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FOREWORD 

During the past 15 to 20 years, reaction-thrust (rocket) engineer¬ 

ing has undergone particularly rapid development. 

The engines which are used in reaction-thrust flying craft operate 

on the principle of the reaction of a stream of gases, formed in the 

burning of a propellant, said gases being discharged through an open 

nozzle section at a great velocity. 

We know of two types of engines: there are air-reaction engines 

and there are rocket engines. In the case of air-reaction engines, 

petroleum products serve as the combustible (fuel) and the oxygen of 

the air is employed as the oxidizer; the working fluid for these en¬ 

gines is made up of nitrogen and the products of propellant combustion. 

Engines of this type are installed on flying craft operating in the 

lower layers of the atmosphere (up to 15 to 25 km), in military and 

civilian jet aircraft, in pilotless aircraft, and in the various sys¬ 

tems employed in rocket launching. 

Rocket engines are intended for rockets. In terms of propellant, 

these engines are subdivided into liquid and solid engines [engines 

operating on liquid and solid propellants, respectively]. 

Liquid rocket engines, and occasionally solid rocket engines, are 

used on a large scale for the investigation of the upper layers of the 

atmosphere, i.e., at altitudes between 50 and 1500 km. 

Much progress has been recorded in recent years in the study of 

outer space by means of rockets with powerful engines capable of over¬ 

coming the force of terrestrial gravitation. For example, over the 
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past few years tens of satellites have been sent Into orbit around the 

Earth. Cosmic rockets have been sent to the Moon and Venus and have 

also become artificial satellites of the Sun. And, finally. Major 

Yuriy Gagarin and Major Gherman Titov, aboard the space vehicles "Vos- 

tok" and "Vostok-2" from the Soviet Union, were the first to penetrate 

outer space, orbit the globe, and return to Earth. 

Air-reaction and rocket engines are used on various types of fly¬ 

ing craft, but they are also frequently used in combination. For exam¬ 

ple, in a number of cases rocket engines are mounted on jet aircraft 

in addition to the air-reaction engines; liquid and solid rocket en¬ 

gines are used on a great scale to assist aircraft on takeoff; and air- 

reaction engines are sometimes used to accelerate rockets in the at¬ 

mosphere. 

In connection with the widespread application of new types of pro¬ 

pellants, we have before us a new field of knowledge - the physics and 

the chemistry of liquid and solid reaction (rocket) propellants - and 

this discipline seeks to study the relationship between the chemical 

composition and the properties of the propellants as they are used in 

engines, as well as to develop propellant-production methods, i.e., to 

otudy all that pertains to the scientific basis for the production and 

application of reaction propellants. 

While the literature (monographs, collections, etc.) on reaction 

engines in the Soviet Union and abroad is quite extensive, the litera¬ 

ture on the chemical composition of propellants for reaction engines 

is quite limited. 

In this connection, the author attempted in his book to generalize 

the extensive material in the literature on this problem, said data 

found primarily in journals. This book is a revised and considerably 

expanded version of the author's monograph "The Chemical Composition 

FTD-TT-62-1417/1+2 



and Properties of Reaction Propellants" which was published in 1958. 

Of course, the book is not free of flaws, but these are due to 

newness of the problem, and the author will gladly receive any com¬ 

ments from the readers. 

Professor Ya.M. Paushkin 

FTD-TT-62-1417/1+2 
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INTRODUCTION f 

The widespread development during the past 10 to 20 years of reac¬ 

tion engineering with its liquid and air-reaction engines was preceded 

by an extensive period (more than half a century) during which the 

theoretical foundations for reaction-thrust motion were being worked 

out. 

The theoretical fundamentals of reaction engineering were first 

presented in works of the outstanding Russian scientist K.E. Tsiolkov- 

skiy (I857-I935), more than 50 years ago. As early as I898, K.E. Tsiol- 

kovskiy - after extensive work - derived the mathematical theories for 

the flight of a rocket craft and the functioning of a reaction engine, 

said theories published by him in I903. In these works, in addition to 

discussing the theoretical foundations of reaction-thrust motion, hy¬ 

drocarbon and liquid-oxygen fuels were proposed for the first time as 

propellants for reaction engines. 

Later on, K.E. Tsiolkovskiy pointed out methods of using reaction 

engines for flights within the atmosphere, using the oxygen of the air 
% 

as the oxidizer. This principle is employed today in aircraft with air- 

reaction engines. 

K.E. Tsiolkovskiy was the first to resolve the following problems: 

he proposed the principles and design for a liquid rocket engine, and 

he suggested the utilization in rocket engines of liquid oxygen, liq¬ 

uid ozone, and the oxides of nitrogen as oxidizers: he suggested the 

use of hydrocarbons and hydrogen as the combustible (fuel); he derived 

the formula for the maximum flight velocity of a rocket at the end of 
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the active phase and this formula is of great and basic importance; he 

proposed the principle of employing a pump for the pressurized feed of 

the propellant into the combustion chamber of an engine, and it was 

also his idea to use one of the components of the propellant for the 

purpose of cooling the engine chamber; he laid the basis for the util¬ 

ization of graphite and high-melting metals for the fabrication of 

nozzles and engine chambers; he proposed the use of control surfaces 

situated in the stream of the gases flowing out of the engine nozzle 

for purposes of rocket-flight control; he laid the groundwork for the 

various aspects of using rockets in the study of outer space; he pre¬ 

sented the idea of using composite and multistage rockets to attain 

cosmic flight velocities; he developed the theory of using winged re¬ 

action-thrust missiles to achieve great flight range in the atmosphere; 

and it was he who expressed the idea of designing a jet aircraft cap¬ 

able of using the oxygen of the air in its engine. 

K.E. Tsiolkovskiy left us with a great scientific legacy: prior 

to the Great October Socialist Revolution he published some 50 works, 

and after the Revolution he published more than I50 works. 

In the history of the development of rocket engineering, in addi¬ 

tion to K.E. Tsiolkovskiy, we will forever find the name F.A. Tsander 

(1887-1933) - a Russian engineer and a firm believer in the possibility 

of interplanetary flight - who began his work on problems related to 

interplanetary flight in 1908. 

In his book "Problems of Flight with Reaction-Thrust Craft," pub¬ 

lished in 1932, F.A. Tsander discussed the results of his investiga¬ 

tions. He had worked out solutions to such problems as the use of 

metals in rocket propellants, the principles involved in thermal cal¬ 

culation and the cooling of rocket-engine chambers, the theory of 

rocket flight along an elliptical trajectory, the flight of an air- 
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craft with a jet engine, the selection of the most efficient propel¬ 

lants for rocket engines, and he was the first in the Soviet Union to 

design rocket engines operating on oxygen. 

Yu.V. Kondratyuk (1900-1941) is another of the pioneers in rocket 

engineering in the Soviet Union; he began his work in the field of 

reaction-thrust motion in 1917 and in 1929 published a book entitled 

"The Conquest of Interplanetary Space." He suggested the use of lith¬ 

ium, boron, and other solid fuels (combustibles) in rocket propellants, 

and it was he who investigated the dynamics of the takeoff of a winged 

reaction-thrust craft, and he developed the theory of multistage 

rockets-. 

Starting in 1930, the USSR began the development of the first 

liquid rocket engines. This work was carried out by two groups of en¬ 

gineers and scientists in Moscow and Leningrad. 

In the period from 1930 to 1940, quite much was done in this 

field, particularly if we take into consideration the level of engi¬ 

neering at that time. 

