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INTRODUCTION
THE WORKS OF K. E. TSIOLKOVSKIY ON ROCKET TECHNOLOGY Zi%

K. &. 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 ' o~
Tsiolkovskiy. None of the authors concerned with the problems of in- W
terplanetary flights went as far as Tsiolkovskiy in discussing the
future social and economic implications of the solution of this prob- !
lem.

developed it in considerable detail, 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 subjects ¥n a scientific
"manner; they were not the products of his fantasy. Logical conclu-
sions were 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.

A

on

The problem of rocket flight is extremely broad. Tsiolkovskiy N of
-

o

The present volume contains the most important works of
Tsiolkovskiy on rocket technology. However, 1in 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.



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 Z&
it sometimes contains original technical ideas and therefore cannot be
excluded from the scientific legacy of Tsiolkovekiy. 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 speciel place 1s 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, & large amount of work
and energy would have to be expended to realize an interplanetary
ship. Tsiolkovskiy knew that a tremendous amount of work was yet to
be done. (Remarks in the letter by H. Oberth 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 thecretical 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, 189€), 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 some of the applications of the laws of motion of two

interacting bodies to free spacel.

"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 10 m. The mass of the entire body is 100 kg, consequent-
ly my body was pushed with a velocity less by a factor of 100 than the
velocity of the stone, i.e., with a velocity of l/lO m.

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

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

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

"When the 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 assume that we have a barrel which is filled with a highly
compressed gas. 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 particles into space will also repel the barrel continuously.

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

"yith a sufficient number of valves (6), we may 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, 1.e.,
the barrel may travel along any curve, following any law of velocities.

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



"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 propertional 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."l 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

lSpecifically, 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.



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
1 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 begen 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 Tsiolkovskly 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.



"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 smell circle of his students would doubt him and even if they were
sympathetic would be unable to dec 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-
known 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 pecple, but we are mediocre people.

"And what is it that rumbles! It is the authority which is per-
mitted to meke errors and to lie--anyone who has connections by virtue
of noble birth, 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."l

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 Tsiolkovskly 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-Octcber 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 jolned 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

l‘I‘he text 1s from the manuscript contained in the archives of XK. E.
Tsiolkovskiy.



the time of his death when he 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
human culture.” (Taken from the letter of Tsiolkovskiy 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 schemes for 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 when the ideas of Tsiolkovskiy began to penetrate into
Germany and then into France, the priority of Tsiolkovskiy was not
guestioned by many workers in rocket technology originating at that
time. The works of Tsioclkovskiy aroused the interest of scientists as
well as engineers. In 1929, H. Oberth wrote to Tsiolkovskiy: "I send
you my grectings...I 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...Il 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 New Air-

plane," Kaluga,l 1929).

The ideas of Tsioclkovskiy were discussed in the pages of the
technical press; they were criticlized and sometimes condemned. For
example, the proposition made by 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 German en-
gineer Lademan®. The article by Lademan in which, incidentally, he
made a series of remarks concerning Tsiolkovskiy's "Investigation of
Universal Space by Means of Reactive Devices," K, 1926, in turn pro-
duced objections from Tsiolkovskiy which were published by him togeth-
er with the work "Cosmic Rocket. Experimental Preparation,"” K., 1927.
Fifteen years later Tsiolkovskly was proven to be right: in July of
1942, a successful flight of the German rocket Ak, later known as the
V-2, was undertaken. This rocket was equipped with rudders exactly as

11n the future all of the works of Tsiolkovskiy published at Kaluga
will be designated by the letter "K."

2ZFM, April 28, 1927.



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 14 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. He 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 1942-194k 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 1s 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. In
the present edition we have retained the numbering of the sections as
given by Tsilolkovskiy. The omission of certain sections 1s 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.



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 make 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 Tsiolkovskiy 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 sym-
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 works, 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 some proof he required approximate data which would roughly
characterize some physical relationship. According to him this purpose
was best served by short tables. We have not introduced any changes in
this method of representation.

Most of the mathematical calculations were used by Tsiolkovskiy as a
rough proof of some technical 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 number of
calculations made by Tsioclkovskiy are very approximate and should be ap-
proacicd with care. However, many of the technical ideas which have been
proven by Tsiolkovskly 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 [;g
a scientific and engineering nature not published previously. Thus, the
present volume is the most complete collection of Tsiolkovskiy's works
on rockets,

Some of 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, however, 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 second book "Selected Works."l

We can 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. We have used the text of this book and have con-
sidered 1t necessary to retain almost all of the remarks made by Tsander
and contained in this volume of Tsiclkovskiy's works.

Unfortunately, however, this edition contained only those works of
Tsiolokovskiy which were a subject of mathematical analysis, while some
basic statements made by Tsiolkovskiy were dropped. As we have already
pointed out, very “ew copies were published. Therefore, at the present
time, many people know Tsiolkovskiy not from his works but from articles

1
K. B. Tsiolkovskiy, "Selected Works," Volume 2, Reactive Motion, edited

by F. A. Tsander. Gosmashmetizdat, 1934, 216 pyp.



11

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.l Many of the omissions have been reinstated.

We should 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.
HAis 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.

We shall 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 which may be
combined under one general title "Investigation of Universal OSpace By
Means of 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 Jjournal "Nauchnoye obozreniye" No. 5, 1903, under
the title "Investigation of Universal Space by Means of Reactive Devices."
Subsequently, Tsiolkovskiy called this publication the first part of his
work. 1In 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 Planeten-
raumen." Tsiolkovskiy adopted the almost literal translation of this
book in protest to the fact that the Oberth book was accepted as a new
discovery, whereas Tsilolkovskiy propcsed the same ideas 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.

