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At intervals in the history of trans-
portation, certain major inventions have
appeared which increased the previous
speed of travel by an almost stagger-
ing amount within a few years aiter
their introduction. The most obvious
past examples of this are the locomotive
and the airplane, each of which multi-
plied the previously existing speed
record by a factor of about five during
the first four decades of its develop-
ment. In our present generation, a new
vehicle has now appeared which prom-
ises a still more incredible increase in
transportation velocity, as revolutionary
in its possibilities and as challenging
to the imagination as the locomotive
and the airplane were in past genera-
tions. I refer, of course, to the modern
high-power rocket.

The modern rocket, like the locomo-
tive and airplane before it, is based on
the use of a fundamentally new, un-
conventional light, and powerful en-
gine. This engine is the liquid-propel-
lant rocket motor, a device so light and
powerful that it produces over half a
million horsepower of useful propulsive
vower for an engine weight of less than
a thousand pounds. It is the purpose of
the present paper to give a brief sur-
vey of the history of this revolutionary
new engine, the development of its
operating principles, and the trends in
its design in the present and future.

The original source of the liquid pro-
pellant rocket ideq, like many other in-
ventions, is still quite uncertain; but
there is some evidence that the earliest
practical working motor of this type was

iety of Mechanical Engineers.

constructed about 1835 by Pedro E.
Paulet, a young engineer of Peru, South
America. (See Fig. 1) Paulet did not
publish an account of his work until
1927, in an obscure news article in the
Lima, Peru, "El Commercio”, so that
the validity of his claim may be rather
doubtful; but it is interesting neverthe-
less, to quote Paulet’'s description of his
motor, as abstracted in A. B. Schers-
chevsky's book "The Rocket for Trans-
port and Flight”.

The following is a free translation:

"I made my final tests with pank-
lastite, which the discoverer of melinite,
Turpin, had just introduced. As a struct-
ural material, | used vanadium steel,
at that time a new metal. The rocket
chamber, which was conical inside, was
10 cm high and had a 10 cm mouth
diameter (thus the nozzle angle was
52°). As to the propellants: nitrogen,
peroxide, and gasoline were fed into
the combustion space in the upper part
of the chamber through opposed in-
jector ports with simple check valves.
The ignition was electrical by means of
a spark gap half way up the rocket
chamber, similar to the spark plug of
present day internal combustion en-
gines. In the first tests the rocket cham-
ber was provided with long flexible
tubes in the form of external rings con-
nected to the feed lines. The rocket
motor was suspended so as to slide on
two vertical wires, and the thrust was
measured by a dynamometer. The tests
were very satisfactory. The rocket mo-
tor weighed 2.5 Kg and gave a thrust of
about 90 Kg at 300 explosions per min-
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ute. The tests showed that the rocket
could operate for an hour without suf-
fering any appreciable deformation. Be-
cause of the danger involved in tests
with powerful explosives and owing to
other personal reasons, the tests were
terminated in 1897".

Paulet's device appears to have been
the earliest example of a so-called bi-
propellant rocket motor, in which the
oxidizer and the hydrocarbon fuel are
in separate tanks and are mixed only
in the combustion chamber. His use of
nitrogen peroxide as oxidizer also fore-
shadowed certain modern propellants
such as nitric acid, and the set-up of
his test stand was quite similar to types
used in later years. The intermittent
fuel injection which he employed has
not teen commonly used in more re-
cent motors, which almost invariably
employ a constant-pressure combustion
cycle.

The next definite proposal for «
liquid-propellant rocket motor was in
1903, by K. E. Ziolkowski of St. Peters-
burg, Russia. Ziolkowski, a mathematics
professor, published an article in the
St. Petersburg “Scientific Observer”,
dealing with the possibility of a rocket
space ship for exploring outer space.
While his: paper dealt mainly with the
mathematical conditions for space flight
(and was in fact the first really scien-
tific attempt to analyze this tantalizing
problem) he also made several specific
proposals for operating such a rocket,
including the use of liquid oxygen and
liquid hydrogen as propellants in a
constant-pressure combustion chamber
with a De Laval divergent expansion

nozzle. This propellant combination has
since received very extensive study,
and still remains one of the most power-
ful fuels so far proposed, though it has
not yet been used in practical rocket
work owing to various practical dif-

ficulties.

In 1913, Robert Esnault-Pelterie, an
aviation pioneer who invented the fam-
iliar “joystick” control for airplanes,
read a paper before the French Acad-
emy of Sciences on the subject of rocket
space flight in which he envisaged the
use of liquid rocket fuels, though still
in very general terms; and at about the
same time Hermann Oberth, a Ruma-
nian professor, began his early work
on rocket theory, while Dr. Robert
H. Goddard, of Worcester, Mass., like-
wise began work on the problem at
Clark University.

Both Oberth and Goddard were des-
tined to play fundamental roles in the
development of the new art of rocketry,
which as a result of their efforts began
to move out of the mathematics books
and into the workshop and the test
field. This new period began about 1915,
when Dr. Goddard began his classical
experiments on the smokeless powder
rocket, which were published in 1919
in his famous Smithsonian Institution
paper, "A Method of Reaching Extreme
Altitudes.” Unlike the early work of
Ziolkowsky and others, this paper
aroused much public comment and be-
gan a sort of ground-swell of interest
in the subject among technical men
which gradually spread further and
further, in spite of all ridicule and in-
difference.

In his 1919 paper and in a 1914 pat-
ent, Goddard mentioned the possibility
of using liquid propellants in rocket
motors; and in 1920 he began active ex-
perimental work on the idea. By 1923
he had already developed a practical
liquid oxygen and gasoline rocket mo-

tor, which was fed with fuel by a simple
pump feed system, and on March 16,
1926 he succeeded in making a short
flight of a small liquid fuel projectile.
The general arrangement of this histor-
ic machine is shown in Fig. 2, which is
reproduced from G. Edward Pendray’s
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book "The Coming Age of Rocket Pow-
er”. It will be noted that the motor of
this rocket had a liner of alundum ce-
ment to protect the chamber from the
intense heat. This method of construc-
tion is attractively simple, but has been
largely abandoned in more recent de-
signs, since it is necessary to resort to
an inefficient rich fuel mixture to keep
the chamber temperature down to a
manageable figure.

Meanwhile, a new line of research
began in Germany, following the pub-
lication in 1923 of Hermann Oberth's
"By Rocket to Planetary Space”. This
remarkable book developed the gen-
eral mathematical theory of rocket pro-
jectiles in much greater detail than any
previous author, and also presented a
number of strikingly advanced ideas on
rocket motor construction. Oberth pro-
posed to use dilute ethyl alcohol and
liquid oxygen as propellants, a combi-
nation which has since proven highly
successful. His proposed rocket motor,
shown in Fig. 3, was probably the earli-
est scheme involving the important
regeneration principle, in which one of
the propellants is circulated around the
combustion chamber in a cooling jacket,
thus cooling the motor and simultane-
ously preheating the fuel prior to its
injection into the motor. He also pro-
posed to spray part of the fuel along
the inner walls of the motor to provide
a boundary layer of liquid and vapor
for insulating the walls from the in-
tense heat of the flame — an early ex-
ample of another important cooling
method sometimes called film cooling.
His motor project also involved the use

of multiple mixing parts in the motor
head, each provided with concentric
injection nozzles. Various variations of
this layout have since been frequently
used in large rocket motors.

Oberth's treatise led to many other

speculative books on the subject of

rocket propulsion and its possibilities,
but it was not until 1930 that any really
practical results began to appear. In
that year a rather crude liquid-propel-
lant motor was constructed in Germany
by Max Valier for use in his rocket
automobile experiments, but his work
came to a rapid and tragic end when
he was killed by an explosion during
preliminary tests. Meanwhile, a group
known as the “Society for Space Trav-
el”, which had been originally organ-
ized in 1927 by a group of amateur
rocket enthusiasts, began experiments
in Reineckendorf, a suburb of Berlin.
During the years 1930 to 1933 they car-
ried out a large number of tests on
various simple types of liquid-propel-
lant rocket motors and rockets, mainly
under the technical direction of Rudolf
Nebel and Klaus Riedel. Oberth and
Johannes Winkler were also prominent
in the earlier stages of this work.

The early motors of this pioneer group
were rather crude affairs, but gave
good enough results for short test
flights. The propellants used were liquid
oxygen and alcohol or liquid oxygen
and gasoline. The motor construction
(See Fig. 4), was characterized by the
use of a rather thin aluminum chamber
and nozzle immersed in a small water
tank for cooling, and also by "“back-
shot” fuel injection in which the propel-
lants were fed in close to the nozzle
and sprayed toward the motor head,
with a view toward improved turbu-
lence and fuel mixing. Neither of these
features has survived in modern mo-
tors, which usually require some form
of forced-circulation cooling jacket to
deal with the high temperatures at-
tained with high-efficiency combustion,
and which invariably have the propel-
lant injection ports near the head of the
motor, since this is both simpler and
more efficient than the older “back-
shot” plan. However, these early motors

of 1931 represented a first step toward
the modern jacketed motor.
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About 1933, there was a “shake-up”
in the affairs of the society, and its ex-
perimental work was taken over by the
German Army, and became a ‘“top
secret” military development. The tests
continued at the old test field in Rein-
eckendorf, and were rapidly expanded.
A young engineer named Werner Von
Braun, who had assisted in the work
prior to 1933, soon became prominent
through his ability and energy and was
put in charge of the experiments. The
experimental technique was now great-
ly improved, and progress was much
{aster. Experiments were made during
1934 and 1935 with the so-called A-l1
and A-2 rockets. These were the first
rockets with regenerative motors, cooled
by their own propellants. In the case of
the A-1 and A-2 motors, this was ac-
complished by immersing the whole
rocket chamber in one of the propellant
tanks — a scheme which had already
been unsuccessfully tried in one of the
early 1931 motors of the "“Society for
Space Travel”. The results attained
have not yet been fully revealed, but
it appears that they were not fully satis-
factory either as to efficiency or reli-
ability. It became evident that a much
more elaborate research project would
be needed to produce a satisfactory
large rocket, and in 1936 a huge new
research center was set up at Peene-
munde on the Baltic Sea. During the
next two years a greatly accelerated
development program was energetic-
clly pushed, which engaged a full-
time staff of several hundred men. The
motor development section by 1938 had
producted a satisfactory regenerative

motor of over 2000 pounds thrust which
was used to power the A-3 experiment-
al rocket, (a reduced-scale prototype of
the later A-4, commonly known as the
V-2).

The preliminary calculations for the
monster A-4 rocket date back as early
as 1938, and the detailed design work

on the project was begun late in 1940,
the first successful flights being made in
the fall of 1942. It is probable that the
motor development was mostly carried
out in 1941. Even at the present time,
the boldness of the project is startling,
and it ranks second only to the Amer-
ican atomic bomb as the most revolu-
tionary military development of World
War 2. It was necessary to increase the
size of the previous A-3 motor, already
by far the largest in the world, by a
factor of about twenty to produce this
gigantic new motor for the still more
gigantic new rocket. The problems in-
volved in such a project can perhaps
only be fully appreciated by those who
have carried out similar rocket develop-
ments under the insistent pressure of
wartime conditions. It was necessary,
for example, to work out fuel injectors
that would properly vaporize and mix
no less than 287 pounds of propellants
a second, to burn them efficiently in a
combustion space only three feet long
and three feet in diameter, and to keep
the chamber and nozzle cool in spite
of a gas blast scouring the walls at a
velocity of over a mile a second and a
temperature of over 3000°F. — and all
this had to be done in a contrivance
weighing only a few hundred pounds.

The end result of this remarkable feat
of engineering development is shown
in Fig. 5. Perhaps the most striking
feature of the A-4 motor is its very lack
of striking features. It is remarkably
simple and logical in its general lay-
alcohol and liquid oxygen, an “old re-
liable” fuel combination which has
out. The propellants used are 75%, ethyl
been used for years by other rocket ex-
perimenters. The alcohol is used to cool
the motor chamber, which is of the
regenerative type now in almost univer-
sal use. The alcohol coolant enters the
jacket through a manifold ring around
the nozzle, fed by several pipes from
the alcohol pump. From there it circu-
lates through a narrow clearance space
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between the jacket and the inner liner
of the motor, eventually reaching a
central port in the motor head which is
kept closed by a large poppet valve
until the motor is ready to fire. On
opening the valve, the alcohol flows out
into a distributing passage in the top
of the head, which leads the fuei to the
exterior of eighteen cup-shaped mixing
chambers attached to the internal motor
head; it is then injected into the interior
of each cup through a series of special
nozzles, producing a finely atomized
spray. The liquid oxygen is fed directly
from the oxygen pump to the injectors
through several manifold pipes, and is
injected through a dome-shaped per-
forated insert in the top of each mixer
cup, somewhat like a large salt-shaker.
The two propellants are mixed in the
cups and start to burn immediately
outside the cup mouths.

An interesting feature of the V-2 mo-
tor is the use of an auxiliary cooling
system which injects part of the alcohol
into the interior of the combustion cham-
ber through several rings of small holes
around the periphery of the motor. The
fuel is injected at low velocity and
spreads out on the inside wall of the
chamber, forming a protective film
which reduces the heat transfer from
the hot gases. This expedient is an ex-
ample of the film cooling scheme men-
tioned earlier; in the form shown here,
the idea was first carried out by Dr. R.
H. Goddard in some of his early ex-
periments of about 1930, and is de-
scribed in one of his patents dated 1935.
Goddard succeeded in developing the
film-cooling idea to considerable perfec-
tion, and was eventually able to oper-
ate motors as large as one ton thrust
by this method without any cooling
jackets. However, with this plan the fuel
used for cooling cannot be completely
burned (unlike the jacket coolant of the
true regenerative motor) and this re-

sults in a reduction in efficiency; also,
the size and location of the cooling

holes require much laborious experi-
menting. Most present-day designers re-
gard the method as a useful auxiliary
to the use of cooling jackets, which can
be used to clear up local overheating
at certain critical points in the motor,
but it is not widely used as the mair
cooling system.