For example, in 1930 the small rocket engine ORM-1, developing a 

thrust of 20 kg, was designed and built; this engine operated on ox- 

iuts of nitrogen and toluene. 

In 1933 an engine was built to operate on liquid oxygen and jel¬ 

lied gasoline. The gasoline was placed directly into the combustion 

chamber, and the liquid oxygen was supplied from a special tank. This 

engine was mounted on the "09" rocket and developed a thrust of 52 kg 

for 15 to 18 seconds. The first Soviet rocket with this engine was 

launched on 17 August 1933* The rocket had a launch weight of 18 kg 

and it was 2.4 meters long. 

In 1932-1933, under the guidance of F.A. Tsander, the liquid 

rocket OR-2 engine, operating on liquid oxygen and gasoline, was built 
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this engine developed a thrust of between 50 and 100 kg. 

The OR-2 engine was tested on the GIRD-X rocket which was launched 

on 25 November 1933. The rocket weighed 29*3 kg and it was 2.2 m long; 

the engine developed a thrust of 70 kg for a period of 22 seconds. The 

rated altitude of the rocket was 5*5 km. The OR-2 engine was also de¬ 

signed to be mounted on a rocket glider. 

In 1932, work was begun on the design of a liquid reaction engine 

with a turbopump assembly and capable of developing from 500 to 5000 kg 

of thrust. 

In 1933, the ORM-52 rocket engine was built; this engine, operat¬ 

ing on nitric acid and kerosene, was extremely large for its time. 

In 1934, the ,!07" rocket with a liquid-oxygen and ethyl-alcohol 

engine was built. The flight tests of this rocket were carried out on 

17 November 1934. The engine developed a thrust of 80 to 85 kg for 22 

to 27 seconds. The flight range of the rocket was some 4 km. 

From 1934 to 1937 work was being done on improving and developing 

new liquid rockets. 

In April of 1935 a liquid-oxygen and ethyl-alcohol rocket was 

tested; this rocket flew a distance of 5*5 km. 

By 1936 the rather large 12/K alcohol and liquid oxygen engine 

had been developed; this engine was rated for a thrust of 300 kg. It 

was mounted on the "05" rocket which was 3«2 m long and 0.3 m in di¬ 

ameter; the launching weight of the rocket was 89 kg and the engine 

developed a thrust of 205 kg. This rocket, together with this engine, 

was flown on 5 April 1936- 

In April of 1937 tens of rockets with alcohol and liquid-oxygen 

engines were launched to altitudes of 3-5 and 4.5 km in vertical flight. 

In 1939 tests were completed on the winged "212" rocket on which 

an ORM-65 engine was mounted; this engine operated on nitric acid and 
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kerosene; this engine was capable of developing a thrust of 175 kg. 

The rocket was equipped with an automatic autonomous control system. 

The flight range for the rocket amounted to some 50 kilometers. ^ 

From 1935 to 1937 the USSR was engaged In the development of yet 

another rocket, this one weighing some 100 kg, with the launching tak¬ 

ing place In 1937* The rocket attained an altitude of approximately 

3000 meters. 

From 1933 to 1940 twelve types of various stratospheric rockets 

were designed. In this same period, a rocket engine was designed for 

aircraft, said engine to operate on kerosene and nitric acid. This en¬ 

gine was capable of developing a thrust of l4o kg, and the engine it¬ 

self weighed some 100 kg. The engine was mounted on the RP-318 rocket 

glider which was capable of developing a. speed of 200 km/hr. This 

rocket glider first flew on 28 February 1940. 

By 1939-1940 the Soviet Union had produced experimental models of 

unguided liquid rockets capable of covering a distance ofi25 km, and ^ 

these rockets underwent their flight tests successfully. 

From 1918 through 1938-1940 Oberth, Braun, Zenger, et al., in 

Germany, and Goddard in the USA were in charge of investigations car- 

r-°d out by groups of inventors in the field of reaction engineering. 

As a result of these efforts, by 1934-1935 a number of small rockets 

with liquid reaction engines had been built, and these rockets attained 

altitudes of 2-2.3 km. It was Braun in Germany who was in charge of 

the serious work in this field, begun in 1938 and completed in 1944 

with the development of a long-range rocket (with a flight range of 

300 km). 

, On the eve of the I94I-I945 war the Soviet Union had produced 

rocket installations using solid-propellant rockets which were known 

as "Guard rocket launchers" ("Katyush") which played so important a I 
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role during the years of the Fatherland War. 

After ■'-he war, the rocket-building industry developed extensively 

throughout the Soviet Union and as a result the Soviet Army was 

equipped with the latest rocket weapons. 

In August of 1957 the first multistage intercontinental ballistic 

rocket was tested in the Soviet Union. The rocket tests were carried 

out successfully and the rockets vindicated completely the calcula¬ 

tions that had been carried out and the designs that had been selected. 

The construction of an intercontinental rocket made a great con¬ 

tribution to the defensive capabilities of the Soviet Union. 

On 4 October 1957, in the USSR, the first successful launching of 

an artificial satellite of the Earth in the history of mankind was 

carried out by means of a multistage rocket. 

On 3 November 1957, in the Soviet Union, the second artificial 

satellite of the Earth was launched, and this vehicle was equipped 

with scientific equipment and there was an experimental animal aboard - 

a dog. The measurement data produced by the scientific equipment and 

the behavior of the animal during the motion of the satellite in outer 

space about the earth were transmitted to Earth by means of radio sig¬ 

nals. 

On 15 May 1958 the third artificial satellite of the Earth was 

launched, and this vehicle completed more than 10,000 revolutions 

about the Earth during the almost 2 years of its existence. 

Later on, in September and October of 1959, in the Soviet Union, 

space rockets were launched to the vicinity of the Moon, flying around 

the Moon, and transmitting television images of the lunar surface back 

to Earth. 

During I96O-I96I, in the Soviet Union, several satellite vehicles 

and powerful rocket boosters were developed, the latter being used to 
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carry the former into orbit. The satellite vehicles were tested suc¬ 

cessfully and methods have now been worked out for the safe return to 

Earth of experimental animals aboard these space vehicles. 

Soviet scientists and engineers made a tremendous contribution to 

the scientific efforts of the world, and prepared the way for the 

flight of man into the cosmos, through the successful construction and 

launching of the artificial satellites of the Earth and the space 

rockets. This flight of man into outer space took place on 12 April 

1961 aboard the Soviet satellite vehicle "Vostok" which was put into 

orbit by a powerful rocket with six engines developing a total power 

of 20,000,000 horsepower. The weight of the vehicle, without the last 

stage of the rocket, amounted to 4750 kg, and the flight lasted IO8 

minutes. 

The second manned flight into outer space, in an orbit around the 

Earth, was also carried out in the Soviet Union in August of I96I, and 

this flight lasted 25 hours. 

The satellite vehicles "Vostok" and "Vostok-2" were fitted out 

with a pilot's cockpit and an Instrument section which housed a variety 

of equipment and the reverse-thrust rocket engine ("retro-rocket") of 

the vehicle. It was possible to carry out observations throughout the 

entire flight and during deceleration in the atmosphere from the cock¬ 

pit through observation windows that had been fitted out with heat- 

resistant glass, since the temperature of the vehicle's surface at¬ 

tains thousands of degrees on re-entry. The vehicle also contained 

equipment needed for man to exist, as well as flight-control equipment, 

and such apparatus as was required from the standpoint of scientific 

observations; in addition, there was a manual control system for the 

vehicle. 