1
Our edition has three types of footnotes: a) footnotes made by Tsiol-
kovskiy himself, b) those by Tsander, and c) those by the present Editor.
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In the ”Selected.Works"l of 1934, the work of Tsiolkovskiy was in-
cluded in its entirety. We present it in this volume as it appeared in
192, According to Tsiolkovskiy the first edition (in the journal
"Nauchnoye obozreniye") 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 same time
the work may be 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 Tsiolkovskly uses frequently is
a general term which covers all flying devices moved by thrust produced
by rocket engines.

"The Investigation of Universal Space By Means of 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. We publish this article using the text in this journal in-
troducing those corrections and additions which Tsiolkovskiy made in his
own handwriting on the text printed in the journal. Tsioclkovskiy 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 When Moving Away From 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 "Summary of the Works of 1903." We have
condensed this substantially, leaving only the principal proposition since
this summary presents in brief form the contents of the article " A Rocket
into Cosmic Space."

"Investigation of Universal Space By Means of Reactive Devices" (sup-
plement to Parts 1 and 2 of the work bearing the same title) was published
in 1914. We copied 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 1 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 Jjournal "Tekhnika i Zhizn'." However, the editor returned

1
In 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
Himmelskorper" (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 drawings 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 100 of them) are very
primitive. Tsiolkovskiy presented sketches assuming that these could be
reproduced. The drawings represent primarily 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 11, 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 Tsiclkovskiy. Other articles related in subject to a given group of
"investigations" are referenced at the end of each article.

The following articles by Tsioclkovskiy are devoted to an airplane
with a rocket engine:

/15
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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 193k, 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 "The New Airplane" Tsiolkovskiy wrote the 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 density, 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.): 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-
seript was not found in the Tsiolkovskiy archives. We may assume, as we
shall see later, that this manuscript was being reworked by the author
into an indevendent article. The work "The Reactive Airplane" was con-
tained in "Selected Works" of 193k.

"The Rocketplane." This article is published here for the first
time. A large incomplete manuscript was Tound in the archives entitled
"The Ascending Accelerated Motion of a Rocketplane." The content of
this manuscript 1s as follows: (l) the design and weight specification
of a rocketplane (Sections 1-40), (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 "The Reactive Alr-
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 manuscript, i.e., Sections 1-66. The last part which is

lsee the remarks of the author on p. 30 of "Pressure on A Plane," 1930,
K. - Editor's Note.

15
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concerned with the exit of the rocketplane from the atmosphere has been
dropped completely, since the calculations contalned 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
account 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 1ift
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." An 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 under 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 sections;
Tsiolkovskiy omitted 17 of them. In our manuscript the first sections
are numbered from 1 to 50 and a series of sections is also omitted. We
retained the numbers of the original article up to Section 51, after
which we used Tsiolkovskiy's numbering. Thus it would appear that 11
sections are missing in our presentation; actually nothing has been
omitted.

Several pages are missing in the manuscript which 1s pointed out in
this text. Also several tables are missing. We publish the manuscript
up to Sectilons lh3,inclusive. The subsequent part of the manuscript
contained the calculation for the ascent of a stratoplane in which
Tsiolkovskiy considered gravity, but not the 1lift 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 1s 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.

"puel for the Rocket." This article was composed by Tsiolkovskiy
from two manuscripts: "Explosives and Fuels," completed on June 29,

1952,l and "Explosives for the Astroplane,” completed on March 1, 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%, 193%3%. 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 [iﬁ
original manuscript. Altogether three manuscripts were found on the same
general subject. In (1) "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. Only 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.

lWe 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 "The Principles of Gas Machine Construction Known and Unknown.'
This chapter was finished on August 12, 193k,

Chepter 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, 193k.

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 "Tekhnika
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 Chemlcal 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. 1, 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 Energy," is undated.

Chapter VIII, "New 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 Tsilolkovskiy 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.t

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 VIIT
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 /20
genius of Tsiolkovskiy and is the chapter of most interest to rocket
techiology 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

2

method, not for simple liquid rockets“ but for rocketplanes.

lsee va. 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, 193k4.

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 "The "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.

1. "The Year 2000." The manuscript is dated September 26, 1913,
and represents an unfinished fiction book on the subject of interplane-
tary travels.

2. 'Woyages 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. "The 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.

L. "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 11,
1933, i1s the beginning of a fiction book on interplanetary subjects.

8. "Flights In the Atmosphere and Outside It." The manuscript is
dated February 12, l93h, 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:

/2L
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1. The article "Works on the Cosmic Rocket (1903-1927)" written
in 1928 and published after his death in the collected works of the
Reaction Section of the Stratosphere Committee of TeS Osocaviakhima SSSR
"Reaktivnoye Dvizheniye," No. 2, 1936. In this article Tsiolkovskiy
summarizes his 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 "Beyond the Earth's Atmosphere" pub-
lished together with "The New Airplane," K., 1929.

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

i, 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 "To the Astronauts," K., 1930, was an expansion of
the article "From the Airplane to the Astroplane."”

6. The article "The Compressor of Gases," K., 1931.

7. The article "How to 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 "Beyond the Atmosphere" written in March, 1932 and
published with some changes in "Vokrug Sveta,” No. 1, January, 193%4.

"

9. The article "Reactive Motion and Its Progress written in
)

March, 1932 and published in "Samolet," No. 6, 1932.

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

11. A scientific newspaper article 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,
18%6.

12. A popular science story entitled "Outside the Earth," which
was published in the journal "Priroda i Lyudi," in 1918 (No. 2-1k4) and
as a separate booklet at Kaluga in 1920.