It will be noted that the outer jacket
of the V-2 motor has a number of v-
shaped corrugations at intervals, which
serve the purpose of expansion joints
and take up the strains caused by the
thermal expansion of the hot liner tube.
This is apparently a minor detail, yet
rauch difficulty has frequently occured
with certain types of rocket motor
whose design had not provided for such
thermal strains, and it appears that
even the designers of the A-4 had con-
siderable trouble at first with leaks
and distortions caused by them. The
occurence of such strains in a motor of
all-welded construction is not always
at once apparent and often results in
mysterious disturbances of fuel circula-
tion and cooling which are difficult to
trace. It might be said in passing that
it is just such insignificant details as
this that often determine the success or
failure of a motor design, and make
rocket engineering as much a fine art
as a science. The simplicity of a rocket
motor is often highly deceptive; it is a
machine in which every part is worked
up to its ultimate capacity, and in
which even the smallest screw or fuel
port must be carefully thought out and
thoroughly tested.

The mechanical construction of the
A-4 motor represents the most extreme
development so far made of welded
sheet-metal construction in rocket mo-
tors. Except for a few of the injector
parts, the entire motor is welded to-
gether from numerous pressings of low-
alloy steel, most of them only about

one-eighth inch thick. The roughly glob-
ular form of the combustion chamber, to



8 Journal of the American Rocket Society

gain additional strength and stiffness,
is noteworthy. The thrust of the motor,
amounting as much as 64,000 pcunds,
is transmitted to the rocket through
only four bolts about 11, inches in di-
ameter, attached to the outside of the
motor by ball and socket joints.

The A-4 motor undoubtedly repre-
sents the highest development so far
attained in its field; but there have been
many other interesting rocket develop-
ments involving new principles. Among
these was the pioneer American work
on rockets conducted by the American
Rocket Society. This was begun in 1932,
on the basis of some fragmentary in-
formation secured f{rom the German
“Society for Space Travel”, and con-
tinued for nearly a decade. The earliest
motors built by the Society were water-
cooled, similar in principle to the Ger-
man ones; an example is the multi-
nozzle motor built in 1934 by John
Shesta, now Research Director of Re-
action Motors, Inc. (See Fig. 6). Another
early design of 1934, due to G. Edward
Pendray and Bernard Smith, is shown
in Fig. 6; it represents an early attempt
to apply the regeneration principle to
rocket motors by immersing the motor
in one of the propellant tanks. In 1935
a series of proving stand tests were
made on another type of motor (See
Fig. 7), involving the first application
of what may be called “heat sponge”
cooling. The motor was constructed of
a series of thick blocks of aluminum
alloy having a high thermal conductiv-
ity; these blocks were intended to
“soak up” the heat transmitted from the
combustion gases and thus prevent the
motor from overheating seriously during
a short test run of a few seconds. This
idea was only partially successful at
the time, but was later revised and im-
proved in experiments at the California
Institute of Technology, and has been
applied to various types of short-bum-

ing solid and liquid-fuel rockets with
fairly satisfactory results.

The regenerative cooling jacket made
its first appearance in practice in a
small motor constructed in 1933 by
Harry W. Bull of Syracuse, N. Y., a
member of the American Rocket Society
(See Fig. 8). Bull's motor was fired on
gasoline and oxygen gas, and gave
very promising results. Bull also appears
to have been the first to experiment
with a monopropellant liquid fuel mo-
tor, onh which full details have un-
fortunately never appeared. In this type
of motor, which was later extensively
developed in Germany for glide bomb
propulsion and jet-assisted aircraft take-
offs, the fule and oxidizer are combined
in a singlz propellant, which is so ar-
ranged as to burn only in the motor
combustion chamber. The obvious dan-
ger in this plan is the likelihood of a
flashback from the motor to the main
fuel tank. The dangerous nature of
monopropellants was brought home to
Bull when he was seriously injured in
an explosion of his motor, and he soon
afterwards dropped his experiments.
The scheme has been widely worked on
by others in loter years, but has not yet
attained as high a degree of salety,
efficiency, or reliability as the bi-pro-
pellant type, in spite of the attractive
simplicity of the idea.

In the same year (1933) in which Bull
constructed his first regenerative motor,
Eugen Saenger, an Austrian areonaqut-
ical engineer, began experiments in
Vienna with a similar device. Saenger
was one of the first to appreciate fully
the advantagas of a high chamber pres-
sure in improving motor efficiency and
jet velocity, and he claimed that his
small experimental motor, operated on
Diesel fuel oil and oxygen gas at about
1500 PSI, attained the remarkable jet
velocity of 9800 feet per second.

Saenger developed his ideas con-
siderably farther during the war years,
and developed a very efficient motor of
one ton thrust. This design was used in
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experiments with a novel type of rocket
propellant consisting of aluminum pow-
der suspended in fuel oil, the oxidizer
being liquid oxygen. This combination
seems to have been first suggested by
W. Zimmerman of the American Rocket
Society, about 1937; its purpose, of
course, was to increase the jet velocity
by utilizing the intense heat of burning
aluminum. Saenger, however, apparent-
ly found no ctriking improvement over
conventional fuels. He made plans for
much larger types of rocket motor and
even began construction of an enor-
mous motor of 100 tons thrust; however,
in the latter part of the war his work
was shifted to ram-jet research, prob-
ably because of some shift in Army pol-
icy on rocket development.

Another early regenerative motor was
constructed by the present writer in

1938 (Fig. 9). This was the first Amer-
ican design to apply regenerative cool-
ing to all parts of the motor. (Bull's
earlier design had used regeneration

for nozzle cooling only)}. The motor, first
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tested in 1938, proved very reliable and
efficient, and after further tests in 1941
a small company, Reaction Motors, Inc.
was formed by several members of the
American Rocket Society to develop
motors of this general type for military
applications. The founders of the com-
pany, (who were Lovell Lawrence, Jr.,
John Shesta, H. F. Pierce and the writ-
er), were not only the infant concern’s
sole officials, but also its sole employ-
ecs and it may be added, its sole in-
ves'ors. Under a series of small re-
search contracts from the U. S. Navy,
numerous motors of rapidly increasing
size were constructed. The first models
(up to June 1942) were very similar to
the original design of 1938, developing
only 100 pounds thrust.

However, by November 1942, success-
ful runs were being made at over 1000

pounds thrust, and this was increased
to 3400 pounds by May, 1943, less than
a year after the test work, at 100 pounds
thrust. This work as accomplished by a

total personnel of less than twentv men,
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and it may be observed without undue
boasting that the corresponding Ger-
man development work in 1934-1938,
which was only disclosed after the end
of the war, had required four years
work by several dozen men and must
have cost at least a million dollars, re-
sulting in a motor having the same
thrust as the American design, but a
much poorer jet velocity. This seems
a convincing proof that the lack of
progress of American rocket research
had not been due to any inherent lack
of technical skill, but was caused sole-
ly by the prevailing attitude of ridicule
and indifference to the whole subject
which blocked almost all advance for
at least ten years. It is true that there
has been a very drastic change for the
better in this respect in the last year or
so, and the technical public now dis-
plays an almost feverish interest in
rocket developments. The author, hav-
ing observed the early struggles of
rocket pioneers for over a decade, will
merely remark that it is about time the
puklic should run a fever.

Much of the most recent work in this
country. on liquid-propellant rockets is
still confidential. However, some data
has recently been released on a rocket
engine built by Reaction Motors, Inc. for
high-speed aircraft propulsion (See Fig.
10.)* This engine is the first example o}
a multiple-cylinder rocket engine, a
new principle with important future
possibilities. The three-ton thrust of the
motor is divided between four individ-
ual motor units or cylinders mounted
in a close array. Each motor is pro-
vided with its own valves and ignitor.
Thus, by operating from one to four
cylinders and simultaneously adjusting
the fuel flow by throttle valves, any
thrust from less than 1000 pounds to
over 6000 pounds can be attained at
high motor efficiency. This flexibility is
of great importance in certain applica-

*Described and illustrated in the Dec.

1946 A. R. S. Journal.

tions of rocket engines. The present
type is intended as a power plant for a
recently built transonic research air-
plane, which will make its first flights
in the very near future. The motor will
develop 12000 brake horsepower at the
speed of sound (750 MPH) and rated
6000 pound thrust, on an engine weight
of 210 pounds. The propellants used
are liquid oxygen and alcohol.

Numerous other rocket motor projects
are now being carried out by various
American firms and government agen-
cies. Special mention should be made
of the work carried out by the Califor-
nia Institute of Technology and by the
Aerojet Engineering Corporation of Pas-
adena, founded by some of the CIT
members in 1942. The best-known ex-
ample of their work is the GALCIT solid-
fuel “jato” unit, now receiving extens-
ive use in assisted aircraft take-off, but
they have also done much research on
both bi-propellant and mono-propellant
liquid-fuel rocket motors, especially in
the field of “jato” units. The GALCIT
and Aerojet groups have made extens-
ive use of propsllants based on nitric
acid as the oxidizer, which has ad-
vantages over oxygen for some applica-
tions because it can be stored in tanks
for much longer periods and because it
can be made self-igniting when com-
bined with certain hydrocarbons. Sim-
ilar fuels have also been used by Re-
action Motors, Inc., and by many re-
cent German experimenters. The GAL-
CIT and Aerojet liquid-fuel motors at
first used a simple “heat-sponge’ meth-
od of cooling, but later models have
been of the regenerative type in the
interests of better efficiency and longer
burning time.

Mention should also be made of the
hydrogen peroxide motors developed in
Germany by the Walter Works of Kiel,
beginning about 1940. Their earlier de-
signs were monopropellant motors, in
which the energy was developed mere-
ly by the decomposition of the peroxide
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by a suitable catalyst; similar arrange-
ments were later used to supply steam
for operating the fuel pumps in the A-4
rocket and the Messerschmidt rocket in-
terceptor. The main power plant of the
Messerschmidt was a bi-propellant mo-
tor, however, in which the peroxide was
burned with a mixture of alcohol and
hydrazine hydrate in order to obtain
greater energy and exhaust velocity.
This fuel combination, however, proved
quite tricky and dangerous in actual
use, as well as expensive, and the idea
has not been widely used by other de-
signers. However, hydrogen peroxide
as a monopropellant for driving auxil-
iaries such as pumps is still a very
useful material.

The foregoing historical outline serves
to give some general idea of how the
rocket motbr has developed to its pres-
ent state, though many interesting items
have been omitted for reasons of space
or security. It need hardly be added
that the whole story to date is only an

Aaminum Alb’

introductory chapter to the full history
of the rocket motor, which it remains
for the future to write. It would indeed
be hazardous to try to predict from this
early chapter how the whole book will
turn out; but nevertheless it is interest-
ing to attempt a brief survey of the
present trends in rocket motor research,
and to make a few guesses about its
future.

One obvious difficulty in the way of
future progress is the problem of rocket
motor cooling. This has always been a
persistent “headache” from rocketry's
earliest days to the present, for as fast
as cooling methods have improved the
demands upon them have constantly in-
creased. To get improved combustion
and a more efficient expansion cycle,
the chamber pressures are gradually
being raised from the present-day fig-
ure of 200 or 300 psi, with a consequent
increase in mass velocity through the
nozzle as well as some increase in gas
temperature. It is not unlikely that pres-
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sures of 500 to 1000 psi may soon be
in use. The chamber gas temperature in
present-day motors is in excess of
6000" R., with the thermometer steadily
going up. The rate of heat transfer at the
nozzle is already about 2,000,000 BTU
per square foot per hour, and motor
designers may soon be called upon to
deal with two or three times this
amount. It is evident that simple plans
such as “heat Sponge” blocks or heat-
resistant chamber linings cannot pos-
sibly deal with such conditions, except
for special conditions where the firing
time is only a few seconds. The prob-
lem will be further increased if new
high-energy fuels such as liquid hydro-
gen are resorted to in order to get
higher jet velocity — a development
which is probably quite close. Some
form of regenerative cooling must obvi-
ously be used. Experience indicates
that it is not so much the overall heat
transfer as the presence of local “hot
spots” that cause most cooling troubles,
and attention must be focussed on
eliminating these. Such expedients such
as extended-surface cooling ribs, im-
proved coolant circulation, special ma-
terials combining high thermal conduct-
ivity and strength at high temperatures,
and film cooling of danger zones, may
improve matters considerably without
drastic redesign. To reach still higher
ratings, it may be necessary to use
closed-cycle cooling jackets with spe-
cicl coolant fluids circulated by pump
into heat exchangecrs where the heat
absorbed can be more conveniently
taken up by the propellants. Much ex-
periment will be needed to clear up
these difficult questions,

The structural problems of rocket
motors also became more difficult as
motor sizes and pressures increase and
as weight reduction becomes more im-
portant. The modern tendency is to
avoid the use of heavy cast parts, bolts,
flanges, and flat surfaces and to resort
to more refined design using relatively

thin welded sheet-metal parts with
dished surfaces and ribs to gain rigid-
ity and strength. Extremely large motors
such as the A-4 offer special difficulty
because of the relatively thick wall sec-
tions, which produce a high temper-
ature gradient in the wall. This results
in increased cooling difficulties, as well
as complicated thermal stress effects,
which in some cases are aggrevated by
various elastic instability conditions,
as in the case of a nozzle externally
cooled by a high-pressure coolant.
Some materials research is called for
here; at the present time there exist ma-
terials of high conductivity but poor
high-tempcrature strength (such as cop-
per, or aluminum alloys) and also ma-
terials of poor conductivity but high
strength (such as stainless steel) but
there seems to be no convenient maieri-
al combining the two qualities.

Another problem with large motors is
the fact that, generally speaking, the
chamber weight for a given working
pressure is directly proportional to the
thrust (assuming a constant ratio of
chamber volume to propellant feed rate)
while the nozzle weight varies as the
3/2 power of the thrust. (This can easily
be shown by elementary dimensional
analysis). Consequently a very large
motor will have an extremely large and
heavy nozzle, representing most of the
motor weight. This dilemma can theo-
retically be solved by using a multi-
nozzle motor with many small nozzles
instead of one large one, as proposed
by Oberth more than twenty years ago;
but in practice it appears that this leads
to great difficulty with the coolant circu-
lation. Another plan is to use a multiple
motor, with several separate cylinders,
as in the RMI 1500N4C motor (Fig. 10).
This results in considerable weight sav-
ing in large sizes, and provides very
flexible control of the thrust; it is also
well adapted to rocket steering by swiv-
elling some of the motor jets, or by dif-
ferentially throttling them. There is also
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an increase in convenience in manu-
facturing and testing the motors; how-
ever, there is some increase in com-
plication and motor bulk, as well as a
control problem in synchronizing the
thrust of the separate cylinders. This
method seems one of the most logical
approaches it very large rockets, ex-
ceeding the A-4, are to be built.