In order to land the vehicle at a designated point, it was fitted 
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out with reverse-thrust rocket engines and a vehicle-orientation sys¬ 

tem which made use of the Sun in order to enable the pilot to deter¬ 

mine and maintain his required heading with great accuracy as the 

vehicle turned about the earth; the food and water supply, the air- 

regeneration system, and the power sources for the electrical systems 

were designed and calculated to permit a flight of 10 full days. 

Thus man, for the first time ever, overcame the force of terres¬ 

trial gravitation - he completed a flight into outer space and re¬ 

turned to Earth. 

The Soviet Union has achieved much in the construction of jet 

engines. In the period from 1956 to i960 improved passenger jet air¬ 

craft were built. Various types of Soviet aircraft (with seating capac 

Ities ranging from 70 to 180-220 passengers), with powerful turbojet 

engines, are capable of speeds up to 9OO-IOOO km/hr at an altitude of 

10-12 km, with a continuous flight range of 3000-3500 km and more. In 

1957, the largest passenger aircraft in the world was built; this is 

the TU-114 which uses turboprop engines and is intended for nonstop 

intercontinental flights. 

The Soviet Union also has heavy intercontinental supersonic air¬ 

craft. 

The rapid and intensive development of reaction engineering, 

starting right after the war, opened a new and multifaceted area of 

scientific investigation. 

Although the design principles behind reaction-thrust engines are 

considerably simpler than those involved in the case of piston engines 

it does not necessarily follow that the engine cycle has correspond¬ 

ingly been simplified. Quite the contrary, the cycle of a reaction en¬ 

gine involves a considerably more complex collection of physical, phys 

icochemical, and chemical phenomena. 

11 



Part One 

HYDROCARBON FUELS (PROPELLANTS) FOR AIR-REACTION AND ROCKET ENGINES 

Chapter 1 

GENERAL DATA ON AIR-REACTION AND LIQUID REACTION ENGINES 

I. Characteristics of Individual .Types of Alr-Reactlon Engines 

The following types of air-reaction engines [1-6] have found ap¬ 

plication among Jet aircraft: 

1) turbojet engines (TRD); 

2) turboprop engines (TVD); 

3) flow-through air-reaction engines [ramjets] (PVRD); 

4) pulsating air-reaction engines [pulsejets] (PuVRD); this type 

of engine was used primarily during the first stages of the develop¬ 

ment of reaction engineering; 

5) bypass turbojet engines; 

6) atomic air-reaction engines (employing the atomic energy pro¬ 

duced by nuclear reactions). 

In turbojet engines (Fig. l) the approaching flow of air is com¬ 

pressed by means of a compressor and is introduced into the combus¬ 

tion chamber to which fuel is supplied. At supersonic flight velocities, 

substantial air compression comes about through the deceleration of 

the flow. The fuel-burning process, depending on the design of the en¬ 

gine, may take place in several combustion chambers (which is the case 

with cannular engines) or in a single annular chamber. As a result of 

the burning of the fuel in the primary combustion zone, given an ex¬ 

cess-air ratio close to unity, temperatures of 1900 to 2200° are de¬ 

veloped. In order to reduce the temperature of tne products of combus¬ 

tion, excess air is supplied to the secondary zone of the combustion 
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chamber, with this air flushing the chamber and expanding the products 

of combustion. As a result, the temperature of the products of combus¬ 

tion together with the air drops to 750-850° at the end of the chamber. 

Subsequently, the products of combustion at a temperature of 65O-8OO0 

impinge on the buckets of the gas turbine causing the latter to rotate. 

The turbine is situated on a single shaft with the compressor. The 

turbine shaft rotates at 8000-16,000 rpm. 

In their passage through the gas turbine the gases accomplish 

work and then subsequently enter the propulsion nozzle of the engine 

from which they are discharged, at a temperature of 50O-60O0, produc¬ 

ing reaction thrust. 

In turboprop engines (Fig. 2) a propeller is mounted on the shaft 

of the gas turbine and compressor. Thrust is produced by the rotation 

of the propeller and partially by the gases being discharged through 

the nozzle of the engine. The reaction force is not great and amounts 

to 15-20$ of the total thrust of the engine which can attain 250-300 kg. 

Engines of this type are characterized by great operating economy. The 

fuel flow rate at maximum power is less than 0.2 kg/hp*hr. 

In ramjet engines (Fig. 3), given great flight velocities, the 

air is forced into the combustion chamber of the engine by the ap¬ 

proaching stream and is compressed on deceleration. Fuel is injected 

into the combustion chamber, vaporized, mixed with air, ignited, and 

ourned. The heated products of combustion that are formed as a result 

move out through an open section in the engine at the opposite end - 

the nozzle - thus producing reaction thrust. In order for the effi¬ 

ciency of the engine to be sufficiently high, the incoming air must be 

compressed at least by a factor of 2 to 3, and this can be accomplished 

at a flight velocity considerably in excess of the speed of sound, 

i.e., 1200 km/hr and higher. Thus ramjet engines are intended for 
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Pig. 1. Turbocompressor air-reaction engine. 1) 
Centrifugal compressor with admission of air to 
both sides of the compressor; 2) ten direct-flow 
combustion chambers; 3) rear bearing; 4) nozzle 
rim; 5) propulsion nozzle; 6| single-stage turbine; 
7) outlet for cooling air; 8) central bearing; 9) 
cooling fan for turbine and rear bearing; 10) ten 
open-type injectors; 11) forward bearing; A) cool¬ 
ing air; B) air supply; C) air under pressure; D) 
combustion flame; E) hot gases. 

Pig. 2. Schema c diagram of a turboprop engine. 
1) Compressor; 2) combustion chamber; 3) gas tur¬ 
bine; 4) nozzle; 5) reduction gear; 6) propeller. 

supersonic flight. A diagram of a ramjet engine is presented in Fig. 4. 

In pulsejets (Fig. 5) the approaching air passes through an open- 
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Pig. 3. Schematic diagram of a supersonic 
direct-flow air-reaction engine [ramjet]. 
1) Air. 

Pig. 4. Supersonic direct-flow air-reaction engine 
[supersonic ramjet]. 1) Diffuser; 2) combustion 
chamber; 3) exit (exhaust) nozzle; 4) flame holder; 
3) fuel injectors; 6) fuel pump. 

/ s 
\ \ « 

Fig. 5. Schematic diagram of pulsating air-reac¬ 
tion engine [pulsejetj. l) Valve box assembly; 2) 
fuel manifold; 3) soark plug; 4) combustion cham¬ 
ber; 5) tailpipe; 6) outlet; 7) rear support; 8) 
fuel injectors; 9) forward support. 

ing in the forward section of the engine and moves into the combustion 

chamber, in front of which the air stream is decelerated. 

The air is mixed with the vaporized fuel (combustible), after 

which the fuel mixture is ignited by an electric spark plug. The pres¬ 

sure within the combustion chamber is raised, as a result of which the 

inlet valves at the head of the engine are closed, and the products of 

combustion escape at great velocity through the tailpipe - the nozzle, 



Pig. 6. Schematic diagram of bypass [two- 
contour] turbojet engine, l) Compressor; 
2) turbine; 3) compressor for outer duct. 

thus producing a reaction force. As the gases are propelled out of the 

combustion chamber of the engine, the pressure within the engine is 

therefore evacuated and the approaching air stream opens the valves, 

again filling the engine with air and vaporized fuel, after which the 

cycle is repeated. The pulsating engine completes from 50 to I50 ''y^ies 

each second. The filling of the engine with air and the fuel mixture, 

the burning process, and the discharge of the gases involves no more 

than 6 to 20 milliseconds. The engine cycle is started by forcing com¬ 

pressed air through the valve box. 