13. The article "A Reactive Device as a Means of Flight in Vacuum
and in the Atmosphere," a short summary of "Rockets in Cosmic Space,”
was published 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 summary of 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 "Rabochaya
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 may be 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 becomes clear 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 assumed that 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
Tsiolkovskiy, the airplane of the future could be transformed into a
cosmic ship. This point of view is diametrically opposed to 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 mammner. The aviation
engine begins to utlilize 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 chamber of 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 some type 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 /(3
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 Barth. By sending supplies from the Earth
this satellite may be converted into a staticn, 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
"eolonies in the ether,' the name given by Tsiolkovskiy to interplane-
tary station cities.

From the standpoint of this rather elegant and successive conecept,
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:

1. "The New Airplane.”

2. "The Reactive Engine."
3. "Semi-reactive Stratoplane.”
L. "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."
10. "The Cosmic Ship."

11. "The Investigation of Universal Space By Means of Reactlve
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
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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 M. K. Tikhonravov

1964
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The Altitude Achieved by Air Balloons; Their Dimensions and Weight;
The Temperature and Density of the Atmosphere

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 1lift a load of 1 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 m3 of hydrogen at sea

level which, at the altitude specified, would occupy 100 m3. The bal-
loon will 1ift a load of 1 kg, i.e., it will 1lift the automatic sensor,
while the balloon itself will weigh approximately 1 kg. When its diam-

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

Consequently, each n® of the material, including the attached net, must
weigh 10 g.

One m2 of ordinary writing paper weighs 100 g, while 1 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 100 g, i.e.,
slightly heavier than ordinary writing paper. It will 1lift 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 100,000 m3, and the surface
of the shell will be 10,300 m°.

Meanwhile the results are rather miserable! We reach only an alti-
tude of some 27 knm.

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

atmosphere.l

Altitude at
Atmosphere Temperature Air
km Sc Density
0 0 1
6 - 30 1:2
12 - 60 1:4.32
18 - 90 1:10.6
2L -120 1:30.5
30 -150 1:116
36 -180 1:584
Lo -210 1:3,900
48 -24o 1:28,000
5k.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.

11t is now known that the temperature drop takes place only up to the
limits of the troposphere, i.e., up to 11 km.
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The divisor in the last column shows the difficulties which may be
met in the construction of a balloon.

5. 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 1,200 m/sec.
Such a shell fired vertically will reach an altitude of T3 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 good, the altitude achleved 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 simplicity, that the pressure of the gases on the shell is
uniform so that the acceleration of its motion is W m/secg. 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

v
2(W—g) '’

from which

%]
—?L_—i_gl

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, 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
equation

V=V 2gh.

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

w h
i

where W/g gives us the relative or apparent gravity in the shell. From
this equation we find that it is equal to 1,001.

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 1 kg is sub-
Jjected 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 gravity,” 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 curvilinear, in which case it is called the centrifugal
force. In general, 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, 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, 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 1,001. Even if it were possi-
ble to preserve these instruments under this excessive, though short-
lived (O.Eh 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 (l,OOl). Finally, the safety of the shell during its return to
Earth woula be more than doubttul.

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
jdea 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 which, 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 bass 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 Barth 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

People and
equipment for
Frespiration and
other purposes

hydrocarbon
Figure 1.
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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.

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 make it arbitrarily small or make it exceed
the normal Earth's gravity by many times. If we assume, for simplicity,
that the force of explosion decreases in a manner proportional to the
mass of the projectile combined with 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 gravity, 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 cannon as tall as the Eiffel Tower) the
relative gravity increases by a factor of 1,001 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
may be constant and may decrease uniformly, which will permit a safe
descent to a planet. Everything depends on the proper control of ex-
plosion.

(a) During the beginning of the ascent, while the atmosphere is
dense and the air resistance is very great at high velocities, the
rocket moves rather slowly, loses little to resistance of the medium and
is not heated very much.

The velocity of the rocket increases very slowly; but then, as
altitude is gained and the atmosphere becomes rarefied, it may increase
more rapidly; finally, in free space, this increasing velocity may in-
crease even more. Thus, we shall have to do a minimum amount of work
to overcome the resistance of air.

The Rocket In a Medium Free of Gravity and Atmosphere

The Relationship of the Masses in a Rocket

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, the same atmosphere with its den-
sity and elasticity interferes with the expansion of gases beyond a
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certain known limit; 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 My the mass of the shell with all its con-

tents except for the supply of explosives; we designate the mass of the
latter by My; 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 (M; *+ M,); after a certain period of time, it

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

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

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, we obtain the following differential equation from the law of
the conservation of momentum

8. dV(M, + M)=VdM.

9. Here dM is an infinitesimally small quantity of matter ejected
with a constant velocity Vy with respect to the rocket.

10. I should like to point out that the relative velocity V,; of

ejected elements under equal conditions of explosion is the same during
the entire period of explosion, based on the law of relative motion: 4V
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 Vy. We shall determine the latter at the
proper time.
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11. Separating the variable in equation (8) and integrating we
obtain

1 dM
—\ldvV=— ————+C
12. Vlj 5 M+M +6 or
13. %..—:——In(Ml-I—M)-l‘C-
1

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

1k, C=+In(M, + M,), therefore
15. Yo (MM,
v, ( Mt M )

The maximum velocity of the projectile will be achieved when M = O,
i.e., when the entire supply M, has been exploded; then, by assuming that

M = O in the preceding equation, we obtain

16. —:,—’;=ln (l +—j\"i)

17. From this we can see that the wvelocity V of the projectile in-
creases without limit as the quantity of explosive M, 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; with respect to the
projectile.

However, as the supply M, 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 Mo (if My is large compared with M;, 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 Vi,

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 sufficlently long), 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. Indeed, 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
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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 speclal 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 1lift 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 l,OOO 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 liguid 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 partitien. 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.t I cannot vouch for their authenticity, but these
experiments, as they apply to our problem, require extreme attention.
(Why not cool ordinary cannons in this manner before firing from them;
liguid air is now such a simple thing.)

l1n 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.
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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, carried in the form of a thin fog along the length of the
tube towards its exit.