The problem of {uel injection also will
require much future work. Modern prac-
tice is to use much more subdivision of
the injecior ports than was formerly
customary; early motors had only two
injection orifices, one for each propel-
lant, but it is not uncommon for modern
types to have over a hundred, and the
A-4 motor has a total of over three
thousand. Determination of proper
shapes, sizes, and positions for these
ports is a very difficult and tedious
task, and there is still much disagree-
ment as to the best solution. Many
motors utilize fuel and oxidizer jets ar-
ranged in pairs, the two jeis being
aimed so as to strike one another at an
angle to produce mixing; other motors,
such as the A-4, produce a diffuse
spray of each propellant, the spray par-
ticles being mixed at random; still
others, such as the Walter motor, use
concentric jets in with each oxidizer jet
is surrounded by an annular jet of
fuel. (See Fig. 11). All motors so far
constructed employ “solid” fuel injec-
tion; but it seems possible that a form
of “air” injection may eventually be
used, in which part of the fuel is used
to produce a preliminary gas stream
for vaporizing the remaining propellant.

Another injection difficulty in rocket
motors in the low pressure drop in the
injection nozzles, which generally does
not exceed 100 psi, owing to the exces-
sive tank or pump weight needed if
high pressure is used. If the motor is
throttled down to low thrust, the injec-
tion conditions become particularly bad

due to the very low injector drop, and
it will no doubt be necessary to resort
to various variable-area injectors in
certain motors where a widely varying
thrust is required. The Walter motor in-
volved the use of a distributor valve
which cut in varying numbers of injec-
tor orifices according to the required
thrust; many other devices are also pos-
sible, and will no doubt be experi-
mented with in the future. There is also
room for much research on the inter-
actions between injector design and the
distribution of combustion zones and
heated areas in the motor.

Finally, something should be said re-
garding modern propellant research
and the possible output of future rocket
motors. The propellants now in use with
liquid oxygen, i.e.:. ethyl alcohol and
gasoline, are essentially the same as
those of fifteen years ago, but the jet
velocity has been raised from values of
about 400 fps at that time to about 7000
ips at present, an improvement due pri-
marily to better fuel injection and better
cooling methods, as well as to some
increase in chamber pressure. By using
higher chamber pressures than the
present ones, it appears that velocities
of about 8000 or 9000 fps should be at-
tainable. To get appreciably beyond
this, special propellants will have to be
used, possibly involving the high com-
bustion heat produced by pure hydro-
gen. A number of combinations of this
sort have been proposed which theo-
retically permit exhaust velocities as
high as 12,000 fps, even after allowing
for the various losses involved in com-
bustion and expansion; and some small-
scale experiments have indicated that
such exhaust speeds can actually be
attained in practice under favorable

conditions. Because of considerations
of expense and various difficulties in
preparing and handling them,
“super-hot” propellants are only in the

laboratory stage, but the future will un-

these
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doubtedly see them in extended use
wherever a very high degree of per-
formance is required from a rocket
motor. So far as thrust is concerned,
there appears to be no practical limit
in sight if multiple-cylinder units are
used, although it does not seem feas-
ible to construct single cylinders hav-
ing much over 50 to 100 tons thrust—
that is, 2 to 4 times as large as the A-4
motor—because of the rapidly increas-
ing nozzle weight and cooling dif-
ficulties.

It is still questionable whether a jet
velocity of 12,000 fps will permit the
construction of practical transoceanic
rockets or of some true space ships at-
taining an orbital velocity or even a
full escape velocity. To be really sure
of achieving such feats, some way must
be found to utilize nuclear energy in a
practical rocket motor. If this could be
done with even reasonably good ei-
ficiency, all the books about jet veloc-
ity and mass ratio could be thrown out

the window, for the energy available
for propulsion would be so great as to
render a trip to the moon no more dif-
ficult than a ferry boat ride from New
York to Hoboken. However, it is as
fruitless a task to try to imagine what
an atomic energy rocket motor will
actually look like as it would be to
make up working drawings for the
“Queen Elizabeth” from the plans of a
toy steamboat. Obviously, the job can-
not be done simply by blowing steam
or hydrogen through a high-energy
nuclear pile to develop hot gas, for we
then have all the present difficulties
with chamber temperatures in an ex-
aggerated form, and no real improve-
ment in jet velocity. On the other hand,
we certainly cannot expect to let off a
charge of plutonium or U-234 in a rocket
chamber, unless we use a large hollow
iron asteroid with a hole in one end;
for the critical-mass effect makes it
necessary to have either a tremendous
explosion or no results at all. It remains
for us to see whether some intermediate
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solution will eventually be discovered.
The great recent progress in rocketry
and in nuclear energy lead one to think
that the technical difficulties involved
will certainly be solved, perhaps within
one generation; but this does not re-
move the major obstacle to space flight,
which is not technical but political, so
to speak. The development of an atomic
energy motor powerful enough to drive
a true space ship presupposes the ex-
istence of high power rockets capable
of carrying atomic bombs to every
corner of the earth, thus providing a
means for our present technical civiliza-
tion to commit suicide within a few min-

utes. A rocket engineer familiar with
human history, if asked to predict
whether rocketry will eventually lead to
true space flight or whether it will lead
to the complete extinguishment of all
science, may well be forgiven some
pessimism about the answer, and even
some rather acute feelings about per-
sonal gquilt. That the present-day rocket
motor is only a tiny prelude to the
monster engines of a future rocket age

is absolutely certain; but (to borrow
Thoreau’s phrase of a century ago)
whether we are to live like baboons or

men is a little uncertain.
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The Climate of Mars

By JAMES R. RANDOLPH

Editor's Note: Major Randolph is the
author of the prophetic article “"What
can we expect of Rockets” which was
published in Army Ordnance in 1939.

He is also the author of “The Occupa-
tion of Mars” which appeared in the
March-April 1947 issue of Army Ord-
nance.

The surface of a planet receives heat
from the Sun at a rate which varies in-
versely as the square of the distance.
It reradiates this heat into space at a
rate which depends on its surface tem-
perature. An equilibrium temperature
is reached when radiation emitted is
just equal to the heat received from the
Sun, aad this temperature can be cal-
culated when the various facters af-
fecting it are known.

The calculation would be simplest if
the surface were a black body, absorb-
ing all the radiation which strikes it
and emitting radiation according to a
definite mathematical law. The actual
calculation is complicated Ly the plan-
et's albedo, or percentage of light re-
flected, and by its emissivity, which is
usually less than one. Albedo and emis-
sivity both vary in a complicated man-
ner with temperature, surface condi-
tions, and atmospheric conditions, so
that they have to be determined ex-
perimentally for the particular condi-
tions of the problem. They cannot be
covered by simple mathematical laws.

The method of this article, therefore,
is to compute significant black body
temperatures of the earth and of Mars,
and compare these calculated temper-
atures with observed temperatures in
regions where the calculated temper-
atures are nearly the same, and in
which albedo and emissivity appear to
be the same. We can then ussume that
the difference between theoretical and
actual temperatures is the same on

both planets.

To derive an equation for this com-
putation, let the heat received from the
Sun per square foot of surface be

a
0s=427.2 32 (t-a)K

where R is the distance from the Sun
in millions of miles (R = 93 for the earth
or the moon), a is the albedo, and K is
an exposure factor. It is unity for a
surface normal to the Sun’s rays It is
sin 23Y,° for a horizontal surface at the
Pole in midsummer. It is the cosine of
the latitude for a horizontal surface
anywhere else, at noon during the
equinox. It is divided by { to compute
the mean daily temperature. It is 1
for the average temperature of a whole
planet, for the radiating crea of a
planet is the surface of a sphere; its
absorbing area that of a disk of the
same diameter.

Likewise we can write for the heat
radiated the equation

0.=0172 e ()"

where e is the emissivity, and T is the
absolute temperature. This is 460° more
than the Fahrenheit temperature.

Putting Q. = Q. and solving for T
we get:

(l 0.)»

Ter07() ks
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The equation is written in this form
so that each of the variables may be
considered separately. Thus, R is 67
for Venus, 93 for the earth, and 140 for
Mars. @ = 0 and e = 1 for a black

Black Body Temperatures

Earth
Equator, 1TeT<3 o RN 707°
Equator, average ... 530°
Lat. 54° noon ...t v 609°
Lat. 54° average ... 457°
Pole, midsummer ... . 559°
Average for planet ... 500°

The last column at the right gives
temperatures in the top of the cloud
layer which permanently surrounds
Venus and hides all surface detail from
our eyes. The temperatures at the
planet’'s land or water surface would
be increased by adiabatic compression,
and so would depend on the altitude
of the clouds. Until we know how high
those clouds are we can have no idea
of the planet's climate, except that it
is probably very hot and very humid.
Hence this article, from now on, will be
confined to a comparison of the earth
and Mars.

The table shows the theoretical av-
erage temperature at the earth's equa-
tor to be 530° absolute, or 70° F. The
average temperature throughout the
year at Panama is about 80°F, with a
maximum recorded temperature of 90°
and a minimum of 69°. This is a very
close check on the computation. It ap-
plies to a narrow strip of land with big
oceans on both sides, having a very

body. K may have any of the values
described above.

From this equation the following ta-
ble has been computed.

Albedo 59%

Mars Venus Venus
573° 834° 667°
430° 625° 500°
494° 719° 575°
371° 540° 432°
454° 660° 528°
405° 589° 471°

large heat storage capacity. The fact
that the average temperature is 10°
higher and the maximum 20° higher
than the theoretical can be explained
by the heat trapping effect of the
earth’s atmosphere.

An important cause of this hea! trap-
ping effect is the condensation of moist-
ure to form clouds when the temper-
ature of the air goes below its dew-
point, and the evaporation of these
clouds when the Sun warms them. Out-
bound radiation is not merely checked
by clouds we can see. It is also re-
tarded to some extent by an almost in-
visible haze that forms at high altitudes
on apparently clear nights. People
sleeping in the open have often noticed
a sudden chill in the air just before
dawn, as the Sun's rays swing down
into the stratosphere and clear away
this lotty haze. Valleys are seen to fill
where an hour

with mist at dawn,

earlier they had been clear.
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As we go inland, into dricr climates,
the tendency to cloudy nights and clear
days becomes more marked. The ob-
served temperature rises higher above
the theoretical average. It runs to great-
er and greater extremes. In the Sahara
Desert, for example, rocks in the sun-
shine may become hot enough to fry
eggs (they could theoretically have a
temperature of 247°F.) Yet the follow-
ing morning there may be ice in the
water pitcher.

At Edmonton, Alberta (Lat. 54°) the
table shows the theoretical average
temperature at the equinox o be —3°F,
and the maximum possible to be 157°F.
But the average temperature at the
March equinox is about 32°F, with a
maximum of 70° and a minimum of
—40°. This is the time of the Spring
thaws in Edmonton, when snowfields
are melting and river ice is going out.
Even with winter just over the horizon
it is a whole lot warmer than theory
predicts, and the September equinox,
with Summer behind it, is warmer still.

The summer temperature at the Poles
of Mars is shown in the table as being
3° lower than the equinox temperature
of Edmonton. Hence it would be a rea-
sonable assumption that the actual
temperatures in the polar regions in
Summer are comparable to those of
Edmonton in the Spring, and this ap-
pears to be the case. The polar regions
of Mars, like those of earth, are covered
with white caps in winter, having the
appearance of snow. Then, when the
sunlight warms them in the cpring, they
begin to shrink as snowfields do, and
are surrounded while shrinking by dark
blue bands that have the appearance
of water. This water does not remain
long. It drains away or evaporates,
leaving desert behind.

There are no permanernt bodies of
water on Mars. Most of its surface is
desert, of a reddish orange color. The

rest is of a blue-green color, and could
be vegetation., Because there is no wa-
ter, but large areas of snow, it is un-
likely that the dewpoint of the air ever
rises much above 32°F. But it ap-
proaches that limit closely when the
snowfields are melting, and so the heat
valve for the whole planet opens and
shuts at that temperature or below it.

Note now that the average temper-
ature at the equator of Mars is theo-
retically —30°F, and the average for
the planet is —55°F. These figures,
coupled with the desert character of
the planet, suggest that Arctic weather
prevails over most of it most of the
time, that temperatures below freezing
are normal at night, even on the equa-
tor, and that even on the equator it is
probably necessary to wait for moisture
from the melting snowfields to trap
enough heat to make it nossible for
vegetation to grow.

It we watched the earth from out in
space we would see the green of spring
creep up the latitudes with the sun-
shine, closely following the retreating
snowfields. But on Mars we see this
green begin at the edge of the snow-
fields and creep toward the equator and
beyond. The canals appear. The blue-
green areas darken. The deserts change
tint from red toward yellow—a change
that can be produced experimentally
by thinly sprinkling their winter red
with invisible bits of green.

This reversal of the progress of
spring was one of the things which led
Lowell to believe that the canals rep-
resented an actual irrigation network,
and that vegetation had to wait for
water before it could begin to grow.
We can now see that the fact admits of
a simpler and more natural explana-
tion. It is not water alone for which the
vegetation has to wait. It is the warmth
that cannot be obtained without that
moisture in the air; the clouds at night
to shut in the heat received by day.
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More than twenty years ago W. W.
Coblentz of the Bureau of Standards
made some radiometer measurements
of surface temperatures on Mars, and
these are in substantial agreement with
the above estimates. He found the tem-
perature in the polar regions to vary
from 32°F in spring to S0° in sum-
mer, and to go to —104° in winter. On
the equator temperatures at noon
ranged from 14° to 50° in the deserts,
and 50° to 68° in the blue-green areas.
He believes these values are too low
rather than too high. Sunset temper-
atures averaged around 32°, while sun-
rise temperatures were from —4° to
—86° on the ground. Temperatures of
clouds ranged from 14°F in the day-
time to —40° at sunrise, He could not
measure surface temperatures at night,
as the night side of the planet was
turned away from us. But he thinks
they commonly go to —100°.

Vegetation on Mars would have to
be very different in many respects from
most of the vegetation on earth, but we
find earth plants of limited range tha:
are already adapted to such conditions
There is only half the sunlight on Mars
that we have on earth, but shade lov-
ing plants such as rhododendron can
get along with even less. Hard freez-
ing is common at night on Mars, but in
our own arctic regions and in high
mountains we find plants ‘*hriving un-
der those conditions. Northern Alberta
is a farming country, yet temperatures
well below freezing are liksly to occur
any month in the year. Plants grow in
deserts drier than those of Mars.