Bypass turbojet engines (Fig. 6) differ from other turbojet en¬ 

gines in that this engine has an additional external duct into which 

air is forced by means of an annular compressor in which the air has 

been compressed and from which it flows out through an annular nozzle, 

thus producing additional thrust. The cycle in the inner duct is sim¬ 

ilar to the cycle in a turboprop engine. 

However, the turbine of the basic engine duct produces an excess 

of power which is expended on actuating the compressor of the external 

duct. The compressor of the external duct is essentially a high-speed 

impeller enclosed in an annular tunnel through which an additional 

quantity of air passes. 

Bypass engines exhibit lower specific fuel consumption than do 
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turbojet engines; however, at supersonic speeds this advantage is lost 

if an additional quantity of fuel is not burned in the external duct. 

Atomic air-reaction engines use the energy produced by the 

nuclear reactions of an atomic fuel [6a]. This energy goes to heat the 

air (in its passage through the engine) which serves as the working 

fluid and produces thrust. 

Several companies have been working in the USA since 195** on the 

production of atomic air-reaction engines [6]. 

The basic obstacle preventing the utilization of nuclear energy 

for aircraft engines is the tremendous weight required for the shield¬ 

ing which is needed to protect the crew and passengers against the 

harmful radiation emitted by the reactor. This weight is estimated to 

be of the order of 100 tons. The basic problem therefore is to reduce 

this weight to 40 to 50 tons, which weight would correspond to the 

weight of the fuel supply for a large aircraft. 

There is an atomic aircraft on the drawing boards which will be 

capable of carrying l80 passengers at a velocity of l600 km/hr for 

virtually unlimited distances. The first version of this aircraft will 

cost 12-15 times more than a contemporary large jet transport [6]. 

Plans are underway for an atomic jet aircraft weighing about 100 

tons whose power plant will be capable of producing 30,000 horsepower. 

In the construction of atomic aircraft we must resolve complex 
i 

problems associated with the techniques of heat transfer and the de¬ 

velopment of various types of controlled reactors capable of function¬ 

ing at rather high temperatures, i.e., at least 800 to 1000°. 

Apparently these difficulties are gradually being overcome. For 

example, it was reported in 1956 that ground tests of a nuclear turbo¬ 

jet aircraft engine were being started in the USA. This engine was op¬ 

erated for the first time in January of I956 on thermal energy obtained 
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from an experimental nuclear reactor. 

Plates (flats) of stainless-steel clad UOg were used as the fuel 

elements for this reactor. 

The temperature of the fuel attains 1000°, and conventional water 

Is used as the moderator; the coolant, air In this case. Is supplied 

directly Into the gas turbine [7]. 

In all probability, it would be easier during this first stage of 

the project to design a radio-controlled pilotless atomic aircraft 

which would not require the somewhat complex shielding against the 

radioactive emissions of the reactor. 

2.-Conyerslon of the Thermal Energy of the Fuel (Propellant) into Work 
in Air-Reaction Engines --- 

In air-reaction energy, the thermal engine of the fuel is in¬ 

verted into the kinetic energy of the products of combustion. The fuel 

is supplied to the engine from tanks and burns because of the oxygen 

In the air which is admitted into the engine. The mixture of the 

heated products of combustion and the air is discharged through the 

engine nozzle at a great velocity thus producing reaction thrust. 

For each part of fuel weight, some 14 to 16 parts of air enter 

combustion chamber; this air is necessary for complete combustion. 

However,.a three- or five-fold excess of air (5O-8O parts of air, by 

weight, for each part of fuel, by weight) is generally supplied to the 

engine, and a part of this excess (about 20$) is employed for the com¬ 

bustion of the fuel, with the remaining part (about 80$) used for the 

cooling of the engine and the dilution of the products of combustion 

in order to reduce the temperature of the latter before they reach the 

turbine buckets. 

Let us examine briefly the process involved in the conversion of 

the thermal energy of the fuel into mechanical work in air-reaction 
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engines [2-4]. 

The exhaust velocity of the products of combustion and that of 

the excess air, attained as a result of the combustion of the fuel in 

the engine, is associated with the heating value of the fuel in accord¬ 

ance with the law governing the conversion of the potential thermal 

energy of the fuel into kinetic energy: 

—2Ï—*= Qi, 

where Gv is the per-second air flow rate passing through the engine 

(kg/sec); Gt is the per-second fuel flow rate through the engine 

(kg/sec); QH is the specific heating value of the fuel (kcal/kg); A = 

= 1/427; u is the exhaust velocity of the products of combustion 

(m/sec); v is the velocity of the approaching air stream, in m/sec 

(it is equal to the flight velocity); r\t is the thermal efficiency. 

The kinetic energy of the fuel mass in the left-hand part of the 

equation can be neglected, since it is small in comparison with the 

mass of the air passing through the engine. 

The thermal efficiency characterizes the fraction of the thermal 

energy of the fuel that is converted into mechanical work, and this 

can be given, in approximate terms, by the following expression: 

£¡£rop^£j][twM 
~ÔlTnf-Û>T ' 

where Tgor is the burning temperature; Tsopl is the temperature of the 

gases being discharged through the engine nozzle; T is the temperature 

of the approaching air stream; 2 3 are heat capacities. 

The per-second flow rates of air and fuel are associated by the 

following relationship: 

0t = alo’Cri 

where a is the excess-air ratio (generally, 3-5); is the quantity 

of air (kg) needed to burn 1 kg of fuel (14-16 kg). 
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With respect to 1 leg of air, the kinetic energy of the air is as¬ 

sociated with the thermal energy of the fuel by the following relation¬ 

ship: 

««-a* 1 Q 
-Tr-T^-SZT (1) 

The exhaust velocity of the air and the products of combustion is 

found by means of Eq. (1) 

o* m/sec. (2) 

But since 

■£q-c,çr„-T) 

(T is the air temperature attained as a result of the combustion of bg 

the fuel; T is the temperature of the air 3n front of the cembustíor 

chamber; Cp is the heat capacity of 1 kg of air), we can write the ex¬ 

pression for the exhaust velocity in the following form: 

u )/¾- jr\iCp(Ter—T) m/sec. (3) 

The thermal efficiency is determined, in turn, by the following 

expression: 

rv = 1 

where £ is the air pressure in front of the nozzle; p0 is the pressure 

at the nozzle outlet; k = C /C . P V 
In addition to Eqs. (2) and (3), the theoretical exhaust velocity 

for the products of combustion from a VRD [air-reaction engine] can be 

given by the following equation: 

““MSîèïRrfi-tfp’] ,^560, (4) 

where £ is the pressure of the products of combustion in front of the 

nozzle; p0 is the pressure at the nozzle outlet; T is the temperature 
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of the air and of the products of combustion in front of the nozzle. 

In a turbojet engine the temperature of the air and of the prod¬ 

ucts of combustion in front of the nozzle is lower than in the d\ase of 

a direct-flow engine [ramjet] because of the work expended on the tur¬ 

bine. 

The specific thrust can be determined in terms of the exhaust 

velocity of the products of combustion, i.e., we can determine the 

thrust referred to 1 kg of air which is the working fluid. 

The total thrust of a reaction engine is found to be a function 

of the per-second flow rate of the working fluid in accordance with 

the familiar relationship between thrust and exhaust velocity: 

where G is the per-second flow rate of the working fluid; g is the 
p 

force of gravitational acceleration, equal to 9.81 m/sec . 