19. Hydrogen and oxygen in gasecus state combine to form 1 kg of
water and develop 3,825 calories. Under the term "calorie" we mean a
quantity of heat required to raise 1 kg of water by 1° 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 wlthout decreasing it (this problem is
not entirely clear to scilence, 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., 1 kg of substance toc an
altitude of 1,633 km from the surface of the Earth's sphere, if we as-
sume that the force of gravity i1s constant. This work converted into
motion corresponds to an energy of 1 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 + 0p = SiOg), releases a tremendous amount of heat, specifi-

cally, 3,654 calories per unit mass of the resulting product (Siog), but
unfortunately nonveolatile 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 (HEO), 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.

[36
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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 (3,825 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 combination.
Thus, in formation of sulphur dioxide (SO,) only 1,250 calories are re-

leased, while in formation of copper oxide (CuOy) only 546 calories are
released, and carbon during formation of carbon dioxide (002) liberates

2,204k 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, 1; 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
welght of these atoms and an infinite energy in the case of their chemi-
cal combination.

20. DNo matter what happens at the present time, we cannot assume a
value of greater than 5,700 m/sec for vy (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/Vl, but the absolute value of the final

(maximum) velocity V of the projectile as a function of the ratio MQ/Ml.

21. We can see from equation (16) that the mass of the rocket with
all passengers and all instruments Ml may be arbitrarily large without

any loss in the velocity V of the projectile, if the supply of the fuel
My is increased proportionally to the mass My 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 My 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.

Flight Velocity as a Function of Fuel Consumption

22. From equation (16) we obtain the following table.

Velocity V Velocity V

M2/Ml V/Vl m/secy ME/M]_ V/Vl m/secy
0.1 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.k 0.336 1,915 10 2.393 13,650
0.5 0.405 2,308 19 2.996 17,100
1 0.693 3,920 20 3.04kL 17,330
2 1.098 6,260 30 3.434 19,560
3 1.386 7,880 50 3.932 22,400
L 1.609 9,170 100 4.615 26,280
5 1.792 10,100 193 5.268 30,038
6 1.946 11,100 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; 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 Mo 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 (MQ/Ml = l), 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 MQ/Ml 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 ME/Ml is equal to 6, the velocity of the rocket is

almost sufficient to move it away from 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 0.1 part of the rocket's weight, the velocity is
equal to 543 m/sec, which is enough to 1ift 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)3 conseguently,

in this case, the altitude reached by the projectile is proportional to
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the square of this mass (ME)’ When the fuel supply is half the mass of
the rocket ME/Ml = 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
2
vV
—EM where g is the acceleration due to gravity; the mechanical work of
2g 2’

the rocket traveling with a velocity V, is expressed in the same units:

2
Y—Ml, or, on the basis of equation (16),

2g
1% vi MA\T
7= M [ (1+ M—>]

Now, dividing the work of the rocket by the work of the explosive
material we obtain
M, M.\12
—X lin{1 —1)]
Mz[ (+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 sce that for very small quanti-
ties of explosive material its efficiency is equal to Mg/Ml, i.e., it is

proportional to the relative amount of explosive substances.l

As the relative mass of explosives increases, the efficiency in-
creases and attains its maximum value of (0.65) when M2/Ml is equal to
approximately 4.

1Indeed, In (L + x) =X = 5=+ 3= =~ «+-+ Consequently, approximately,

2 2
A My M1 M,

[
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Mo /My Efficiency My /My Efficiency
0.1 0.090 7 0.62
0.2 0.165 8 0.60
0.3 0.223 9 0.59
0.4 0.282 10 0.58
0.5 0.328 19 0.47

1 0.480 20 0.46
2 0.600 30 0.39
3 0.64 50 0.31
L 0.65 100 0.21
5 0.64 193 0.14k
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
ls infinitely small. We can also see from the table that when the ratio
M2/Ml varies from 2 to 10, 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 muss ratio is 1 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 sultable 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
become equal Lo zero.

Indeed, let us assume that 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 remaln motionless
in the air without any support. Of course, in this case, 1t 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

When the rocket moves in a medium free of gravity, the time, t,
during which the entire supply of explosive materials is expended is
equal to

08. g =L
1Y

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 guantity of substances expended
during explosion per unit time in this simple case of a uniformly ac-
celerated projectile, 1s 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 perilod of acceleration or during the period
of explosion.

If we assume that gravity at the surface of the Farth 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 equaticn 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 1is
used up will be the same as in the case when gravity is absent; it will
be expressed by equation (28), or by

31. t =

where Vo 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 1s 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 sun, 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, 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-
bPerience even the smallest gravity until, of course, the projectile
meets some obstruction in the form of atmospheric resistance, water or
hard socil.

33. If p =g, i.e., if the pressure of exploding gases is equal to
the weight of the projectile (p/g = l), then the relative gravity will
be equal to the Earth's gravity. If 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

3h. v=Vv,(;2-).
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From this, if we know the velocity, Vo, 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, of explosives.

From equations (16) and (34) we obtain
: Vo=—V,[1— £)in (¥ 1),
32 ? 1( P)n(M1+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, Vo, may even be

equal to zero, although we have a large supply of explosives, 1if p/g =1,
i.e., if the acceleration imparted to the projectile by the explosives

is equal to the acceleration due to the Farth'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, V,, achieved by the projectile for a given quantity, M,, 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 guite 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
V,=— v,-m("ﬁ-H\,
Ml I

i.e., if p is infinitely large or if the explosion takes place instan-
taneously, then the velocity Vo 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 guantity M2/Ml 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 = 11,100 m/sec (Table 22), while p = g = 9.8

m/secE, 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 Mp/M; =1, then, according to this table, V = 3,920 m/sec;
consequently, t = 40O sec, or 6-2/3 min.
When MQ/Ml is equal to 0.1, V = 543 m/sec, while t = 55.4 sec,

i.e., less than 1 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.=t 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 pericd 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

11f we do not take into account the work done by atmospheric resistance.
Editor's Note.

