematical symbols.
All of these symbols have been replaced by those in commonusage. In
the book called "A Rocket into Cosmic Space" and at the beginning of
the book "Investigation of Universal Space," where Latin letters were
used in the equations, they have been left without changes.

In the book "A Rocket into Cosmic Space" the drawing of the rocket
was replaced by a drawing madeby Tsiolkovskiy himself. This was done
because, as he developed his work, Tsiolkovskiy dropped the convolutions

/363
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_ _sted on the replaced drawing and which were to be used in
............... _n_e to attain the stability.

In the book "Cosmic Rocket. Experimental Preparation" we have

omitted a section in which Tsiolkovskiy develops an idea which is not

absolutely correct. This idea concerns a definite constant temperature

of dissociation and the fact that the temperature of combustion of

hydrogen is less than the temperature of combustion of carbon.

The question of life in a space ship and of the program for con-

structing an interplanetary ship have been only partially retained in

the present collection of works.

The works of Tsiolkovskiy are extremely variea and because he

generally published short articles (except for the book "Investigation
of Universal Space," which comprises five printer's pages), there are

many ideas and calculations in various places. Tsiolkovskiy himself

does not give an entirely clear, easily comprehensible line of demar-

cation between the various calculations, which makes it very difficult

to look for specific design data in his works.

The New Airplane

In his work "The New Airplane" Tsiolkovskiy tries to use simpli-

fied equations to take into account all the quantities important for

the flight of the airplane. In doing this he makes simplifications of

the following nature:

(a) the weight of the shell is determined as the weight of the

cylinder (19);

(b) the area of the horizontal projection of the airplane's wing
is determined as a projection of a cylinder (20);

(c) the loads due co the weights of (1) shell, (2) engines and

control devices, (3) fuel with tanks, (4) people and cargo, and (5)

supplies are assumed to be equal to each other, so that each load rep-

resents 1/5 of the total weight (23);

(d) the stresses in the shell are computed on the assumption that

it is a cylinder (24);

(e) the pressure on the plane normal to the load is obtained from

the Langley equation (28), which is not correct for many profiles.

The equations lead Tsiolkovskiy to a series of definite conclusions

concerning the velocity of flight, the required specific power of the

engine, the load lifting capacity, etc.
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It should be pointed out that calculations of this general nature
are applicable for a specific type of airplane. The work in question
maybe useful to obtain approximations; however, to obtain results useful
in practice it is necessary to carry out the calculation by meansof
graphs rather than equations. Then the simplications which Tsiolkovskiy
mademaybe invalid; for example, instead of the equal loads we may
have to assumethat the loads are exactly what they have to be to realize
the actual construction of the airplanes. Similarly, we shall get dif-
ferent results by using different types of engines: it is necessary to
take the actual weight of an engine for various horsepowers.

The end of the work describes a series of airplanes of varioustypes.

In regard to the special type of airplanes proposed by Tsiolkovskiy,
we should point out that in view of the feasibility of experiments with
models of airships it will also be possible to determine the flight
characteristics of the proposed airplanes. However, the experiments
must be carried out with curved shapes and with a train of such shapes.
Apparently it will be necessary to cover the entire airplane with a
streamlined shell.

The work is of considerable interest, and its inclusion in the
"Selected Works" should stimulate investigative work in the direction
proposed by Tsiolkovskiy.

Projects of this type are appearing abroad.

Translated for the National Aeronautics and SpaceAdministration
by John F. Holmanand Co. Inc.