But for a VRD in flight, the exhaust velocity u must be reduced 

to the velocity of the approaching air stream in order to obtain the 

thrust developed as a result of the fuel combustion: 

R =y(u —v) + ~«. (5) 

where G,, and G. are the per-second flow rates of air and fuel; v is 

the axial velocity of the working fluid (air) entering the engine, 

said velocity equal to the velocity of flight. 

Since the flow rate of the fuel in an air-reaction engine is less 

^ ? or of 60 to 80 than the flow rate of the air passing through 

the c .jine cross section, the second term in Eq. (5) is frequently 

neglected. In this case, the error in the determination of thrust does 

not exceed 1.5-2$. 

In this case, the specific thrust of an air-reaction engine is 

Rud = (u - v)/g kg of thrust*sec/kg of air 
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For a direct-flow [ramjet] engine 

Æy* “ y {|/"2g 427tjí 
’ i. 

9 

For the operating characteristics of air-reaction engines we use 

the concept of specific fuel consumption, in kg per 1 hour, for the 

development of 1 kg of thrust: 

Cud = (Gt*3600*hourly fuel flow rate)/thrust = 8^.(3600/^), 

where is the specific impulse (kg of thrust*sec/kg of fuel), i.e., 

the ratio of the thrust force to the per-second fuel flow rate. is 

associated with Ru(j - the specific thrust referred to 1 kg of air in 

the following manner: 

where gt is the weight ratio of the fuel to the air entering the engine. 

In connection with the above, the specific fuel consumption can 

be presented in the following form: 

„ ' 3600.ft 
Cw" 7777s o —T ^ of fuelAg of thrust-hr 

or as follows: 

On the other hand, the specific fuel consumption can be deter¬ 

mined by the familiar relationship 

Cy* 
3600-0 

nr 
where tj0 is the total efficiency of the flying craft, i.e., 

_ . _Energy of reaction craft motion 
\ ~ A Thermal energy obtained on combustion of fuel 
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1 i 
or 

, R-« . 
* 

The total efficiency is the product of the following three coef¬ 

ficients 

where r\t is the thermal efficiency which characterizes the engine as a 

heat machine j n is the relative coefficient which indicates the extent 
ë 

to which the actual exhaust velocity differs from the theoretical 

velocity; t] is the flight efficiency which determines the ratio of 

the energy of reaction-craft motion to the difference between the kin¬ 

etic energies of the air leaving and entering the engine, plus the 

kinetic energy expended by the fuel. 

The flight coefficient is determined, in final form, by the fol¬ 

lowing ratio: 

± u 
'll! “ V U + 0 

H-T , 

The flight efficiency is a function of the ratio v/u; at v = 

= const, n diminishes with an increase in u. For example: 
•p 

V 

u ’l" 
I I 
0,5:. ,0,65 
0,2 .0,30 

Therefore, in the expression for the specific consumption: 

Cn=*A- 3600-p vQ 

the quantity Cud is not uniquely defined by the heating value, since 

u changes with a change in the latter, and r\Q also changes, and this 

can be presented in the following fashion: 

,, , 3600-2 (u+p) 

VVQ. * 
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The higher the heating value of the fuel, the lower the fuel con¬ 

sumption for the development of the given thrust, and In the final 

analysis this increases both the duration and range of aircraft flight. 

Plight range is also determined by the fuel reserve in the tanks, 

and this reserve is associated with the density of the fuel. The higher 

the fuel density, the greater quantities of fuel can be stored in the 

tanks of the aircraft. However, in this case the starting (takeoff) 

weight of the aircraft increases, and this in turn has an unfavorable 

effect on range. 

We have the following familiar relationship for the determination 

of the flight range of a jet aircraft [5]: 

0 3,6 M i ^c$u 

*cau 

where v is the flight velocity; Cud is the specific fuel consumption; 

G is the weight of the aircraft, without fuel; w is the volume of 
sam — 

all tanks; p is the density of the fuel; Gsam + wp is the takeoff 

weight of the aircraft, without counting a possible bomb load); a is a 

coefficient. 

Denoting the ratio w/Gaom by the letter y, we can write sam 

5" "C-+T*P). ''y* 

where y is the index for the particular aircraft design, i.e., the 

characteristic quantity for an aircraft of a certain design. 

Replacing Cud by its value 

r j, 3600.0 

we will obtain the equation of range in the following form: 

5 = o-fe-v Q 1° 0 *t* V‘P)> 

where k and a are coefficients that are functions of flight velocity. 

With the range formulas it is possible, in approximate terms, to 
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estimate the effect of the various factors on flight range. 

Plight range is a function of specific fuel consumption or the 

heating value, density, and reserve of the fuel on-board the aircraft. 

In general, flight range under approximately comparable condi¬ 

tions increases with an increase in the total reserve of thermal en¬ 

ergy aboard the aircraft, said energy concentrated in the fuel. 

3. Area of Application of Air-Reaction Engines [8] 

Air-reaction engines are used as power plants on interceptors, 

bombers, aircraft-missiles, and similar types of military aircraft, as 

well as on civilian transport aircraft. 

The development of military Jet aircraft is proceeding so rapidly 

that it is the characteristic of the contemporary state of aircraft 

construction that today's aircraft may be obsolete tomorrow. 

The obvious characteristics of engines and aircraft are the thrust 

and velocity developed by the aircraft, ceiling, and range. The power 

of the air-reaction engines installed on military aircraft attains 

12,000-18,000 horsepower and corresponds to a thrust of 4000-10,000 kg. 

A characteristic velocity of contemporary interceptors is a velocity 

that exceeds the speed of sound several times, and the operating ceil¬ 

ing is of the order of 24,000 meters. There are aircraft using ramjet 

engines which can attain even higher flight velocities. 

The range of long-range Jet bombers varies from 12,000 to 20,000 

km. It was reported in i960 that Soviet interceptors are capable of 

reaching a ceiling of 28 km [8], and that they are capable of attain¬ 

ing speeds several times in excess of the speed of sound. In 196I, the 

pilot Fedorov attained a record velocity of 2730 km/hr with a "Ye-l66" 

aircraft. 

Until recently, bombers could not exceed the speed of sound. In 

1961, supersonic bombers were quite common. For example, the "B-70" 
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bomber being bullt ln the USA is designed to attain a speed of 3200 

km/4ir at an altitude of 21 km. , ( 

The Soviet Union has supersonic Intercontinental bombers armed 

with rockets [8], 

At an air show in 1961, the USSR demonstrated powerful supersonic 

delta-wing Jet bombers, high-speed rocket-carrying aircraft, and heavy 

naval rocket-carrying aircraft capable of damaging naval and ground 

targets at great distances with their rocketa (Pigs. 7 and 8). 

A characteristic developmental trend is the ever increasing util¬ 

ization of turbojet engines in civil aviation. For example, between 

1951 and 1953 the British Jet transport "Comet-1" completed a number 

of extensive flights at a velocity of 760 kmAr and a flight range of 

about 5000 km, with a fuel supply of 22 tons. An Improved version of 

this transport aircraft, the "Comet-4," has Just recently been re¬ 

leased in Great Britain. The "Caravelle" and the "Lockheed-188" Jet , 

aircraft are in use on a number of International airlines. In addition, 

the "Boeing-707" transport passenger aircraft, designed for 80 to 130 

passengers, is being used. This aircraft has four Jet engines capable 

of propelling the aircraft at a speed of 850 to 950 km/hr. Over a dis¬ 

tance of 3750 km, an average speed of 947 km/hr was maintained. 