2Ye must not forget that this statement was made in 1903, before the
first flight of the Wright Brothers and, consequently, before the be-
ginning of aviation. This thought of Tsiolkovskiy was based on the low
efficiency of an &irplane 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/Ml is equal to 6.

41, Let us substitute in equation (35) for a medium with gravity
g/p = 10, M2/Ml = 6; then we compute Vo, = -9,990 m/sec. As before the

relative gravity will be equal to 10, i.e., a man weighing 70 kg during
the entire period of explosion (approximately 2 min) will experience a
force of gravity 10 times greater than at the Rarth and will weigh 700 kg
on a spring balance. A traveler will be able to sustain this gravity
without injury only if speclal conditions are observed: 1if he is sub-
merged in a special liquid under special conditions.

On the basis of equation (28) 1let 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 Vo, = 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 p; =P - &-

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, i1.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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l|‘5- A= -l-—plt’ =p——-—‘ t,

Eliminating t, according to equation (31) we obtain
2
L6, h = Yo 3
2(p - ®)
where V2 is the velocity of the projectile in the gravitational medium

when all of the explosives have been exhausted.

By eliminating V, we obtain from (34) and (L6)

1=t 4).

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

L8. T = —.

In a medium with gravity, however, the work, Ty, will depend on the
altitude reached by the projectile and its velocity at the time when ex-
plosion ceases:

L Vg

9' Tl =h + 'ég.

The ratio of this work to the preceding ideal work is equal to

50. L 2ng + V3
T v °

Eliminating h and V from this equation by equations (46) and (34),
we find
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T
1 g
51. I'f——l-p,

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 d4if-

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 1/10, 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 Vo = 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 1,110 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, = V(1 - %) or V- Vp = V%.

We find from (51)

56. T = T3 2 =)

where T; 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;.

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 eguation
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2
Vv
T = Ml-g_g—'

Now, knowing V, we may compute the required mass, M,, of explosives
by equation (16).

Thus, by using these methods we find

57. }/7.77-'—’:;——:]

ﬁL::ﬁﬂ[e

2
v

In carrying out our calculations, we replace My §£ by T, for
simplicity. €

Therefore, if we know the mass of the projectile M; with its entire
contents, except the explosives My, the mechanical work T2 of the explo-
sives when their mass is equal to the mass of the projectile M;, the Z&Q
work Ty, 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 My, nec-
essary for lifting the mass Ml, of the projectile.

The ratio, Tl/Tg, in the equation will not change if it is reduced
by My. Therefore, by Ty and T, we understand the mechanical work Ty

performed by the unit mass of the projectile and the mechanical work To
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
Barth 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, 1t 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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Equat'ion (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 10,000 m/sec (Table 22). 1In order to bring the rocket to a
stop, it is necessary to attain the same velocity in the opposite direc-
tion. Obviously, the remaining gquantity of explosives according to
Table 22, must be 5 times greater than the mass, M;, 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 5My = My,

60. The entire mass, including the fuel supply, is Mo + My =
oMy + My = €My . The initial explosion must accelerate this mass €M; to

a velocity of 10,000 m/sec and for this purpose, we must have a quantity
of explosives also 5 times (Table 22) greater than the projectile and
the mass of the fuel supply for bringing the projectile to a stop. This
means we must increase 6Ml by a factor of 5: we obtain 30M; which, to-

gether with the supply for bringing the projectile to a stop, 5M;, con-
stitutes 35Ml.

We designate the number in Table 22 which gives the ratio between /49

the mass of the explosive material and the mass of the projectile by
q = M2/Ml. Then we can express M3/Ml as

61. %:=q+(l+q)q=q(2+q).

or, by adding and subtracting unity from the second part of the equa-

tion, we have i‘_s_=1+2q+q’—1=(l+q)"'l
M, '
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from which it follows that
M,
62. =2 1=(14-¢).
M,
The latter expression is easy to remember.

When q is very small, the quantity of explosive substances is ap-

proximately equal to 2q (because g° 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 v

m/sec Mo /My M3/Ml m/sec Mo /My M3/M1
543 0.1 0.21 11,800 7 63
1,037 0.2 0.Lk 12,500 8 80
1,493 0.3 0.69 13,100 9 99
1,915 0.k 0.96 13,650 10 120
2,308 0.5 1.25 17,100 19 399
3,920 1 3 17,330 20 440
6,260 2 8 19,560 30 960
7,880 3 15 22,400 50 2,600
9,170 L 24 26,280 100 10,200
10,100 5 35 30,038 193 37,248
11,100 6 48 Infinite - Infinite

We can see from this table how prohibitively large the reserve of [29

explosives must be if we are to attain a high velocity and then lose it.

From (62) and (16) we have

-2V 14
v, v,

M, M
-— =¢ __8_ —_
m 1 T oM Te L.

We note that the ratio —2V/Vl 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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6Lh. If we are in a medium with gravity, then in the simplest case
of vertical motion the process of coming to a stop and descending to the
Farth will be as follows: when the rocket under the influence of its
terminal velocity has reached a certain altitude and stopped, it begins
to fall to the Earth.