The maximum temperature sunlight
could produce on Mars is only 113°F,
whereas on earth it is 247°. Plants and
animals exist on earth which can stand
113° without the necessity of cooling,
so that the mechanism for evaporating
water, on which earth planis and ani-
mals depend to keep their temperatures
down, is probably quite unknown on
Mars,

The straightness of the canals of Mars
is the strongest evidence of their arti-
ficiality, but we do not ne=d irrigation
to explain them. We need only to sup-
pose that water is always hard to get,
so is used only on luxury ciops, such
as earth people have close to their
homes. Imagine then a network of
transportation lines (the arrangement
and the distances suggest railroads),
with people preferring to live close to
these transportation lines, with orchards
and gardens near their homes, and
with back country used as grazing
range. You have there a picture which
fully explains the canals.

Some of the water could he obtained
by irrigation canals. But it seems quite
probable that most of it is obtained by
less elaborate means. It could come
from dew ponds. It could be obtained
by scraping up snow in winter and
spreading it on your garden to melt in
the spring. But however it is obtained,
it is not gotten easily, so the planet's
main food supplies are grown without
it, even as Alberta lives mainly on
cattle and wheat, which ara adoptable
to her climate.

A
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Some Possibilities For Rocket Propellants

PART II OF THREE PARTS®
By ARTHUR S. LEONARD

EDITOR'S NOTE:

Because of the widespread interest in the subject matter of this szeries of

articles, it has been decided to publish them in three parts instead of four, as originally
planned. This will allow the members of the A.R.S. to peruse and evaluate the entire paper
by Mr, Leonard within a reasonable period of time, since it is contemplated to publish the
Journal ahead of schedule for the next few issues at least.

SUMMARY

In Part I equations were derived
which gave the final velocity of the
rocket in terms of the mass of the empty
rocket, the volume of the propellant
tank, and the density and the jet veloc-
ity of the propellant. These equations
indicated that the highest final velocity
will be obtained through the use of a
variable propellant, starting with the
combination which gives the highest
value for the product of its density and
jet velocity and ending with one which
produces nearly the highest jet velocity.

In this installment is a discussion of
some of the more important factors
which affect the jet velocity; and equa-
tions are developed by which the jet
velocity of various propellant combina-
tions may be estimated. Tables of ther-
mochemical properties of some of the
ctompounds which may be used as pro-
pellant gases are presented.

From a study of these and other data
(not presented) the conclusion is
reached that fluorine and oxygen are
the two best oxidants. With fuels com-
posed of elements of low atomic weight,
oxygen is just about as good as fluor-
ine; but with fuels composed of ele-
ments of high atomic weight, fluorine
is greatly superior. The highest jet
velocities will be obtained through the
use of elements of low atomic weight,
while elements of high atomic weight

will be useful where high propellant
density is desired.

JET VELOCITY

The velocity of the products of re-
action leaving the rocket motor may be
expressed by the following equation:*

Uy 52 (hre=h7r)
(9)

This equation is based on the Law of
Conservation of Energy, and states that
the gain in kinetic energy by the reac-
tion products as they flow through the
nozzle is equal to the loss in their heat
energy. In order to be able to see more
readily what might be done to bring
about the conversion of a maximum
fraction of the available heat of the
propellant into kinetic energy, we may
express the jet velocity by another

sy

This equation is derived from Eq. (9)

(1 0)
and is based on the following assump-
tions: (1) as the products of reaction
pass through the nozzle, their specific
heats remain constant; (2) they behave

*For the meaning of the various sym-
bols used, see Part I of this paper,
Journal of the A.R.S. — Dec. 1946.
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as a perfect gas; (3) no chemical re-
action or combustion takes place; (4)
no heat is transferred by radiation, con-
vection, or conduction; (5) the angle of
divergence of the nozzle is small; (6)
the flow is frictionless; and (7) the jet
discharges into a medium, the pressure
of which is maintained equal to the
static pressure of the gases of the jet
at the mouth of the nozzle. Eq. (10) may
be simplified further:

Let

He=C,T
. an
Herc: CPT;‘C
(I ﬂ"
he =
(fz) ™

M
(12.8) r

'!:-‘
and 7‘(;,: 1 '('é;)?

(13)

Combining Egs. (10), (11a), (12a) and
(13), we get:

uJ 2\[2‘-// /'760’/”C 72/7
(14)

EFFECTIVE ENTHALPY

In order to obtain a reasonably ac-
curate estimate of the effective enthalpy
of the propellant gases in the combus-
tion chamber, we will need to know,
(a) the heat of formation and initial
temperature of each component of the
propellant; (b) the heat of formation
and dissociation constants for each
polyatomic molecule in the products of
reaction, and (c) the specific-heat-tem-
perature relationships for all elements
and compounds involved. While data
on the heat of formation of a great
many elements and compounds are
listed in the handbooks; specific heats
and dissociation constants are given
for only a few. We will, therefore, be
able to make good estimates of the ef-
fective enthalpy of the products of re-
action for only a very few propellant
combinations. Rather than limit this in-
vestigation to these few propellants, as
many combinations as possible will be
compared without taking into account
the effects, on the individual combina-
tions, of high-temperature dissociation.
While this is admittedly a poor basis
on which to compare one propellant
with another, it will allow us to elimi-
nate many elements and compounds
from further consideration, and will in-
dicate in a general way which combi-
nations show enough promise to war-
rant further investigation.

Theoretical considerations of the abil-
ity of the molecules of a gas to take
up energy in the form of translational,
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rotational, and vibrational motion yield
numerical values for molal specific
heats, as given in the second column of
Table 1. Experimental determinations
of the specific heats of a number of
gases indicate that for monatomic gases,
such as helium or mercury vapor, the
actual value is very close to the theo-
retical over a wide range of temper-
atures. The specific heats of polyatomic
gases, on the other hand, start out at
very low temperatures with values of
around $ calories per gram mole per
degree centigrade, and increase with
temperature, attaining their theoretical
values in the neighborhood of 2000°C
or higher. The experimental data indi-
cate also that the specific heats of
these compounds do not level off at
this temperature, but continue to rise
slowly above the theoretical value with
increasing temperature.

The most generally accepted explan-
ation for this behavior is that, at low
temperatures, the polyatomic molecules
do not take up energy in the form of
rotational and vibrational motion as
readily as their freedom of motion in
this respect would indicate. As the
temperature is increased, however,
they begin to rotate and vibrate and
thus take up additional energy. As a
result of this, the specific heat increases.
At very high temperatures the molec-
ules become completely excited with
respect to all degrees of freedom of
motion. At this point the actual specilic
heat is equal to the theoretical value;
and the total internal energy is equal
to the product of the absolute temper-
ature and the theoretical value of the
specific heat. Since the total internal
energy is always equal to the product
of the absolute temperature and the
average of the actual values of specific

heat from absolute zero to the temper-
ature, at very high temperatures, the
average of the actual values from zero
to the high temperature must be equal

to the theoretical. For this to be true,
and at the same time have the actual
specific heat lower than the theoretical
value over the lower temperature range,
the actual must exceed the theoretical
value over some of the higher temper-
ature range. This explains why the
observed values for specific heat of a
gas can exceed the theoretical value at
some temperatures.

Since the temperature of reaction,
for most of the propellants about to be
considered, will be quite high and
since data on the specific heats., over
the temperature range required, are
lacking, it will be assumed that, for the
gaseous products of reaction in the
combustion chamber, the sum of the in-
ternal kinetic energy plus the external
work done will be given by the product,
N C,T. This again is a poor assumption
to make, but it probaly does not intro-
duce anywhere near as much error in
comparing one propellant with another
as does the assumption that no dissoci-
ation occurs.

Any substance, on being heated from
absolute zero until it is completely
vaporized, must expand against its
own internal forces of attraction as well
as against whatever external pressure
is applied. Because of the small change
in volume, the energy required to ex-
pand a solid against its own internal
forces is usually relatively small: and
since the data required, in order to
calculate this quantity, are lacking for
most of the substances that will be con-
sidered, this energy will be neglected
in the tables which follow. The energy
required to expand a liquid against
internal forces is likewise small for

most substances; and it too will be
neglected. Transformations from one
crystal structure to another usually in-
volve intermnal energy changes which
are quite small and which also may be
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neglected. The processes of fusion and
vaporization, on the other hand, usually
involve much larger internal energy
changes; and, since data are available
for many elements and compounds, and
may be estimated for many others,
these energy changes will be included
in the calculations.

From the above discussion, we may
write an expression for the total heat
content of one mole of the gaseous
products of reaction at very high tem-
perature:

H%= AE+AE*CoT
(15)

where AEr and AEv may be expressed
as follows:

Now, the increase in volume due to
fusion (AVr) is so small that the last
term in Eq. (16) may be neglected. The
volume change due to vaporization
(AV,) is, on the other hand, large
enough to justify its being taken into
account in our calculations. The volume
- of the liquid at the boiling point is so
small compared with that of the vapor
at the same temperature and pressure
that, for all practical purposes, the
change in volume (AV.) may be con-
sidered to be equal to the total volume
in the vapor state (V,). From this dis-
cussion and Egs. (15), (16) and (17), we
get:

H=OHe 0Ky~ 55 + T
0#)

Many saturated vapors at their boil-
ing point occupy a volume so close to
that indicated by the general gas equa-
tion that we may write:

p Vv = RT\I
(19)

From Egs. (18) and (19), we get:

HO=DHe +aH, - §T,+GT
(20)

Since this equation should hold for
any substance at any high value of T,
it should hold for the reaction products
in the combustion chamber of the rocket
motor. Therefore, we may write:

“:czAHFr+AHvr—§'Rr+CPTrc
(204a)

Combining Egs. (20a), (1la) and 12a),
we get:
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herc™ f{fr H:C-AHFFAHW*%LP
(1)

When compounds having boiling or
sublimation temperatures which are
higher than the reaction temperature
are formed in the reaction products,
partial condensation of these com-
pounds will result. Part of the latent
heat of condensation will, therefore, be
made available to heat whatever other
gaseous elements or compounds are
present in the products of reaction.
Under such circumstances, the true
value for the effective enthalpy may be
considerably higher than that computed
by Eq. (21).

NOZZLE EFFICIENCY

It should be noted that the term
“nozzle efficiency” as defined by Eq.
(13) is applied to the theoretical ther-
mal efficiency of the nozzle rather than
to the mechanical, or hydrodynamic, ef-
ficiency as is more commonly done.
Consideration of the terms in Eq. (13)
will show that the nozzle efficiency will
be raised by increases in the pressure
ratio, and will be higher the greater
the value for the ratio of specific heats.
In order to make the pressure ratio as
large as possible, we should strive to
increase the pressure in the combustion
chamber, and reduce that at the nozzle
mouth.

When we investigate the possibilities
of increasing the chamber pressure, we
find that a pressure will be reached,
akbove which the added thrust, result-
ing from any further increase, will just
accelerate the added weight at the
same rate as that of the rocket as a
whole. There is obviously nothing to be
gained by raising the nozzle efficiency
any more through further increases in

the chamber pressure. The increase in
weight of the rocket results from hav-
ing to increase the weight of the pro-
pellant pumps and pump engine, or
from having to increase the weight of
the propellant tanks, if a pressurized
system is used. In either case there will
be an optimum value for the chamber
pressure which will depend on the size
and general design of the rocket.

When we investigate the possibilities
of increasing the nozzle efficiency by
reducing the exhaust pressure, we find
that here also, a pressure will be
reached below which the added thrust
will just accelerate the added weight
at the same rate as that of the rocket
as a whole. The reason for this is that
the net thrust produced by any part of
the nozzle is, for any given angle of
taper of the nozzle, directly proportional
to the static pressure of the gases at
that point. As we add length to the
mouth of the nozzle in an effort to
carry the expansion of the gases further,
the static pressure there becomes lower
and lower. Finally a pressure will be
reached which will just accelerate the
mass of the last increment of length of
the nozzle at the same rate as that of
the rocket as a whole. This pressure
also will depend primarily on the size
and general design of the rocket and
will be essentially independent of the
physical properties of the propellant.

From this discussion, it can be seen
that there will be an optimum value
for the pressure ratio, which will de-
pend primarily on the size and design
of the rocket and motor, and which
will be essentially independent of the
physical properties of the propellant.
For large rockets, such as the German
V-2, in which the construction is by
necessity rather heavy, the optimum
pressure ratio may be as low as 25 to 1.
In small rockets, or in other designs,
in which the nozzle can be of lighter
construction, the optimum ratio may be
over 100 to 1.
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In order to show the effects on nozzle
efficiency of changes in the pressure
ratio and in the ratio of specific heats,
values for N, have been calculated for
two pressure ratios, 25 to 1 and 100 to 1,
for a range of values of V. These are
tabulated in the last two columns of
Table 1. These calculations show the
importance of high pressure ratio and
a high ratio of specific heats. Since the
value for the ratio of specitic heats de-
pends almost entirely on the number
of atoms per molecule in the reaction
products, a propellant which produces
reaction products having simple molec-
ules will yield a higher jet velocity than
one which has the same effective en-
thalpy of formation, but which pro-
duces reaction products having more
complex molecules. As an example o1
this effect, diatomic sodium fluoride.
with an effective enthalpy of formation
of only 1870 calories per gram, but
with a ratio of specific heats of 1.286,
will produce a higher theoretical jet
velocity than penta-tomic silicon tetra-
fluoride, with a value of Ah%. of 3400
calories per gram, but with a value of

V of only 1.083.

Offhand, it might appear that, by
taking the square root of the product
of the effective enthalpy of formation
and the nozzle efficiency, a value would
be obtained by which we could rate
the various compounds, as far as their
potential jet velocity was concerned.
However, such a comparison would be
valid only for the cases in which a
single compound was formed in the
rocket motor. When two or more com-
pounds, having different values for V,
are formed simultaneously in the motor,
the amount of heat energy converted
into jet velocity will be greater than
that indicated by the values in Table 1.
For instance, it we were to add a fluor-
ine-silicon mixture, which, by itself,
gives a lower jet velocity, to fluorine
and sodium, in any amount up to equal
mole fractions, the jet velocity of the

mixture would be higher than that of
the sodium fluoride alone. Therefore,
in order to calculate the theoretical jet
velocity of a mixture of two or more
compounds, we must first calculate the
effective enthalpy and ratio of specific
heats of the mixture as a whole; and
then with these values, calculate the
nozzle efficiency and jet velocity.