The Soviet "TU-104" aircraft is an Improved high-capacity passen¬ 

ger Jet aircraft. The "TU-104" aircraft (Pig. 9) carries two engines 

and its maximum velocity is 1000 km/hr; its cruising speed is 800 to 

yOO km/hr. The aircraft is designed to carry 50 to 80 passengers. The 

cruising altitude is 10 to 12 km. The "TU-104" covers the distance be¬ 

tween Moscow and Omsk (more than 2200 km as the crow flies) in 3 hours; 

the Moscow-Tbilisi flight takes some 2 hours and 45 minutes; the flight 

between Moscow and Khabarovsk involves some 10 hours, with one landing 

en route; the Prague-Moscow-Omsk-Irkutsk-Peking (about 10,000 km) takes 
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some 12 hours during which the "TU-104" must make three landings. 

In 1957, the Soviet Air Force was strengthened by a series of Jet 

aircraft designed by A.N. Tupolev. For example, the new aircraft "TU- 

104a" has two turbojet engines which are capable of producing speeds 

of up to 95O-IOOO km/hr; the cruising speed of this aircraft is 800 

km/hr, its range is 3000 km, and it is designed to carry 70 passengers. 

An improved version of this aircraft, the "TU-104B," has been released. 

A new Jet aircraft, the "TU-124,h with turbofan engines, has recently 

been released. This is a medium-range aircraft and it can land at com¬ 

paratively small airfields, since it requires a comparatively short 

landing and takeoff run; its flight velocity is of the order of 1000 

km/hr, and its cruising speed is around 900 km/hr. This aircraft has 

room for 44 passengers. 

Turboprop engines are used for transport aircraft; these aircraft 

are characterized by their comparatively low flight velocities - to 

65O-7OO-750 km/hr and a ceiling of 10-11 km. 

The Soviet aircraft industry has produced a series of new pas¬ 

senger aircraft which use turboprop engines. 

In 1957, the "TU-114" high-speed passenger aircraft appeared. 

This aircraft is a free-carrying monoplane with sweptback wings and an 

empennage, as well as four turboprop engines of great power. This air¬ 

craft Is designed to transport passengers, cargo, mail, and other 

loads through the airlanes of the Soviet Union as well as on interna¬ 

tional routes (Fig. 10). 

The quiet flight of the "TU-114" at great altitudes, the excel¬ 

lent heat and sound insulation, comfortable seats, the existence of 

cabin pressurization systems by means of which it is possible to main¬ 

tain constant pressure, humidity, and air temperature must ensure con¬ 

ditions during the 10-12-hour uninterrupted flight over a distance of - 
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c 
up to 9000 km, i.e., from Moscow to such distant points as Vladivostok, 

Peking, Tokyo, Delhi, Rangoon, etc., under which the passengers will 

not become overtired. At the present time, the "TU-114" aircraft, in 

terms of passenger and cargo capacity, is the largest passenger air¬ 

craft in the world. The "NK-12M'‘ turboprop engines mounted on this air¬ 

craft exceed by a factor of almost two, in terms of power, all exist¬ 

ing turboprop engines mounted on foreign aircraft. The "TU-114" air¬ 

craft is the fastest passenger aircraft using turboprop engines. In 

its conventional version, the aircraft is capable of carrying 170 pas¬ 

sengers; in long-range intercontinental flights, the aircraft can 

carry 120 passengers, whereas short flights involving some 1500 to 

1800 km, as for example from Moscow to Sochi, the aircraft can carry 

220 passengers. 

Fig. 7- Soviet supersonic heavy aircraft. 

The "TU-114" is a rebuilt bomber which had a range of 17,000 km. 

The "IL-I8" and the "AN-10,11 Soviet multiseat turboprop aircraft are 

also being used successfully. 

In 1961, the Soviet Union released two new helicopters using tur- 
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Pig. 8. Soviet supersonic aircraft. 

Fig. 9. The "TU-104," a Soviet passenger-carrying 
jet aircraft. 

Fig. 10. The "TU-114," a Soviet turboprop passen¬ 
ger aircraft. 
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boprop engines - the "V-2" and the "v-8" - which can carry 6-8 and 

20-26 passengers, respectively. 

4. Liquid Reaction Engines 

At the present time, liquid reaction engines are used as the 

power plant for rockets, as units to facilitate aircraft takeoffs, and 

comparatively less frequently as engines for supersonic aircraft, 

primarily for interceptor-fighter aircraft. The theoretical principles 

governing liquid reaction engines and the problems involved in their 

operation are covered in sufficient detail in the literature [9-15]. 

Fig. 11. Schematic diagram of the opera¬ 
tion of a liquid reaction engine. 1) Ox¬ 
idizer tank; 2) fuel (combustible) tank; 
3) combustion chamber. 

Liquid reaction engines (ZhRD) [liquid rocket engines] consist of 

a combustion chamber, tanks from which the propellant is supplied, and 

systems of propellant feed and control. 

The majority of ZhRD operate on propellants consisting of two 

components: a combustible and an oxidizer, which are contained in two 

individual tanks. In this case, the oxidizer and the combustible enter 

from tanks into the combustion chamber where they are vaporized, mixed, 

and burned; the products of combustion are discharged through the en¬ 

gine nozzle, thus producing reaction thrust. Figure 11 shows a sche¬ 

matic diagram of the operation of a ZhRD. 
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Pig. 12. Schematic diagram of 
an atomic liquid reaction en¬ 
gine. l) Tank with working 
fluidj 2) pump assembly; 3) 
coolant jacket; 4) control 
unit; 5) injectors; 6) atomic 
fuel (combustible). 

Monopropellant ZhRD are used very much less frequently. A mono- 

propellant is stored in a single tank from which it is fed directly to 

the engine where it is burned. Therefore, a propellant of this type is 

composed both of the oxidizer and combustible elements required for 

combustion. 

We anticipate, in the future, the appearance of nuclear liquid- 

propellant reaction [rocket] engines. The source of the thermal energy 

in such an engine would be a nuclear fuel. It will deliver heat to the 

working fluid which will heat up to high temperatures and will produce 

thrust as it is discharged through the nozzle of the engine. In this 

case, the working fluid which will simultaneously be used to cool the 

nuclear reactor will be ammonia, water, or similar substances. An op¬ 

erating diagram of an atomic ZhRD is shown in Fig. 12. 

Various methods may be. employed to supply a liquid propellant to 

the engine: 

a) by means of compressed gas in tanks, this propellant feed 

method is referred to as the pressurized-propellant feed system (Pig. 13); 

- 31 - 



ê 

Pig. 13. Diagram of liquid reaction en¬ 
gine with a pressurized-propellant feed 
system. 1) High-pressure air tank; 2) 
high-pressure air valve (with remote 
control)'; 3) pressure regulator; 4) con¬ 
trol valves; 3) oxidizer tank; 6) pro¬ 
pellant tank; f) tank vent valves; 6) 
filler connections; 9) tank drain valves; 
10) pressurizing-gas (compressed air) 
feed valve; 11) propeliant-feed valve 
(with remote control); 12) check valve; 
13) combustion chamber; l4) air valve. 

Fig. 14. Diagram of liquid reaction engine with 
turbopump feed assembly, l) Gas generator; 2) tur¬ 
bine; 3) combustible pump; 4) oxidizer pump; 5) 
choke assembly; 6) gas-generator valve; 7) reac¬ 
tion engine. 
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b) under gas pressure produced through the burning of a solid- 

propellant grain or other substances at the instant of engine start 

and operation; 

c) by means of turbopump assemblies which pump the propellant 

from the tanks into the engine; the turbopumps are set into action by 

means of a gas turbine that operates on a special fuel (Pig. 14); this 

method is used in rather large rockets. 