When the projectile has descended to the point at which the action
of the explosive substances had ceased during the ascent, it 1s again
subjected to the action of the remaining fuel in the same direction as
before and in the same order. 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 Karth 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 come to a stop in a
gravitational field than in a medium without gravity; therefore q (in
equations (61) and (62)) must be greater.

We designate this large ratio by qq, and on the basis of what we
have stated we find

65. =1—.L

P

S|

g
[}
from which

71‘—‘7(;:‘_’_‘*‘“);
substituting q; for q in equation (62), we find

66. M (14-q,0 — 1= _Pe_\_1.
Mo (g~ (1+p_g) 1

Here, M), 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
table, assuming that p/g = 10, i.e., that the pressure of the explosives
is 10 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, on
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the other hand, will be less because part of this work is used for pro-

ducing 1ift in a medium with gravity.

For the Gravity Field

v

m/sec MQ/Ml
543 0.1
1,497 0.3
2,308 0.5
3,920 1.0
6,260 2
7,880 3
9,170 L
10,100 5
11,100 6
11,800 7

The Field of Gravity. Inclined Ascent

My, /My

0.235
0.778
1.420
L 457
9.383
17.78
28.64
41.98
57.78
76.05

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 Barth, just like our moon. In addition, and this is most important,

i1f the flight is inclined, we utilize a much larger part 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 com-
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.

Figure 2.

0.
7 R=Vp*'—¢g'

On the basis of the last equation, the kinetic energy imparted to
the projectile after a period of time, t, is egual to

L. Rep (_@_)=R_=_ p_ P& £,
2 gl 2% 2¢

where t is the period of explosion. This is the entire useful 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,
the work of the explosives imparted to the rocket in the medium free of
gravity is equal to

T2. 2

Dividing the useful work (71) by the total work (72), we obtain the
efficiency during the horizontal flight of the rocket

73. (P’—l' t).' (.E: t):—..—l——(_z_.)"
2 % P
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)g. It follows that this loss is substantially smaller than for the
case of vertical motion. Thus, for example, when g/p = l/lO the loss
constitutes l/lOO, i.e., 1 percent, whereas, during vertical motion, it
is given by g/p, or equals to 1/10, i.e., 10 percent.

74. We present a table in which B is the slope of the accelera-
tion, p, with respect to the horizon:

[53
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The Horizontal Motion of the Rocket

v/e (g/p)? g/p go
1 1 1 90
2 1:h4 1:2 30
3 1:9 1:3 19.5
L 1:16 1:4 14.5
5 1:25 1:5 11.5
10 1:100 1:10 5.7
100 1:10,000 1:100 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, because in this case the path of the
rrojectile through the atmosphere is substantially increased and the
work for penetrating the atmosphere is also increased.

Let us remember that a or the slope of the resultant with respect
to the vertical is greater than a right angle; we then have

T6. R=V p*+{g*}2pg cosy,

where ¥ = a+ B (the obtuse angle of the parallelogram) on the drawing.

Furthermore,
1. Y=a+B; sinz: sinB: siny=p:g:R
and
R+ —p*
8. =¥ —F
i cosa 3Rg

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

9. Ry=sin(a — 90°) R—=—cos aR.
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Consequently, the work of ascent of the projectile will be
Ry —c0%e pp
80. 2t._ 2 Re,

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

R. —~cosa R2[ R
81. Re g =032 :-_-._(__._
2 + > R 2 (g cosa).

By 1 unit of work we understand the ascent of the projectile by 1
unit of altitude in a medium with acceleration g. If « >90°, for exam-
ple, in the case the projectile ascends, cos « is a positive quantity
and vice versa.

The work in a medium free of gravity, according to (72), will be
equal to thQ (we must not forget that the period t of explosion does
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.,

82. —@ﬁ(—g——cosa) . (&t’ )==£—(—R———g—cosa).
2 \g %% p\lp »p

Eliminating R in accordance with equation (76), we find

83. 1+-§+2cosy—i———cosa-f-]/ 1+;—‘:+2c0314‘;—.

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 angle ( « - 90°) of the rocket's trajectory with respect to the
horizon.
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85. The angle a = 90 + 14-1/2 = 104-1/2° and cos a = 0.25; if we
know « we may determine g. Indeed, from (77), we find

sinB-slna-’f-;

so that if g/p = 0.1, then

sin $=0.0968; B =5/,°,
from which

1==110°, 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 (1L4-1/2°) is in no case greater than 1 percent
of the work necessary to remove the rrojectile 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; B is the deviation in
the direction of the pressure produced by the explosives from the line
of true motion (69).

Inclined Motion

Degrees
Efficiency Losses
a- 90 a 8 Y=a+ g

0 90 5-3/b 95-2/3 0.9900 1:100

2 92 5-2/3 97-2/3 0.9860 1:72

5 95 5-2/3 100-2/3 0.9800 1:53

10 100 5-2/3 105-2/3 0.9731 1:37

15 105 5-1/2 110-1/2 0.9651 1:29
20 110 5-1/3 115-1/3 0.9573 1:23.4
30 120 5 125 0.9426 1:17.4%
Lo 130 h-1/3 134-1/3 0.9300 1:14.3
45 135 L 139 0.9246 1:13.3

90 180 0 180 0.9000 1:10
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87. For very small slope angles ( a - 90°) equation (83) may be
substantially simplified by replacing the trigonometric terms with other
terms and by making cther simplifications.