From this discussion, it can be seen
that, while the ability of any pair of
elements to produce a reaction prod-
uct with high jet velocity will depend
primarily on the effective enthalpy of
formation and the number of atoms in
the product of reaction, it will also de-
pend on the physical properties and
quantities of any other elements or
compounds, with which it might be
mixed in the combustion chamber, and
on the pressure ratio of the nozzle. It
should be pointed out, however, that
while we cannot assign a definite value
of nozzle efficiency to any given com-
pound without knowing the circum-
stances under which it is to be used,
we can be certain that in comparing
any two compounds, even under the
most favorable circumstances, the one
with the smaller number of atoms in the
molecules will have a larger fraction
of its heat energy converted into jet
velocity.

HIGH-TEMPERATURE DISSOCIATION

While we need certain specific data
in order to make a quantitative deter-
mination of the effects of high-temper-
ature dissociation on any given re-
action; in the absence of such data, we
may at least give a qualitative de-
scription of some of these effects. First,
the dissociation or ionization of any
molecule or atom absorbs a relatively
large amount of energy. The actual
amount of heat released in the com-
bustion chamber and, therefore, the
true value of the effective enthalpy of
the reaction will be smaller than that



26 Journal of the American Rocket Society

computed from the effective heat of
formation. With many compounds dis-
sociation sets in at such a relatively
low temperature that the amount of
heat which might actually be released
in the combustion chamber may be well
under 50 percent of the effective heat
of formation.

Fortunately, the net loss in jet vel-
ocity may not be quite as large as that
indicated by the dissociation in the
combustion chamber. As the goseous
products of combustion pass through
the nozzle, they expand and cool. As
their temperature goes down, a cer-
tain amount of recombination, or asso-
ciation, may take place, thus recover-
ing some of the heat lost in the com-
bustion chamber. However, since this
heat would be released after the gases
have been partially expanded, it would
not be as effective as if it had been
released in the combustion chamber,
before any expansion had taken place.
Because of this fact, there would be
some loss in jet velocity chargeable to
dissociation even if recombination was
complete by the time that the gases
reached the mouth of the nozzle.

A second effect of dissociation is to
raise the nozzle efficiency. In every
case, dissociation results in an increase
in the total number of separate mole-
cules and atoms. This produces a reduc-
tion in the average number of atoms
per molecule and raises the value of
V for the mixture of reaction products.
This effect is greatest for the most com-
plex molecules and least for the simplest.
Under the most favorable circumstances,
the percentage increase in nozzle ef-
ficiency may be as much as one half
of the percentage loss in heat release
due to dissociation in the combustion
chamber. With the effects of reassoci-
ation in the nozzle adding further to
the recovery of energy we may, under
some conditions regain as much as 75
percent of the energy lost through dis-
sociation in the combustion chamber.

With other compounds, however, the
net loss in potentially available energy
chargeable to the effects of dissocia-
tion, after allowing for recombination
in the nozzle and increased nozzle ef-
ficiency, may be greater than 50 per-
cent.

In conclusion, it should be pointed
out that, while we need reasonably ac-
curate thermochemical and dissocia-
tion data, in order to make a good esti-
mate of the probable jet velocity which
might be realized with any proposed
propellant; we need not wait until such
data is obtained before attempting to
make use of any new propellant com-
bination in a rocket. By running the
new propellant in a small standardized
test motor, we may very quickly and
easily, and without any data on the
reaction energy or dissociation con-
stants, determine the actual jet velocity
which it is capable of producing. Thus,
with the aid of a few rather simple
tests, we may determine the relative
suitability of any proposed combina-
tion as a rocket propellant.

THE CHEMICAL ELEMENTS
AS PROPELLANTS

One of the primary objects of this in-
vestigation was to determine the rela-
tive suitability of the elements as ox-
idizers and fuels. Tables 2A and 2B
have been constructed for the purpose
of making such a comparison. Table
2A lists heats of formation and melting
and boiling-point temperatures of some
of the oxides of representative ele-
ments, while Table 2B contains similar
physical data for some of the fluorides.

If we start with pure elements in
their standard states at some absolute
temperature, T, allow them to react to
form one mole of some compound, and
then cool this material to the original
temperature of the elements, the net
heat given out to the surroundings is,
by definition, the heat of formation,
and is designated, AHr.
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It the elemenis start out at absolute
zero, the heat given out is designated,
AHo. If the reaction were to be carried
out in a thermally insulated space, so
that no heat could be given out to the
the
would be left with a total heat con-

surroundings, reaction products

tent equal to the heat of formation.

Under these conditions:

H®=AH;
(2)

Also, under these conditions:

He ‘A”:e
(23
Combining Egs. (11), (20), (22) and (23},

we get:

A“cc AH AH; AH TT TV
4)

From the relationship between enthalpy

and molal heat content, we may write:

AHse
M

Ahge =
@25)

It is this quantity which gives us a
rough idea as to the jet velocity which
might be obtained when using the
combining elements as propellants. The
jet velocity will be roughly proportional
to the square root of the effective en-
thalpy of formation.

Values for the heat of formation are
usually given for ordinary temperatures
rather than for absolute zero. The heat
of formation at absolute zero may be
computed from these and other physical
data by using the following equation:

° T N
AH‘,':AH"" :rNo ° N!Hr:

(26)

Values of the heat of formation at
18°C, taken from the handbooks, are
tabulated in the 4th column of Tables
2A and 2B. These data, and estimates
of the total heat content of the elem-
ents and compounds at 18°C, were used
in Eq. (26) to calculate the heat of
formation at absolute zero, tabulated
in the 5th column. Where data on the
heat of formation were not available,
estimates were made. These -estimated
values are enclosed in brackets, and
were made by comparing the heat of
formation of the oxides, fluorides, chlor-
ides, bromides, and iodides of the vari-
ous elements when arranged, or plot-
ted, as a function of their location in
the periodic table. Values of the effect-
ive heat of formation, AH%. and the
effective enthalpy of formation Ah%.
are listed in the 6th and 7th columns
and were computed with the aid of
Eags. (24) and (25).

The combining elements, listed in
Tables 2A and 2B, are arranged in the

order of increasing atomic weights. It
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will be noted that, in general, the value
for the effective enthalpy of formation
decreases with increasing atomic
weight. This indicates that propellants
composed of elements of low atomic
weight should produce the highest jet
velocities. Since, as has been shown,
high density is under some circumstanc-
es as important as high jet velocity,
and since the density of the elements
and their compounds increase with
atomic weight, we may find some of the
elements of high atomic weight to be
very useful as components of some pro-
pellant combinations. Therefore, until
we have considered more evidence, we
should eliminate very few of the chem-
ical elements from our list of possible
rocket fuels.

In comparing the values for the ef-
fective enthalpy of formation in Table
2A with those in 2B, it will be noted
that for a few of the elements at the
top of the list, the values for the oxides
are roughly equal to those for the flu-
orides. For elements of high atomic
weight, however, fluorine is greatly
superior to oxygen as an oxidant. In
fact, for many of the heavier oxides,
not listed in 2A because of this, the
term effective-enthalpy-of-formation is
rather meaningless, because the com-
pounds decompose, or dissociate at
such very low temperatures, in many
cases, below their boiling points.

If we were to make similar tables
for the sulfide, selenides, tellurides,
chlorides, bromides and iodides, we
would find that all of the values far
effective enthalpy were lower than
those for the corresponding fluorides.
With elements of low atomic weight,
chlorine gives values for effective en-
thalpy of one third or less of that with
fluorides. With the heavier elements,
the ratio is about one half. The other
oxidizing elements all give values lower
than chlorine. While the densities of
the heavier oxidizing elements and

their compounds are somewhat greater
than those of oxygen and fluorine,
they are not enough so to offset the
differences in the values for the ef-
fective enthalpy of formation. From
this we conclude that, for fuels con-
taining elements of low atomic weight,
the oxidizer chould be rich in oxygen
or fluorine. For elements of high atomic
weight, only oxidizers rich in fluorine
should receive serious consideration.

REFRACTORY REACTION
PRODUCTS

Some of the compounds listed in Ta-
ble 2A are among the most refractory
known. It might be thought that such
materials, if formed in a rocket motor,
would quickly foul it. Actually, this may
not be the case. Over most of the in-
terior surface of the combustion cham-
ber and nozzle, a refractory substance
would accumulate in a layer of rather
uniform thickness which, because of the
extremely high heat-transfer rates,
would be limited in thickness to a few
hundredths of an inch. Such a coating
would be beneficial in that it would
tend to make a reduction in the amount
of coolant required by the motor, and it
would protect the metal surface from
erosion and oxidation by the hot pro-
pellant gases.

A very appreciable reduction in the
refractoriness of the reaction products
might be obtained by adding to the fuel
a small amount of another element to
form other compounds which would com-
bine with the more refractory materials
to reduce their fusion temperature. Even
with this device, however, such ma-
terials may tend to accumulate to too
great an extent around the fuel in-
jectors and thus interfere with the prop-
er atomization and combustion of the
propellant. At the present time no
clear-cut answer to this question can
be given. Only through experimental
research will we be able to tell how
high a fusion temperature of the prod-
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ucts of reaction can be tolerated in a A third and concluding installment
rocket motor, and thus which elements covering a wide range of compounds
must be excluded from use in propel- of different types, which might find use
lants because of the formation of too  as rocket fuels or oxidizers, will appear
refractory reaction products. in the next issue of the Journal.

THBLE 1- THEORET/CAL
THERMAL PROPERTIES OF GASES
AT HIGH TEMPERATURE

Mumber |Spec. Ht.[ Ratio | Thermodynamic
of l|at Const| of |Eff of Nozzle R
Atoms |Press Cp| Spec.llts,|For FresslFor Press.
n cal ~ Ratig | Rafjo,
Molecule] “1o1€ °C Ro=25 |Rp=jo0
497 | 1.667 | . R¥ | .§K
894 | /286 | .5l .64/
1390 | 1.167 | .369 | .482
/19.86 | 1.11/ 275 | 369
25.82 | /.083 | .2/19 .298
3/.78 | (.067 | ./182 250
37.7% |7.055 | /56 | .25

N[O [ [ | =

Additional tables on following pages.
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TABLE 2B THERMOCHEMICAL PROPERTIES
OF SOME [INORGANIC FLOURIDES

Molec- Heat of | Heat of | Effective| Effective | Meling | Bailing
war |Ph )’S/'cd formadfion| Formafind Heat of Enthalpyof Pt | Pont
Chemical Weisht,| State |at 18T, | at O, |Formation,| Formatio) Terp, | Temp,

formala| M at | DHu~| AK = | AH | Mh% —| &
_gm-_ | /8°C | cal cal. cal__ | cat r o
M. mole gm.mole| gm. mele| gm. wole| ¢m.

HE | 2001 | Vig 714x10° | 717x00° | 6380033190 | -92 19

LiF (2594 | sol. |/956 /442 |947 |3é50 | 870 | 1676

Beh | 47.02 | sol. — [230] | 188 4000 | 800 |[30o]

BF | 6782 | 92 |2569 |25%2 |2544 |3750 |~/27 |-s0/

CFy 880t | gas /63 /64 16/ /830 |~/8% |-/28

NaF | Y200 | sof. 1136.3 |13%9 178.6 |/870 | 990 | 7700

Mgfz 62.32 | sol. 26l.4 |258.5 | /192 |3090 | 1326 |223%

Fif | 83.97 | sol. 329.0 | 325/ {282 | 3350 | s040 [[1200]

SiFe_|10%.06 | 948 361.3 | 363.4 | 3608 | 3470 | subl. |-75

PFs__|125.98 | gas — |[B50] | 345 2740 | -9¥¢ | -85
Sk 146.06 | gas 262 {263 | 258 |/770 | sud. -64

K< 5810 | sol. /345 | 1332 | 85.8 { /480 | 880 | /500

CaF, | 78.98 | sl 290.2 | 287.4 | 224 | 2870 | /360 |[[2459]

Tifa |/a390sol | — /400 |382 | 3080 [(280] | 28¥4

Crfy V10901 | sof.  [266.1 12619 V217 | 1990 | s«sl. |fir0o]

felfy | 93.84% | sol. /164511619 | 125 | 1330 | fuoa] {1309

Nifi | 9667 | so.. {1575 | /548 | 1/18 | 7220 fr1og] |[7304

CuF | 8257 | sol. - [52] | 28 3¥o 908 | 7700

Znfy |103.38) sof | 1727 | /696 | 13/ |/260 | &72 |(1300]
Gafs | 126.72] so. | — |@x79] [ 230 |78/0 | susl. |[95¢]
Gef; | /48.60] sot — |B3%0] {32/ [ 2/60 |[300] [[30d]

Asic 17699/ 9as- | — [[Bi1o] 1303 1780 |-80 [-53

Serg [ 192.96] gas 246 | 248 | 242 | 1250 | subl. | -46

Srh_ | 125463 sol | 2870{286.3 | 226 | /800 [[i3097 |(2490]

Zrfy | /6722] sol. | — |[¥80] | ¥¥5 2660 [coq) |[609

Mofe | 20995| lig. | — (45 | 492 |zi0 | 17 | 35

Agf | 12688] sok | 487 | 474 | 73 | 700 | 435 |l3oa]

CdR | [50.4/| sol. 162217591 | 705 | 700 | nnoe| /758

Infy | 171.76] sol. — |{259] | 207 | 1210 | /170 |[1250]

Snfy 119470 sol. — |[320] | 295 | 1520 | [é00] | 705

Sbhk | 178.76] sol. 216.6 | 212.4| 197 | /700 | subl | 292

Terg | 29161| 9as | 3t5 | 317 | 311 /1290 | Suvbl. | =38

8afy | 175.36] sol. | 287.9|285%]| 229 | /1370 | 1280| 2737

Lafg | /19592 sel. ~ |B2d] | 374 | 19/0 [ [71284]| Fé00]
HEG 125469 sot. | — I[520]| 475 |/870 | [9097 {[7097
HeF | 238.6l] sol. — [700] | 80 335 | 645 | és0
71F | 223.39] sol. - [68] | 60 270 | su«bt | 300

PbE | 294521 sol. | 1595 | 1568 /120 | 490 | 855 |s290

8iR |266.00] sol. | 2N | 207 | 180 | 680 | 730 |l(Bod]

ThA | 808.12) sol. — ss9) | 500 | 1620 \li200] |G1200]
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TABLE 2A. THERMOCHEMICAL PROPERTIES
OF SOME INORGANIC OXIDES