The propellant-burning process in a ZhRD is carried out at high 

temperatures (2700-3000°). Therefore, in engines operating for com¬ 

paratively long periods of time (tens of seconds), the engine walls 

are cooled by components of the propellant — the oxidizer or the com¬ 

bustible - by means of a jacket or by directing the propellant against 

the walls. Engines that are in operation for short periods of time 

(operating for fractions of a second or an entire second) are not 

cooled at all or are cooled by directing the propellant against the 

walls. 

5. Conversion of the Propellant's Thermal Energy into Work in Liquid 
Reaction Engines [10, lb, 17J * 

The thermal energy of the propellant in liquid reaction engines 

is converted into the kinetic energy of the products of combustion, 

and this energy is converted into mechanical work in the form of the 

thrust developed by the engine. 

In accordance with the law of the conservation of momentum, the 

impulse of a body is equal to the products of the force which produces 

this impulse and the time during which this force is exerted: 

me,— mvi = R-dt, 

where R is the force acting on a body having mass m; dt is the time 

during which this force is exerted; mv2 - mv1 is the impulse of this 

body during the time dt. 
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During the operation of a rocket engine, a burning process takes 

place within the combustion chamber of the engine, and as a result 

gases are produced, which are discharged through the nozzle of the 

chamber at a velocity u. 

With the outflow of the gaseous products of combustion at velocity 

u and having mass m, some momentum is imparted to the reaction system 

(the rocket). In accordance with the law of the conservation of momen¬ 

tum, we may write: 
(m,—dm) du = — udm\ mt-dv — dm-dv = — udm, 

where dv is the velocity increment of the reaction system; dm is the 

mass outflow during the time dt. 

Since the value of dm*dv can be neglected, 

mfdv = — U’dm. 

It follows from the law of the conservation of momentum that the 

velocity which the reaction device has attained is a result of the ac¬ 

tion of a certain force during time dt on the reaction engine: 

Rdt = mtd!o = — udm. 

Hence the reaction force, or thrust, can be presented in the following 

form: 

or during a period of time equal to 1 second: 

R = —u. 
8 

Thus the reaction force, or thrust, of a rocket engine can be de¬ 

fined as the product of the mass of the per-second flow rate of the 

outflowing products of combustion (which is equivalent to the mass of 

the propellant consumed) by the exhaust velocity of the products of 

combustion. 

The most frequent propellant characteristic that we employ is spe- 
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cific thrust, i.e., the thrust referred to 1 kg of propellant mixture: 

"ud = u/S' 

The exhaust velocity of the products of combustion from a ZhRD 

can be found from the conditions of the conversion of the thermal en¬ 

ergy of the propellant Into the kinetic energy of the products of pro¬ 

pellant combustion in accordance with the following equation: 

where t\+ is the efficiency of the process; E is the mechanical equiva¬ 

lent of heat; u is the exhaust velocity; m and G are, respectively, 

the mass and weight of the products of combustion (propellant); H is 

the heating value of 1 kg of propellant mixture (the mixture of the 

oxidizer with the combustible). The theoretical exhaust velocity may 

be presented in the following form: 

u =* }/2g4271)/•//m/sec. (l) 

After the rearrangement of the constants, this expression takes 

the following form: __ , 
u = 91,53 m/sec; , v 
Ryu = 9,33 Vrj^Ti sec, ^ 

where r\. is the thermal efficiency which represents the fraction of 

the thermal energy of the propellant that is converted into mechanical 

work: 
T), = ‘mh _ C'T'.-c.r, 

c,r, 

where i1 is the heat content (enthalpy) of the product of combustion 

in the combustion chamber in front of the nozzle; i2 is the heat con¬ 

tent of the products of combustion after the outflow through the noz¬ 

zle (at the nozzle outlet); i0 is the heat content (enthalpy) of the 

propellant; C1 2 and T1 2 are the corresponding heat capacities and 

temperatures. 
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It follows from the expression presented above that is always 

other than unity, since the actual temperature of the gases flowing 

out of the engine nozzle is never equal to the temperature of the am¬ 

bient medium. 

On the other hand, we know from thermodynamics that the thermal 

efficiency is a function of the ratio of the pressure P0 at the outlet 

of the engine nozzle to the pressure P in the combustion chamber, said 

ratio raised to some power: 

where k is the adiabatic exponent, i.e., the ratio of Cp to Cv; the 

pressure Pq at the surface of the ground is close to atmospheric pres¬ 

sure; P0 diminishes at great altitudes, but not by as much as to be¬ 

come equal to the pressure of the ambient medium as the gases move out 

from an actual nozzle.* At great altitudes, as a result of the drop in 

PQ, thermal efficiency increases by 15-20$. 

The adiabatic exponent is a function of the composition of the 

products of combustion, as a result of which T)t diminishes in the case 

of a transition from biatomic to monatomic products of combustion 

(Table 1). 

It should be pointed out that in addition to the unavoidable los¬ 

ses determined by the thermal efficiency, there exist other forms of 

losses that are associated with incomplete combustion, heat losses, 

and expenditures of energy on propellant feed. These losses are deter¬ 

mined by the effective efficiency and are examined in detail in spe¬ 

cial courses dealing with engines. 

From Eq. (l) we can derive the following expressions for the ex¬ 

haust velocities of the gaseous products of combustion from a de Laval 

nozzle: 
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TABLE 1 

Change in Thermal Efficiency as a Function of the 
Nature of the Products of Combustion and of the 
Pressure in the Chamber 

i Irani 

* 
k - i 2 TcpMHiecKMt a. n. n. npa xaMcuaa, am 

+ Macao 
'-'«TOMoa a 

Moaaayaa 
4 npmcp 

k 
30 2S 40 60 70 loo 

1 

2 

3 

4 

5 

, H, N . 

GO.Ni 

00,. HjO 

BF, 

SIP,, CF,, AIA 

1,667 

1,286 

1,167 

1,111 

1,083 

0,4 

0,222 

0,143 

0,1 
0,0766 

0,608 

0,451 

0,342 

0,236 

0,213 

0,7240 

0,5122 

0,3690 

0,2752 

0,2185 

0,7714 

0,5631 

0,4090 

0,3085 

0,2462 

0,7900 

0,5824 

0,4285 
0,3224 

0,2589 

0,8173 

0,6123 

0,4553 

0,3462 

0,2782 

0,8415 

0,6419 

0,4324 

0,369 

0,2972 

1) Gases; 2) thermal efficiency at various pres¬ 
sures, in atm; 3) number of atoms in molecule; 4) 
example. 

1 / k « = J/ T),2gj—-/w m/sec; 

“ = m/sec ; 

^ = 0,863/^.^ m/sec. 

(3) 

(4) 

(5) 

where £ is the pressure in the combustion chamber; v is the specific 

volume of the gaseous products of combustion, i.e., the volume of the 

gases formed in the combustion of 1 kg of propellant, referred to 

standard conditions; T is the temperature at which the propellant- 

combustion process takes place; R is the gas constant; C is the heat 
Jr 

capacity of 1 kg of products of combustion; is the thermal effi¬ 

ciency; k is the adiabatic exponent. 

Equations (3), (4), and (5) are obtained by a modification of Eq. 