Then we obtain the following expression for the losses of work:

x14-3x (1 — ‘7')+6=x’ (x ~ —;—) ,

where b is the slope angle of motion ( a - 900), 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

et 4

We may let & = 0.02N, where 0.02 is the part of the circumference
corresponding approximately to 1° (1-1/7), while N is the number of
these new degrees. Then the losses of work are expressed approximately
by

2 1002LN.
P P

From this equation it is easy to prepare a table by setting

£ =01,
p

N 0 0.5 1 2 3 L 5 6 10

Losses 1/100  1/91 1/83 1/10 1/60 1/55 1/50 1/h5  1/33

We can see here that even for large angles (up to 10°) 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 sald 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 1f 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.” 1In 192L, the article was published as a separate
pamphlet at Kaluga. It was included in "The Selected Works," Vol. 2,
1934. K. E. Tsiolkovskiy considered the continuation of this work to be
"The Investigation of Universal Space by Means of Reactive Devices,"
Part 2 (Investigations of 1911-1912). - Editor's Note.
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0 THE INVESTIGATION OF UNIVERSAL SPACE BY
O MEANS OF REACTIVE DEVICES

iy
1 (1911)

Lo

O, A Summary of the Works of 1903

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 ligquid 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, is designed 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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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 vapor 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 longitudinal 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 L.
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When this ratio is between 1 and 18 the efficiency is greater than
48 percent; the corresponding velocities in the medium without gravity
vary from 3.9 to 16.9 km/sec. The latter velocity is greater than that
necessary to overcome the attraction of the sun and the Earth, and to
move the rocket between the stars if it is launched in the direction of
the annual motion of the Earth.

K. E. Tsiolkovskiy in 1910

In my calculations I have assumed that the temporary gravity in the
rocket is 10 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 movers, even those which are the most perfected
under the present state of the art, we shall utilize not more than 10
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 TOO km, 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.l

The Work of Gravity during Movement Away from the Planet

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 ry; to an altitude of h:

T=—5|— r, (l — 'x:"h )

Here g is the acceleration due to gravity on the surface of the
given planet, while g1 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

T =-!—fl.
! &1

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 1 r of the planet, if we assume that the
force of gravity does not decrease as we move away from the surface.

Irhe 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 Ty 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 proporticnal to the radius of the planet and is expressed as
the ratio of the radius of the planet ry to the radius of Earth rs.

Consequently,
£
£
and
r n
T‘--Lfl =—l' .
ry Ty

From the preceding equations we find that for any planet

e—

T h n

—Tr_:—h‘i"l— ]+.’.‘.
n

Here we have expressed the work T done in ascending to an altitude
h from the surface of the planet of radius ry with respect to the total
maximum work T-.

Required Velocity of the Body to Move Away from the Planet
We shall not present the calculations which are used to determine
these velocities, but only concern ourselves with the conclusions.
The velocity V; required to raise the rocket to an altitude h with

a terminal velocity V, is equal to

2 |h
ey

If we assume here that V = 0, i.e., if the body moves upwards until
it is stopped by the force of gravity, we find
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V,='| / 2grih .
f|+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

Vl = V2gr1.
From this equation we compute for Earth: v, = 11,170 m/sec.

For planets of the same density as Earth, we obtain

. 2
/5

where g1 and rp, refer to the Earth's sphere. We can see from the equa-
tion that the limiting launching velocity Vl in this case is propor-

tional to the radius ry 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 ‘/2 = 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=L01/ (l/—" — 14-arcsin l/ . )
4 22 r + ra3 '
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Here rp 1is the distance from which the body begins to fall; r is
the path traveled by the falling body; rp 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
rp - r torp when the body loses all its velocity.

If we assume that r = rp, i.e., 1f we determine the period of fall

to the center of the concentrated planet, we obtain from the last equa-
tion
=0 5;
2 n 2z

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

t=2=T17/
! g £ ’

where r; is the radius of the planet with acceleration g at the surface
while ro is the distance of the body from the center of the planet.

By comparing both equations, we find
’:"”_‘ 4Y/3=5.657.

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 Barth 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)

2441
_ _____dh 1
d—d‘(l 2(A+1)f) (1)
where

A= GMIC
s

In these equations dy is the density of the air at sea level
(dl = 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 m°); M is the mechanical equivalent of
heat (M = 424 ton-meters); T, is the temperature of absolute O (Ty =

273); 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

d=a,(1- ), (@)

1

where a = 2A + 1 = 5.88, hy = 54.540 km and expresses the limiting theo-

retical altitude of the atmosphere under the assumptions which have been
made. Indeed, if in equation (1) d = O, then

h=— 2(A+ WV f .
4,

By letting this altitude be equal to hl we obtain equation (2).
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Although this altitude of 54.5 km is extremely small, as we can see
from observations on falling stars, there is no doubt however, that the
atmosphere above Sk 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/dl = 0.001, i.e., at this altitude the air is 1,000 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 = Fdh,

where F signifies the resistance of the air to the motion of the pro-
jectile. It is equal to

F= KO
2gU

Here K is the coetficient which according to Langley is equal to
1.L4;

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/sec?);

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 1l per-
cent or less), the velocity V of the projectile may be set equal to

V=V2(p —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

dT=b(1 — ~:—)'ﬁdh;

here
b= Kd,S (p— g)
Ug
and
a = 5.88.

Integrating by parts and determining the constant, we find

h2 h at+2
T=b{——'———[1 — (1 — —) ]—
(@+1)(a+2) hy

— Ay +_:T)‘“} (11)

a4l 1
If we let h = hy, we obtain the total work T; of atmospheric re-

sistance. Specifically:
_ bh?
Y a+n@+2

Let us assume that K = 1.4; d = 0.0013; § = 2 n°; p/g = 10; g = 9.8
m/secg; U = 100; then b = 0.0003276; a = 5.88 and b = 54,540 m.

Then Ty = 17,975 ton-meters.
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The work performed by 1 ton of explosives when we obtain 1 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 1
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. We obtain the same result 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.

Period of Velocity of Altitude Relative
Flight of Ascent of of Density
Rocket Rocket Ascent .