Mblec- . Heat of | Heat of £f1'ec(n;e Effechve Mekr'uq Bo's/:;lq
wlar p‘\yslco/ Formalion| Formation| Heat of Enfhalpy of Ruint | Pont
Chemical| Weight;| State |at /8T, at 0K, |Formation Formation TOMp, | T€mp,
Formala| M — d-t" AH:;I" Aly— |AHe~ | Ahje~{ te = | & -
gm. 48C | _cal. cal. cal. cal °c °c
gm.mole Gim.mole | gm. mole | gm.mole | T
H;0 [8.0 | lig 684103 | 678M0°| S74xi0’| 3180 14 /)00
Li;0 | 29.88 | sol. 2.3 |rHo6 /07 3580 | subl. | /230
8e0 | 2502 | sol |/350 {7333 |25 /000 {2570 {3900
8.0, | 69.6% | sol. |335:8 [3305 (285 |<090 | 577 |[s0d]
COx | 440l | gas 944 | 986 | 93.0 |2110 subl. | -78
Na, 0 | 6199 | so/ 99.2 977 50 8/0 Subl. | 1275
Mg0 | 40.32 | sol. 1458 |/4¥%0 | 33 820 2800 | 3600
Aan0s | 101.94 | sol {4029 3974 | 32/ 3/50 (2080 (2250
Sio, | 6006 | sol. |203.3 |/99.8 | /26 |2/00 | /470 |2230
ROs |/41.96 | sof 37/.7 | 363.0 | 346 24¥%0 | 567 | 59/
$02 64.06 | 9as 709 | 76.3 690 |/7075 | =73 —/0
KaD | 9419 | sel. 862 | 847 | 48 s10 |[8o0] |[1200]
Cal | 56.08 | sol 1517 (/500 ) 66 /180 (2572 | 2850
70, | 7990 | sol. |2/9.0 [ 2157 | 116 | /450 [/825 |[3ooo]
CrOy | 152.02 | sol. 2689 [ 2694 [ 7192 | /260 | /990 ([2209]
Zn0 | 81.38 | sol. 835 |88 |28 340 | subl | /800
Ga105 | 18744 | sol 256 |25/ | /82 | 970 /900 |[2/007
Ge0y | 10460] sol. — |fi7zo] 1725 [/200 11100 |[1200]
As; 05| /927.82] sol 1591 1 1495 | 140 7/0 13/3 Y57
Se02 | 110.96 | sol. $6.4 | §34 | 3¥ | 300 |suwbl | 317
sro | /103.63] sor. | /%0.8 | /1392 | 70 680 2430|2500
Zr0, | 123.22] sol. | 258/ (2550 | 115 | 930 | 27/5 | 4390
MoO3 | 143.05] sol. 176.5 | 172.2 | 7%/ 990 | 745 | 1157
Sba0y| 29152 sor. | /654 /610 [ 7192 | 490 | 656 | /550
720, |/59.6/ ] sol 77.6 | 797 S2 330 subl. | ¥50
Ba0 [/53.36] sol. /1331 1/3/.6 | 80 520 (/923 [2004] |
Lo10s | 325.84] sol. | 456.9 | #52.4 | 350 | /070 |23/5 | 4200
HFO, | 210.60| sol. 27,5 |268.6| 130 | 620 [28/2 |[%#%0d]
| PbO | 2232]] sol. s2.5 | 511 0 (o) 8%0 | /%472
80y | Ybboo| sol. | 137/ (1329 | 100 |20 | 820 |/8%0
Tho, | 26%12] sol [ 293 |290 | 155 | 590 |[2900] 4400
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Letters to the Editor

Editor, Journal of the
American Rocket Society:

Many interesting papers were pre-
sented at the First Annual Convention
of the Society. However none of them
mentioned any information which would
indicate that some means ot getting in-
to the combustion chamber and having
a look at what actually goes on has
been used.

I have enclosed some drawings of a
device which might prove practicable.
A rectangular piece of fine optical glass
is inserted through the walls of the
combustion chamber and is held in
place b’y a collar mounted on the out-
side wall. The glass is cored for cool-
ing water. The cores should be as close
to the surface as possible. This will
cut down on the volume of glass sub-
ject to extreme temperatures and will
increase the size of the viewing area.
Since we will be looking at the inside
of the combustion chamber through a
sheet of water, the cores must be de-
signed to reduce turbulunce to a
minimum.

The combustion chamber end of the
glass is provided with a graphite or
ceramic filling to seal off 'he opening.
By experiment it could be determined
whether or not the glass must be ground
to the same curvature as the chamber
walls. If it must conform exactly then
we will probably have to provide a
correcting lens at the external view-
ing end.

Now that we have entry into the
combustion chamber, we must provide
means for obtaining our information,
taking into account at a!! times the
safety requirements for operating per-
sonnel.

We can mount a periscope so that
the operators can look directly into the
combustion chamber through a very
dark filter. There are several odvan-
tages to be gained. Impending materiel
failure could be detected in time to
shut off the fuel and save the rocket
motor. But more important, we could
obtain information on fuel nozzles, ig-
nition troubles and flame pattern. This
information could very easily lead to
more efficient motor design.

It should be easy to mount a high
speed camera for the purpose of pre-
serving the pictures for latter compar-
ison with other motors. The camera
will have to be provided with a proper
filter, and the pictures should be taken
at high speed to minimize vibration
distortions,

Several means for obtaining temper-
ature readings present themselves. Op-
tical pyrometry through filters has been
successfully used to determine extreme
temperatures. Perhaps we could use a
thermopile which has been caretully
calibrated using the identical testing
arrangement on measurable temper-
atures and the calibration curve ex-
tended. Accurate knowledge of tem-
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peratures attained by different fuels
would be gratifying indeed.

A speciroscopic analysis of different
sections of the chamber and nozzle is
indicated. It is conceivable that we
could obtain information with which to
attack the problem of dis-association.

1 may have missed the boat entirely
in this approach. However, we greatly
need information on what goes on in
the combustion chamber and [ will be
satistied if this only leads to greater
discussion of the problem.

CHARLES WEBER, J1.

A Contribution To The Levitation Problem

By CEDRIC GILES

Since the publication of a previous
article* on means of lifting objects
against gravity several additional find-
ings have come to the attention of the
writer of which two of the most inter-
esting are presented.

An early concept of reaction propul-
sion in which a gas mass was to be
successively impelled was contempla-
ted by the Polish engineer Franz Abdon
Ulinski. As shown in Fig. 1 the system
consists of a large chamber, an in-
jector nozzle, a compressor driven by
any outside source of power, and a
working supply of inert gas, such as
helium or nitrogen, moving continu-

COMPRESSOR

—

/ \

NO2ZLE FI16.1 EXIT
PARABOLIC ATOMIC
REFLECTOR SOURCE
F1G6.2
ously through the system. A cycle

would constitute a mass of gas after
leaving the compressor being dis-
charged at high velocity through the
nozzle into the chamber o! gas main-

tained at ordinary atmosphere pressure.
Gas drawn at low velocity from the
chamber would be again compressed
by the compressor.

The reaction force was to be pro-
duced by the difference between the
high jet velocity at the nozzle end and
the low velocity at the chamber exit.
A small reaction loss was readily con-
ceived due to the discharge into an
atmosphere rather than a vacuum.

ATOMIC REFLECTOR THEORY

A few years ago a suggestion’ was
made that a special type of reflector
might be used to control the direction
of atomic particles for providing a re-
action to the rocket. The general idea
may be considered similar tc the princ-
iple of reflecting light rays in straight
lines from a parabolic mirror which
has a source of light at its focus point.

As in Fig. 2, atomic particles. would
emanate from a fixed source of radio-
active energy and on meeting o form
ol electromagnetic parabolic reflector
would be reflected in parallel lines op-
posite to the direction of traavel by the
rocket. As discharged particles are
now controlled in the Cyclotron by
magnetic forces the possibility of event-
ually developing such a source of re-
flected energy was not considered too
remote.

REFERENCE
*U.S. Naval Institute Proceedings,
June 1942,

*Journal of the American Rocket Soci-
ety, No. 68, December 1946.
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Some Remarks on the Temperature Problems
of the Interplanetary Rocket

By ROBERT L. STERNBERG

Mathematics Department,

Centinuing the discussion started by
Commander Ellerton in the December
1945 issue of the JOURNAL I should
like to report the following calculations
based upon standard astronomical pro-
cedures. Considering a spherical rocket
gondola made of heat conducting ma-
terial which has been coated with lamp
black to approximate an ideal black
body, and presuming it to be operating
in space in the vicinity of the earth,
w2 may determine its equilibrium tem-
perature (i.e. the temperature at which
its rate of absorption of solar energy
exactly equals its rate of emission of

= Radius of the gondola in cm.
S = Solar Constant at the earth’s orbit
K = Stefan-Boltzmann Constant

and Taking T, = O as the rocket is op-
erating in space practically devoid of
matter we obtain, upon solving for T
the following,

T = 4V Fx =277° assocure

(2)

or T = +44° Centigrade.
(3

To calculate the equilibrium temper-
ature for the gondola at arny distance
from the sun other than the earth’s
distance we need only correct the
Solar Constant, S, by 3he inverse
square law as follows, denoting by S',
the Solar Constant at a distance D
astronomical units from the sun, recall-
ing that one astronomicol unit is
92,870,000 miles, or the mean radius of
the earth’s orbit.

Northwestern University

black body radiation) from the follow-
ing equation in which the energy ab-
sorked per unit time by the projected
area of the sphere exposed to the sun's
rays is equated to the energy radiated
per unit time by the entire area of the
blockened sphere at the urknown ab-
solute temperature T. Thus we have,

WR’S=4IT1I)22K( T-1.)

= 1.34 x 10* ergs cm. —* sec. —'

= 567 x 10— ergs cm. —* deg. —* sec. —

\Distcmce: Sun to Earth la S

S'=S8

‘Distcnce: Sun to Rocket | D

(4)

So that substituting S’ for S in equa-
tion (2) we have,

KJ 5 ‘4 -2775
T’VW{' FKD* VYD HBSOLUTE
s)

for the temperature T’ of a black goh-
dola at a distance D astronomical units
from the sun.

Using equation (5) we find at Mars
the equilibrium temperature, T', of the
gondola is 224° Absolute or —49° Centi-
grade and at Venus 326° Absolute or
+-53° Centigrade. Thus a considerable
change in temperature due to solar
radiation will be experienced on any
interplanetary journey unless some art-
ifice is provided to regulate the rates
of absorption and emission of heat
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radiction by the gondola.

However, solar radiation is by no
means the only source of power which
will tend to heat the rocket. Like any
other piece of machinery a rocket will
not be 100% efficient but a certain
percentage of the energy released by
the rocket motors, etc., wiil ultimately
cppear as heat within *he gcndola
and will have to be dissipated into
space by radiation. During the period
in which the rocket is operating rel-
atively near to a planet and hence in
an intense gravitational field the power
output required of the rocket motors
will be quite large and even a highly
e..cient rocket may produce enough
internal heat to raise the equilibrium
temperature sufficiently to require that
the rocket be slowed down to prevent
overheating of the entire cystem.

Whether or not an actual rocket
would best be black is a question
which is open to discussion. Black has
merely been taken as the color of the

hypothetical gondola treated above to
facilitate calculation. There are, 1 be-
lieve, paints and lacquers available
which would considerably reduce the
absorption of solar heat by the gon-
dola and only slightly reduce the radi-
ation of heat from the gondola as com-
pared with an ideal black body of the
same size and shape. Since in all prob-
ability it will be most practical to keep
the rocket as cool as possible to pre-
vent over heating when in an intense
gravitational field and then deliber-
ately heat it when necessary, such an
exterior finish as this which would pro-
vide maximum emissivity and minimum
absorptivity may be most desirable.

References:
Astronomy — Russell, Dugan, and
Stewart, Vols. I and II; 1927.

A Text Book of Heat—Part II—Allen
& Maxwell; 1945.

Handbook of Chemistry & Physics—
Hodgman; 1944.

Evaluation Of Several Mass-Ratio Phases
Fractional Versions of Fuel-Velocity Relationships

By CEDRIC GILES

Examination of fuel components in
the power flight of a standard fuel-
weight ratio rocket suggests a hither-
fore unexplored line of thought. By at-
tacking the fuel problem through an
initial fuel breakdown a better oppor-
tunity may be provided for system-
atically reducing the high fuel load.

A second subject contemplates the
relationships of fuel and velocity val-
ues and flight altitudes present at half-
way points while the rocket is under
power thrust. Consideration of such
midpoint functions reveals emphatical-
ly the high percentage of fuel used in
the early flight stages.

A third proposition deals briefly with
the various launching and flight assists

for extending the range of a rocket,
and suggests some practical solutions
to the problems outlined throughout the
article.

FUEL-WEIGHT RATIO

As defined in an article on the law
of exponential motion in a recent issue
of the JOURNAL* the equation of rocket
motion is based on that function of
rocket mathematics where initials rock-
et weight to initial fuel weight is 1:1.72,
and indicated by the approximate fig-
ure 2.72, the e number. The mass-ratio
rule, stating that a 2.72 rocket will at-

*JOURNAL of the American Rocket
Society, Nos. 66 and 67, June and
September 1946.
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tain the speed of its gases the moment
all fuel is expended, is considered a
simple yardstick for basing complicated
calculations of rocket performance.

As shown in the accompanying fig-
ure fuel consumption is indicative of
duration of time, since with constant
fuel expenditure equal portions of con-
sumed fuel are used each unit of time.
As fuel is burned, with the rocket be-

4
&
& 7 JET vELOCITY
=] é'\ 4 FUEL COMBUSTION ——
= & EQUAL FUEL ___ |
@ EXPENDITURE

PRINCIPAL FUEL — |
SUBORDINATE FUEL —|

LTI

TET VELOCITY
Velocity curve of a 2.72 rocket in
relation to fuel components.

coming constantly lighter, the accel-
eration and velocity of the rocket will
increase proportionally, Throughout the
powered flight acceleration and veloc-
ity increase for any individual time
period remain equal to each other. The
accumulated rocket velocity will equal
the jet velocity.

The fuel mass can be divided into
two distinct parts; the principal fuel
necessary to accelerate the rocket prop-
er to jet velocity, valued at 1, and the
subordinate fuel required to transport
fuel, estimated at .72 or almost 2/5 of
the entire fuel load.