. of Air

111 sec m/sec m
0 0 0 1
1 90 Ls -
2 180 180 -
3 270 Los5 -
5 450 1,125 1:1.13
7 630 2,205 -
10 900 4,500 1:1.653
15 1,350 10,125 -
20 1,800 18,000 1:10.63
30 2,700 L0, 500 1:2828
4o 3,600 72,000 Approaching
50 L, 500 112,500 zero
70 6,300 220,550 0
100 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/sec and rises to an altitude of 575 km; ascent of the
body beyond this point will be due to its inertia.



71

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 same time 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-

. . 2 o 0y 4
proximately proportional to cosec® (a - 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.l

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 100.

Angle of inclination Losses
. . Sum
of trajectory with
. due to of
respect to horizon due to
o~ 900 gravity2 atmosphere losses
U = 100
0 0.010 o -

2 0.014 2.47 2.48

5 0.020 0.395 0.417

10 0.027 0.099 0.126
15 0.035 0.0477 0.0827
20 0.045 0.0255 0.0205

30 0.057 0.0120 0.069
4o 0.070 0.0073 0.0773
4s 0.075 0.0059 0.0809
90 0.100 0.0030 0.1030

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.

1The 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, we destroy 8 percent of this, we find that
during inclined motion we may utilize 58 percent of the entire chemical
energy of the explosives.

The work done by the resistance of air may be decreased by several
times if the flight starts from the peak of a high mountain, or if the
rocket is raised by means of 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 10 km will decrease it by a factor of k.

Picture of the Flight

Relative phenomena. Although space travel is very far off, let us
assume nevertheless that everything is ready: everything has been in-
vented, perfected, and tested and ve are situated inside the rocket and
are ready for blast-off, while our friends are observing us.

We shall refer the phenomena to our rocket, our friends will refer
them to Earth and the astronomers on Mars will refer them to their own
planet, etc. All these phenomena will be relative and entirely differ-
ent, because a phenomenon of any type depends on the form of motion of
the body to which it is referred.

We have started on our voyage and shall experience rather strange,
completely amazing and unexpected sensations which we shall now
describe.

The signal has been given; the explosion, accompanied by deafening
noise, has started. The rocket has shivered and 1s 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 means of surviving such terrible gravity, 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 10. We could
learn of this from spring balances or a dynamometer (l pound of gold
hanging on a hook changes its weight to 10 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 10), from an increase in weight of all objects,
and many other phenomena.

If the density of Earth were to increase by a factor of 10 or if we
were on a planet where the force of gravity is 10 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 900, while for the case of the optimum flight by not
more than 75—800, 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.

0il 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 itwo 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 guarter 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 Barth'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 our 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 bottom.

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 10 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 1 sec the rocket has reached an altitude of 45 m;
after 5 sec it is at an altitude of 1 verst and after 15 sec it is up to
10 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.
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The heat did not penetrate to us as we sat in the rocket becguse 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 211 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, as before. This 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 i1s 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.

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, 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, 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, i.e., of a
longer day, 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, more enchanting and more unexpected, because we shall
see the relief of the edges of the illuminated part of Earth, 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!...

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
EBarth, assuming, of course, the abseunce of heavenly bodies and their
gravitation.

As far as Harth 1s concerned, the minimum velocity for moving away
from it to infinity is equal to 11,170 m/sec, or more than 11 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, 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 Barth, 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-&), 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\f§ than the minimum velocity necessary for
escape to infinity (ll,l?O 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 tc 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 have sald the required angular velocity is
computed approximately as 8 km/sec or 7,90k m?sec.
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If we make use of Barth'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 L65 m/sec (such
is the small velocity of rotation of Earth's points), i.e., it would be
equal to T4bl m/sec. We can see that this is slightly more advantage-
ous. The required relative quantity of explosives would be expressed by
the ?umber 3 to b (if the weight of the rocket is taken to be equal
to 1).

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. 1In this case the
losses due to gravity and the resistance of the atmosphere are only 7T
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.l
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

1see equation (66) "A Rocket into Cosmic Space." -Editor's Note.
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from the surface of FEarth, 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 & 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 may be transformed into an
elliptic orbit and the latter, as we have described, may again 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.,
we may move 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 whose equation depends on the manner in which the
explosion takes place.

The subsequent trajectory of the rocket, after explosion has
ceased, will be some second 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 same percentage (up to
65 percent) of the energy of the explosives is utilized as in the medium
without gravity; the same thing 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 moon will produce a greater effect than when there is a more ex-
tended orbit, which in turn depends on the relative quantity of expended
explosives and the relative positions of the moon and the rocket. It
may turn out, or we may program the movement of 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 when the projectile falls to Earth. The
energy of fall on the latter is 22 times greater than during the fall to
the moon.
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If we take into account the velocity and rotation of the moon and
also the movement of the rocket, we may 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 moon is 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 means of explosions. Every-
thing must be computed and 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 gulte
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 become the satellite
of the moon but, having approached it, will leave it again and rotate
around Earth along a rather complex curve which sometimes passes close
to Farth and sometimes close 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 of f another explosion with the idea
of retarding the motion of the rocket; thus it becomes an eternal satel-
lite of the moon and a great-grandson of the sun. From this circular
orbit it is also possible to descend to the moon or move away from it by
various methods.

From the description of the flight we can see that the rocket may
become an 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 may be 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 move extremely
rapidly eround Saturn.

The movement around 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 simllar to
the rings of Saturn, people will Increase the supply of solar energy by
a factor of 100-1,000, compared to what they have on the surface of
Earth. However, this may not satisfy man either, and, having conquered
these bases, he may extend 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 become an independent planet--a satellite of the sun
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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 FEarth 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,
il.e., a seven-fold or eight-fold quantity of explosives (compared with
the remalning 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