Values given in this paper were ob-
tained from points plotted on an en-
larged graph; a process more tedious
than complicated which does not war-
rant detail reproduction at this time.

THRUST DEVELOPMENT
In the case of a rocket having its

overall weight equal or greater than
pounds of thrust, the rocket will remain
momentarily motionless. As fuel is con-
sumed with increasing rocket lightness
the thrust will take effect and the rocket
will accelerate until all fuel is ex-
hausted and become momentumborne.
Assumption here is that the rocket at
start of power flight will be of the 2.72
class, with the omission of air resist-
ance and other outside affecting factors,
and under a steady thrust will have
exhausted all fuel when rocket velocity
and jet velocity become equal.

FUEL EVALUATION

In evaluating the principal and sub-
ordinate fuel amounts, it becomes
quickly apparent that although entire
fuel mass is utilized at a constcnt rate,
a certain percentage of each constitu-
ent must be used each instant, not
first the principal fuel mass and then
the remainder.

The graduated amount of each fuel
part, illustrated in the fuel column,
shows that in the initial moments of
firing a greater mass of the adjunctive
fuel is consumed, while the principal
fuel consumption only is greater in the
final increments of time. With the net
rocket weight remaining fixed, the
constant rate of fuel consumption to
meet rocket velocity requirements is
such that at the instant of take-off the
principal fuel only needs to lift 1.00, the
net rocket weight, while the subordi-
nate fuel must sustain the entire 1.72
fuel load.

As fuel is decreased with the dura-
tion of firing the fuel component per-
centages graduate and have an equal
expenditure when 5/12 of the entire
fuel load (or time element) has elapsed.
From this point on, the principal fuel
supersedes the subordinate fuel as the
paramount source of energy.

FUEL MIDPOINT

From calculations it has been found
that at the haliway mark of the fuel
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expenditure (which is synonymous wth
the haliway point of the duration of
time) velocity of the rocket is only
slightly more than 1/3 of the speed of
the exhaust gases with about 1/5 of
the power flight completed. This means
that in the expenditure of the second
half of the fuel the rocket velocity must
attain nearly %5 of the final velocity to
cover the balance of the accelerated
flight altitude. It also has been noted
that at the halfway mark some 409% of
the principal and 659, of the subordi-
nate fuel has been spent.

VELOCITY MIDPOINT

A second consideration wherein rock-
et velocity equals one-half jet velocity
with 1/3 of the altitude attained occurs
when approximately 60% of the entire
fuel is used. This demonstrates the
high increase of rocket velocity per
period of time as it approaches the
maximum velocity. A breakdown of the
tuel shows that nearly 1, of the princ-
ipal fuel and 3/ of the subordinate fuel
has been expended.

LAUNCHING AIDS

Providing an assisted start against
gravitational pull before the rocket be-
comes thrustborne has the advantage
of extending the otherwise normal al-
titude of the rocket. Reference to some
of the ideas on the subject considered
during the past years is of interest.

Early counter-gravity schemes sug-
gested launching the rocket from a can-
non, or catapulting it on a trajectory
from the circumference of a giant ro-
tating wheel, or circular track. Lately
good results have been attained in the
high acceleration launching of winged
missiles by jet driven booster ap-
paratus.

Less violent is the proposal of taking
off from a high elevation or aircraft.
This plan finds much favor for reaching

very high altitudes and calculations
show the great saving in fuel weight
when compared with rockets starting
at sea level.

Through the denser atmosphere at
the slower speeds the use of thrust
augmentors, a series of coaxial cones
surrounding the jet for inducing air to
increase jet mass, would aid the rock-
et in many cases. After use the aug-
mentors could be discarded by para-
chute for future flights.

WEIGHT REDUCTION

Reduction of rocket and fuel weight
during flight are most important as any
weight elimination method could very
likely be adapted to rockets in general.

The present approved method for
lessening the rocket weight employs
the multi-rocket principle, where fuel
containers of each step are dropped
when empty. Any diminishing of the
net rocket weight means a smaller
amount of principal fuel, resulting in
less subordinate fuel.

Fuel weight may be reduced through
some form of refueling in flight though
a difficulty lies in synchronizing the
rapid motion of rocket and fuel base.
Most studies on this subject theorize
on space flight with the rocket obtain-
ing fuel from an interplanetary supply
base.

A weight reduction seems possible in
constructing fuel containers of a sub-
stance suitable as a fuel. Some work
with dry fuel rockets was done years
ago but little information is available
at present.

CONCLUSION

The mass-ratio approach presents a
convenient standard means for theoret-
ically solving within certain limits spe-
cific flight cases. Some form of mass-
ratio scale or table could be worked
out which was applicable for evaluat-
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ing flight performances.

The breakdown of fuel components
demonstrates effectively the high per-
centage of subordinate fuel required
to sustain the principal fuel, as well
as providing a method of determining
relative weight of components at any

instant of thrust ascent.

Numerical results show the poor rock-
et efficiencies in the early thrust stages
and the considerable amount of in-
crease in latter time periods. This
seems to warrant the necessity of sup-
plying some type of booster aid in the
starting moments.

Society News

Report on the annual meeting of the
American Rocket Society held on Thurs-
day, April 24th, 1947 in Room 503 of
the Engineering Societies Building, 29
West 39th Street, New York, N. Y.

Mr. Pendray welcomed the members
and guests of the American Rocket
Society and reported to them, on be-
half of the Board of Directors as follows:
“To the Members of the Society:

The American Rocket Society has
made very great progress in the last
three or four years.

A large part of this progress has been
made possible by the unprecedented
growth of interest in rockets and jet
propulsion. It has been aided by de-
velopments within the Society which
have been initiated by the Board of
Directors and well supported by the
members. Among the developments
which have been most significant are
the following:

1. Affiliation with the American So-
ciety of Mechanical Engineers, and the
opening of an office in the Engineering
Societies Building.

2. Publication of "Rockets” by Dr.
Robert H. Goddard, as the first step in
what is expected to become a broad
publishing program of the Society.

3. Development of a program for
making available the growing liter-
ature on rockets, jet propulsion and re-

lated fields to members of the Society.
The sales of books and other literature
have been of great value in support-
ing the Society's other activities, and
have also provided a central source
from which information of this kind
could readily be obtained by members.

4. The establishment of a paid sec-
retarial staff to manage the business of
the Society in a prompt and efficient
way.

5. The enlargement and improve-
ment of the Journal of the Society.

6. The first national convention of
the Society last December, inaugurat-
ing annual national get-togethers of
our members.

7. The "Dutch Treat Dinners” which
have brought additional strength and
guidance from the active membership
of the Society.

In addition, the Society is now taking
a step which may be more momentous
than any: the adoption of a new con-
stitution, which provides for chapters
throughout the country, and makes di-
rect participation in the Society and
its meetings available to members in
all parts of the country. By this step,
the Society becomes a truly national
organization, and takes its place along-
side the other effective engineering and
technical societies of the country.

The growth of membership of the
Society is illustrated by these com-
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parative figures for the last three years:

Membership:
A

1945 Total 1946
Active ..o Sl 16%, 107
Associate ............... 221 69% 328
JUNIOT et 46 149, 72
318 507

Journal Subscribers
(Institutions) ... 60 78

As the figures indicate, the propor-
tion of active members has increased
10 per cent in two years and the active
membership is steadily increasing. The
percentage of junior members is de-
creasing.

The Society must have other sources
of income to meet expenses and be
self-supporting. The two most logical
sources are advertising in the Journal
and the sale of publications.

Publications
Books (not Goddard .......cceceeveencenncnnnce

Publications
Goddard book

The total of $4,364.72 represents 569,
of the total income of the Society for
the fiscal year ending in 1947.

The Society is worth, in cash, bonds,
equipment and saleable material, ap-
proximately $19,383.57, including 1080
Goddard books. The inventory of sale-
able material should remain at present
valuation for several years, with the
expenditure of only a small amount
from time to time to replace materials
which may run out of print.

"I have been closely associated with
the development of the Society for
more than 15 years. As Secretary of the
Society, it has been my privilege to
help carry out a number of the projects
which have contributed to the Society's

Comparative Figures

% % Increase

Total 1947 Total 1947 over 1946
21% 204 269, 91%,
64, 462 61% 41%,
14%, 93 11% 29%,
759 66%
152 51%

A program for advertising in the
Journal has now been undertaken, and
should begin to bear fruit in the com-

ing year.

Our present income, aside from mem-
bership, is derived principally from the
sale of books, including the Goddard
books, back numbers of “Astronautics”
and other literature. Comparative fig-
ures for the income from these sources
is given in the following table:

Comparative Figures

1946 1947
$ 923.19 $ 516.43
950.43 1,265.22
241.99 2,583.07
$2,115.61 $4,364.72

growth since 1942. ] believe the organ-
ization is now well launched on its
post-war career, and that it will be-
come one of the most significant factors
in the future technological development
of the rocket and jet propulsion indus-
try and of our nation.”

At this meeting the following seven
men were elected directors of the So-
ciety for the interim term ending in
December, 1947.

ALFRED AFRICANO
LOUIS BRUCHISS
LEONARD AXELROD
CEDRIC GILES
HARRY BURDETT
ROY HEALY

E. L. CHANDLER
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Under the constitution of the Society,
the Board of Directors elects the of-
ficers. At the last meeting of the Board,
tte following officers were elected:

ROY HEALY, President

ALFRED AFRICANO,
Vice President and Chairman of the
Technical Sections Division

LEONARD AXELROD, Secretary
CEDRIC GILES, Treasurer

LOUIS BRUCHISS, Editor of the
Journal of the ARS

G. EDWARD PENDRAY, Chairman,
Public Relations Committee

H. BURDETT, Chairman, Program and
Convention Committee

E. CHANDLER,
Chairman, Membership Comm.

L. LAWRENCE,
Chairman, Nominating Comm.

As announced at the Annual Meet-
ing, the Society will hold its Second
National Convention in conjunction
with the ASME in Atlantic City early
in December. Members are earnestly
requested to submit papers on any
phase of jet propulsion devices or their
application for possible presentation at
the Convention or publication. Please

forward these papers or a detailed out-
line by August 15th, 1947. Papers
should be addressed to the Chairman
of the Program Committee, office of the
Society.

The new Board of Directors, on be-
half of the entire membership of the
American Rocket Society, takes this
occasion to express its deep apprecia-
tion for the untiring services rendered
by Dr. Pendray during his many years
as secretary. G. Edward Pendray will
always remain synonymous with the

ARS.

NEW ACTIVE MEMBERS
Keith K. McDaniel
Marvin Wall
D. Marshall Klein
Jose Paso
Lawrence Maisak
David H. Ross
Vernon ]. Basore
George W. Flynn
George T. Allen
Richard W. Darrow
Jack Isreeli
Alberto M. delLecca
William C. Cooley
John A. Kerr
Gordon M. Murtaugh
Nathaniel H. Rickles
Alton B. Crampton
Wilford P. Lakin

Bertrand des Clers de Beauheats

General News

Harry F. Guggenheim, President of
The Daniel and Florence Guggenheim
Foundation, announced recently that
the Foundation has engaged the ser-
vices of G. Edward Pendray as counsel
on rockets and jet propulsion.

The Daniel and Florence Guggen-
heim Foundation has long been identi-
fied with the development of rockets
and jet propulsion. Beginning in 1930,
it supported the pioneer researches of
Dr. Robert H. Goddard, founder of the
modern field of rocketry and jet pro-

pulsion, and shares ownership with
the Goddard estate in the important
basic rocket and jet propulsion patents
resulting from that research.

Mr. Pendray, well known as a coun-
selor on industrial public relations and
management, has also been closely
identified with rockets and jet propul-
sion for more than 16 years. A pioneer
rocket experimenter, he was one of the
founders of the American Rocket So-
ciety, national professional association
of rocket and jet propulsion engineers.
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Use Of Flying Laboratories Highly Successful,
Says G-E Engineer

Development testing of aircraft gas
turbines through utilization of Army
bombers, converted into flying labo-
ratories, has proved to be a safe and
expedient way of conducting tests un-
der altitude conditions and more eco-
nomical than establishing altitude wind
tunnels, according to General Electric
Company engineers.

Explaining that the jet power plants
are installed as an auxiliary unit of the
flying laboratories instead of a sub-
stitute engine, W. O. Meckley, G-E
engineer, pointed out that a modified
B-29 Superfortress is among the flying
test beds now operated at the com-
pany’s Flight Test Center near Schen-
ectady. Tests under varying flight con-
ditions, he said, are conducted with the
company’s powerful TG-108 gas turbine
—power plant of the newest Army and
Navy jet-propelled aircratt.

The f{lying laboratories also have
proved “highly satisfactory” in the test-
ing and development of new gas-
turbine units before actual installation
aboard aircraft, according to Mr. Meck-
ley, who is assigned to flight test
projects of the G-E Aircraft Gas Turbine
factory at Lynn, Mass.

Where important components of a
newly-designed jet engine are avail-
able before the complete unit, he
pointed out, flight tests of the new com-
ponents are conducted by utilizing
some parts of the older engines.

Plans are underway, he said, to

flight test jet power plants of advance
design now being developed at the
Aircraft Gas Turbine factory.

Pointing out that the 1-40 gas turbine,
developed by General Electric as the
power plant for the Lockheed P-80
Shooting Star, also was further de-
veloped aboard a B-24 flying labora-
tory, Mr. Meckley said that the flying
test cells provide a great number of
the facilities and advantages of a wind
tunnel, with “considerably less cost
and greater availability.” Use of the
flying laboratories, he explained, also
allows flight space for design engineers
to observe operations under flight con-
ditions and provides a means of ac-
quainting them with the problems at-
tendant to flying.

General Electric inaugurated its
flight-test program early in 1942 when
a B-23 was obtained for turbosuper-
charger flight investigations. Since then
the company’s Flight Test Division has
operated nearly a dozen different fly-
ing laboratories, including three B-29s,
six B-24s and other aircraft.

Currently maintained at the new
Flight Test Center at Schenectady are
twe B-24 Liberators, a B-29 and other
aircraft.

The project is sponsored jointly by
General Electric and the Army Air
Forces, A Pan American Airways crew
mans the B-29 and other bombers on
the flight tests. G-E personnel fly the
other aircraft.
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Pioneer Rocket Motor Test Station Built For
General Electric - U.S. Army Ordnance Research

A test station which will static-test
rocket propulsion motors up to 50,000-
pounds thrust, equivalent to 500,000-hp,
has been constructed near Schenectady
as a part of the General Electric-U.S.
Army Ordnance Department joint long-
range rocket research program, it was
announced by Ray Stearns, Manager
of the Company's Aeronautic and Ma-
rine Engineering Division.

Mr. Stearns revealed that the test
station, the first of its kind, has been
in operation for over a year, contribut-
ing invaluable data for basic rocket
motor design and fuel development.

Situated some distance from Schen-
ectady, and about a mile from any
habitation, the test station has three
heavily - constructed steel - re - inforced
concrete rocket-motor static-test pits.
Each pit is set into the forward slope
of a small hill, and earth is mounded
around its sides.

Three covered stairways lead down
into the interior of the test pit, which
is divided into four rooms; control room,
motor room, and two reactant rooms.
Three-foot  steel-re-inforced concrete
walls separate the motor room from the
rest of the structure, while all other
walls and the roof are two feet in
thickness. Heavy steel doors seal off
each room when tests are in progress.

The control room, lying parallel to
the motor room, contains all the valves
and controls used in regulating “runs”
of rocket motors under test in the pit.
Roughly, two-thirds of the wall space
is filled with observation ports and
panels containing valves, switches, and
gages. The rest of the area contains
banks of photoelectric recorders which
calibrate and record data continuously
during the tests.

Three observation windows or ports
pierce the three-foot wall between the
control room and the motor room. Each
of these windows is composed of three

3-inch bullet-prootf glass panes, abutted
on each side with 2-inch steel plates.
Individually, each 3-inch bullet-proof
glass pane will withstand the penetra-
tion of a 0.50-calibre projectile. Addi-
tional protection is provided in the ob-
servation ports by an air space of ap-
proximately one foot between panes.

Open at the rear for the passage of
the rocket motor exhaust flame, the
motor room is situated in the center of
the test pit. Access to the motor room
from the interior of the pit is through a
narrow right-angle passageway off the
reactant room passageway, sealed by
a heavy steel door. Construction of
this narrow right-angle passageway
acts as an additional safety factor in
case of misfire.

The operating stand to which the
rocket motor is attached during test
firings is on the forward wall of the
motor room. Reactant and cooling wa-
ter lines are connected to the motor
at this point. Bolted to the floor opposite
the observation ports of the control
room are mirrors which reflect the motor
and its exhaust to the observers during
the “run”. Attached to the wall above
the observation ports, a totally-enclosed
steel and asbestos box contains a cam-
era, operated from the control room,
which photographs the rocket exhaust
during firing.

Behind the pit and in direct line with
the motor room is a specially-construct-
ed flame deflector of concrete and ex-
panded metal screen. The expanded
metal screen or flare baffle breaks up
the rocket motor exhaust flame in
cases where it extends beyond the con-
fines of the motor room.

The reactant room directly forward
of the motor room contains a specially-
fabricated and calibrated tank which
holds the oxygen propellant for the
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rocket motor. Liquid oxygen for this
tank is supplied by a specially de-
signed oxygen “buggy’ which is con-
nected to a fueling line outside the pit.
Extending across this room from the
wall of the motor room is a thrust bar
which records the thrust of the rocket
motor during test.

The second reactant room, parallel
to the motor room, houses a smaller
fabricated and calibrated tank for the
alcohol propellant. Both propellant
tanks are pressurized from gas bottles
housed on the exterior of the pit.

Fire is an ever-present danger in
rocket motor development and extensive
precautions have been taken through-
out the entire test station.

No smoking is permitted in or near
the test pits. Power driven ventilation
fans clear any fumes from the reactant
rooms. Automatic alarm systems are lo-
cated in the interior and outside of
each test pit.

Within the pits a high-pressure water
system, at 140-psi, can operate either
automatically or manually by means
of controls located in the control room.
This system draws upon a 30,000-gal-
lon reserve with a pumping station that
can be run either by electric or gasoline
pumping motors.

In the motor room, three different
flooding systems can be used. An over-
head sprinkler system has been in-
stalled near the roof while high-pres-
sure nozzles are trained from above
directly on the motor-operating stand.
Piping running around the three sides
of the room can completely flood the
floor. In each of the reactant rooms,
high-pressure nozzles are directed down
upon the reactant tanks. Carbon dioxide
extinguishers are located throughout
the sites.

A fire department comprising two
pumper trucks and a large capacity
tank truck are on standby day and
night with firefighting crews immedi-
ately available. Throughout the im-
mediate test area a 6-inch high-pres-
sure main has been laid with hydrant
houses and hose strategically located.
Fire guards patrol the entire area.

Sirens, starting five minutes before
and costinuing through each “run”, as
well as flashing red lights above the
pits, warn personnel in the test area.
Guards are also placed a safe distance
from the pit under test to prevent per-
sons entering the area. Sirens continue
to sound some time after the “run” to
allow a safety period after shutdown.

X
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Navy Unveils Powerful Jet Fighter

The Navy Department recently an-
nounced successful flight tests of its
newest and most powerful fighter, the
600 mile per hour BANSHEE. It was de-
signed and built by the McDonnell Air-
craft Corporation, St. Louis, Missouri,
under contract with the Bureau of Aero-
nautics.

Officially designated as the XF2D-1,
the BANSHEE, bears a marked resem-
blance to the McDonnell PHANTOM,
the Navy's first carrier based all-jet
fighter. Production deliveries of the

PHANTOM are now being made in St.
Louis.

The BANSHEE is powered with two
Westinghouse 24-inch diameter axial
flow turbo-jet engines installed in the
wing roots. These engines, the culmi-
nation of a long range turbo-jet de-
velopment program, make the BAN-
SHEE the most powerful single seat
fighter flown in the United States today.

The McDonnell BANSHEE was built
to conform to the exacting requirements
of carrier operations, and to meet the
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ever increasing demand for higher
speeds and increased rates of climb.
Even though carrier based, it is in the
600 mile per hour class and climbs at

a rate of over 9,000 feet per minute.

In addition to its fast speed and rate
of climb the BANSHEE has unusually
long range. Five self-sealing internal
tanks carry its large fuel load. It is
capable of normal take-off from aircraft
carriers or landing fields, and is also
fitted with catapult hooks, should this
type of take-off be desired. The arrest-
ing gear is a conventional Navy type
hook, housed in a well in the lower
rear part of the fuselage. All these com-
ponents, such as wheels, catapult
hooks, arresting hook and wing flaps
completely retract in f{light, and are
covered by flush type doors, giving the

jet plane a sleek, compact appearance.

The BANSHEE, like its predecessor
the PHANTOM, is designed to cruise
on one or two engines. The Westing-
house 24 inch jets are placed close to
the center line of the airplane so that

little yaw results when one engine is

shut off. By cruising on one engine the
range is extended at lower altitudes and
added safety for over water operations
is provided.

The pilot sits well ahead of the wings
and has unusual vision in all direc-
tions, He is protected from gun-fire by
armor plate and a bullet-resisting wind-
shield. The pilot's seat and supporting
structure are crash resistant. They are
designed to resist a crash impact 40
times the weight of the pilot. The wings,
wheels, and flaps of the BANSHEE re-
tract electrically avoiding the use of
hydraulic lines and providing additional
protection against gun-fire damage.

The BANSHEE has a wing span of 41
feet (18 feet when wings are folded for
storage aboard an aircraft carrier). Its
length is 39 feet over-all, height 14 feet
take-off 14,000
pounds.

and weight is over

Robert Edholm, engineering test pilot
of McDonnell Aircraft in St. Louis, has
put the BANSHEE through a series of
satisfactory flight tests.
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Description Of Westinghouse Engine

Powering Navy’s New Fighter Plane

The pair of slim, axial-flow Westing-
house turbo-jet engines, which make
the Navy's spectacular McDonnell
“BANSHEE” (XF2D-1) the America's
most powerful fighter plane, put at the
command of the pilot more power than
is found in any other fighter plane
whether powered with turbo-jet, turbo-
prop or reciprocating engines.

Such an outpouring of power in a
fighter is unprecedented. Two thousand
horsepower was considered about max-
imum for a fighter during the war. The
engine of the most powerful preceding
American jet plane produces the equiv-
alent of a reciprocating engine of
about 5,500 horsepower. The power of

the "BANSHEE" engines is ever greater.

When Charles A. Lindbergh flew to
Paris 20 years ago, he got 200 horse-
power from his then remarkable engine.

Capacity to get into or ready for
action fast is nearly as important a
qualification for a Navy shipboard
fighter as mere air speed. The enor-
mous power of the BANSHEE'S West-
inghouse jets gives the plane a rate-
of-climb performance heretofore un-

approached.

The engine is designated the YAN-
KEE 24C to
origin and its diameter in inches. Like
the Westinghouse 19XB Yankee which
powers the PHANTOM, Navy's first all-
jet plane, the prototype 19B engine

indicate its American

which was the first wholly-American de-
signed jet engine to be tested in {light,
the 24C turbo-jet
straight-line, design. From the time the

is an axial f{flow,
air enters the front until it streams
forth with a gigantic push from the
rear at almost twice the speed of sound,

its direction of flow is never changed.

Such axial-flow design, pioneered by
Westinghouse, packs the greatest pow-
er and least air-resisting frontal area

into the lowest possible weight.

Each turbo-jet unit consists of an

aluminum alloy and stainless steel cyl-

inder 24 inches in diameter. There is
but one major moving part, the two-
piece aluminum alloy and steel shaft
running lengthwise through the engine.
On this shaft, are mounted the air com-
pressor at the front and the gas turbine
at the rear, just ahead of the point at
which the hot gases that result from
the burning of fuel and air are ejected
through the especially-shaped jet orifice
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to produce the engine's propulsive

thrust.

The compressor, which supplies the
enormous quantities of air needed to
achieve the jet volume and velocity
consists of a forged aluminum alloy
rotor containing numerous discs to
which are attached spoke-like blades.
These blades, each shaped like a tiny
square-ended propeller blade, diminish
in length with each successive “stage”,
or disc, squeezing the incoming air in-
to an ever-smaller space as it is rammed
rearward toward the combustion cham-

ber in the engine's center.

The torrent of air enters the com-

bustion chamber compressed to a
fraction of normal volume. Inside the
combustion chamber are stainless steel
“combustion baskets”, their sidewalls
latticed with holes to admit part of the
inrushing air. The air entering the bas-
kets is mixed with gasoline sprayed
from many atomizing nozzles. When
the engine is started, this fuel-air mixt-
ure is ignited by a pair of spark plugs,
but once in operation, combustion is
self-sustaining, and the electric ignition

shuts off.

As the burning gases travel through
the
cooled down by the air which by-
Then,
hurtling 400 miles an hour, the gas

combustion chamber, they are

passed the combustor basket.

speeds through the turbine, which ex-

tracts the horsepower from its heat
energy to drive the compressor. The
remaining energy in the gas is utilized
in the form of a high-velocity jet to
yield the engine’s propulsive thrust as
it rips from the tailpipe nozzle at 1,200

miles an hour.

The engine’s electric starting motor,
built in the Westinghouse Small Motor
Lima, Ohio,
larger or heavier than the starter on an

Division at is scarcely

automobile.

Because of its “straight-line” design,
the maximum diameter of this Westing-
house engine, including such acces-
sories as fuel pumps and governor, is
so small that the whole engine can be
“buried” in the "BANSHEE" wing root
and leave scarcely a ripple to interfere
with the plane’s swift passage through
the air,
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UNITED STATES PATENTS

The following patents were compiled
from issues of the Official Gazette of
the U.S. Patent Office. Copies of patents
may be obtained from the Commission-
er of Patents, Washington 25, D.C., at
25 cents each.

No. 2,280,835, “Aircraift”; Alt Lysholm,
Stockholm, Sweden, assignor, by mesne
assignments, to Jarvis C. Marble, Leslie
M. Merrill, and Percy H. Batten.

No. 2,339,024, "Rocket Gun”; Edward
F. Chandler, Brooklyn, N. Y.

No. 2,391,864, “Repeating Rocket
Gun‘; Edward F. Chandler, B'klyn, N. Y.

No. 2,391,865, "Self-Propelled Projec-
tile”; Edward F. Chandler, B'klyn, N. Y.

No. 2,409,904, "Rocket”; Conrad David
Schermuly, Alfred James Schermuly,
and Charles Schermuly, Parkgate, New-
digate, England, assignors to The
Schermuly Pistol Rocket Apparatus
Limited, Parkgate, Newdigate, Surrey,
England.

No. 2,410,538, “"Prime Mover”; George
William Walton, Farnham Common,
England.

No. 2,411,895, "Nozzle Control”; David
M. Poole, Summit, N. ]., assignor to
United Aircraft Corporation, East Hart-
ford, Conn.

No. 2,412,134,- "Projectile”; Carolus L.
Eksergian, Detroit, Mich., assignor, by
mesne assignments, to the United States
of America.

No. 2,412,173, “Projectile”; Winslow B.
Pope, Detroit, Mich., assignor by mesne
assignments, to the United States of
America.

No. 2,412,266, "Reaction Propelled De-
vice”; Reginald W. Hoagland, Detroit,
Mich., assignor, by mesne assignments,
to the United States of America.

No. 2,412,825, “Jet Propulsion Appar-
atus”; Henry J. De N. McCollum,
Chicago, Ill., assignor to Stewart-War-
ner Corp., Chicago, Il

No. 2,414,579, “Rocket Launcher for
Aircraft”; Carl D. Anderson, Robert B.
Leighton, and Charles H. Wilts, Pasade-
na, and Aldon L. Melzian, Altadenaq,
Calif., assignors to United States of
America.

No. 2,415,584, “"Motive Power and Driv-
ing Means for Rotating Propeller of
Helicopters”; Victor P. Fleiss, New York,
N. Y.

No. 2,416,389, "Torque Balancing of
Jet Propulsion Turbine Plant”; Fritz
Albert Max Heppner, Leamington Spa.
and John Denis Voce and David Rhys
Evans, Coventry, England, assignors to
Armstrong Siddeley Motors Limited,
Coventry, England.

No. 2,418,488, "Power-Plant Appara-
tus”; Albert S. Thompson, Swarthmore,
Pa., assignor to Westinghouse Electric
Corporation, East Pittsburg, Pa.

No. 2,419,866, "Aerial Torpedo’; Wal-
ter Gordon Wilson, Martyr Worthy,
Winchester, England.

—C.G.
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