(l), proceeding from the following well-known relationships in thermo¬ 

dynamics: 

H = CpT\ pv = RT\ k W-Cp 

A -1 ~ R 

With Formulas (1)-(5) it is possible, in approximate terms, to 

estimate the exhaust velocity and specific thrust which can be obtained 

with the given propellants, said estimate accurate to within +2.5/, and 
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it is also possible to estimate the parameters which change these fac¬ 

tors. 

Exact thermodynamic calculations of the processes of rocket-pro¬ 

pellant combustion are discussed in corresponding literature sources 

[10]. 

Formula (5) is convenient for an evaluation of the exhaust veloc¬ 

ities of the products of combustion of those propellants which result 

in the formation of solid particles, i.e., Al^, MgO, and BeO. This 

formula Includes the heating value, the specific volume of the prod¬ 

ucts of combustion, and the heat capacity of 1 kg of the gaseous, 

liquid, and solid phases of the products of combustion. The specific 

impulse can be obtained from the exhaust velocity of the products of 

combustion, if this value is divided by the force of gravitational ac¬ 

celeration. 

The final efficiency of the propellant can be estimated in terms 

of rocket velocity and range, which are possible with the utilization 

of a given propellant. 

K.E. Tsiolkovskiy [16], in his development of the mathematical 

theory for the motion of a rocket, derived a formula in which the max¬ 

imum velocity of a rocket is associated with the exhaust velocity of 

the products of combustion and the relative weight and density of the 

propellant in the rocket: 

and 

I, . G. + wd 
» • u In—£-— or F = « In (1+7*^) 

V-ÄInS+Ü, 

where.Gr is the weight, of the rocket, without propellant; w is the 

tank volume; d is propellant density; Rud is the specific thrust; and 

y is the index for rocket design w/Gr. 
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This expression was derived without taking into consideration the 

force of terrestrial gravitation and air resistance. When terrestrial 

gravitation is taken into consideration, this expression takes the 

following forms 

where t is the time to the instant of the complete burning up of the 

entire propellant; g is the average value of gravitational accelera¬ 

tion during time t. 

The maximum velocity of a multistage rocket is determined by the 

following formula: 
y = n-u In (o (1 -*) + M 

where n is the number of stages; u is the exhaust velocity; o is the 

structural parameter of the stage, i.e., the ratio of the weight of 

the empty stage to the weight of the fully loaded stage; X is the co¬ 

efficient of payload, i.e., the ratio of the weight of the load for 

the given stage-(i.e., the weight of the remaining stages of the 

rocket and the payload) to the weight of the stage under considera¬ 

tion; g is the average gravitational acceleration; Takt is the operat¬ 

ing time for all engines. 

The Tsiolkovskiy equation can be used for a comparative evalua¬ 

tion of propellant efficiency, since this equation provides a relation¬ 

ship between two propellant indexes such as the exhaust velocity asso¬ 

ciated with heating yield and propellant density. 

The maximum altitude which can be attained by a rocket on ver¬ 

tical ascent, with terrestrial gravitation taken into consideration, 

is characterized by the following formula: 

/1 = / üL- ( 
'¿g(e+¡) \ 

in 
Cp + ^ 

where h is the altitude of rocket ascent; j is the acceleration of the 
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rocket; u is the exhaust velocity of the products of combustion; £ is 

the acceleration of gravity. 

The altitude of rocket ascent is directly proportional to the 

heating value of the propellant. At low velocities, the flight range 

of a body launched from the Earth at an angle a to the horizon is de¬ 

termined by the following elementary formula: 

« M* . » S = —sin* a. s 

The range of the rocket cannot be found with sufficient accuracy 

by elementary calculations. Ye. Zenger [14, 15] presents range as a 

quadratic and cubic function of the exhaust velocity of the products 

of combustion, as well as the logarithm of the ratio of rocket weights 

with and without propellant: 

(6) 

and 
op + wd \* 

Gn J ' 

where S is the range of the rocket; e and K are coefficients; G is the 

starting weight. 

All of the examined methods of evaluating the properties of a 

propellant with respect to flight range, velocity, and altitude of 

rocket ascent are not absolute but represent only the first steps in 

the attempt at a comparative evaluation of propellant quality. Appa¬ 

rently, the cubic function best reflects the change in range as a func¬ 

tion of u and G/Gq. 

The energy properties of a propellant for liquid reaction engines 

are determined by the following indices: 

1) the heating yield of the propellant; 

2) the elementary composition of the propellant, which is a func- 

- 40 - 



tlon of the composition of the products of combustion, and consequently, 

by thermal efficiency as well; 

3) the density of the propellant. 

All three of these indices are totaled in a special manner and 

are reflected in expressions for rocket velocity and range. 

The heating value and density of the propellant characterize 

flight range. 

The possibility of using propellants, under actual conditions, is 

determined by their operational properties which can limit the appli¬ 

cation of propellants exhibiting good energy indices. 

6. Area of Application of Liquid Reaction Engines 

a) Military rockets 

Liquid reaction engines have been used in a great variety of ways 

in rocket engineering and aviation during the past 15 years and are 

finding an ever increasing place for peaceful purposes, both scientific 

and technical. 

Depending on the area of their application (rocket construction, 

aviation, naval forces), liquid reaction engines can be divided into 

the following types: 

1) ZhRD rockets (rocket power plants); 

2) aviation ZhRD (power plants for aircraft); 

3) takeoff ZhRD (for aircraft takeoffs); 

4) naval torpedo ZhRD (power plants for naval torpedoes, to pro¬ 

pel these beneath the water); 

5) auxiliary ZhRD for various areas of application. 

In military matters, rockets have been used for a variety of tac¬ 

tical and strategic applications. Rockets are designated for a number 

of purposes: 

1. The bombardment of industrial and administrative targets far 
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Pig. 15. Area of application of military rockets. 
1) Attack against aircraft, from the ground 
("ground-to-air"); 2) destruction of ground tar¬ 
gets from the ground ("ground-to-ground"); 3) de¬ 
struction of submarines from the air ("air-to- 
water"); 4) destruction of aerial targets from 
aircraft ("air-to-air"]; 5) destruction of ground 
targets from aircraft ("air-to-ground"); 6) de¬ 
struction of ground targets from submarines 
("water-to-ground"). 

behind and close to the front lines. 

Rockets can be launched: 

a) from specially equipped platforms behind the lines; 

b) from the decks of naval vessels; 

c) from submarines; 

d) from aircraft which, in this case, need not fly all the way to 

the target [14, I5, l8j; in these cases, the radius of rocket applica¬ 

tion is increased. 

2. Radio-controlled rockets are used for purposes of anti-aircraft 

defense to protect important targets, vessels, etc. against air at¬ 

tack. 

3. Rockets which are controlled in their flight from another air¬ 

craft are used by air forces to attack enemy aircraft, destroy tactical 
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Fig. l6. The launching of the 
intercontinental ballistic 
rocket - the "Atlas." 

ground targets, naval vessels, etc. 

The areas in which rockets can be employed for military purposes 

are shown in Fig. 15. 

Industrial mass production and utilization of rockets with liquid 

reaction engines was begun in Germany, for the first time, in 19^3- 

1944. The first such rocket was the German A-4 rocket. 

The A-4 rocket was a complex unit consisting approximately of 

30,000 various component parts. The rocket was intended for the bom¬ 

bardment of industrial and administrative centers. The rocket was 14 
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operated, on the ^.verage, for 70 seconds, and the rate of propellant 

feed was 125 kg/sec; the total thrust produced by the engine was 

27,200 kg. The propellant was burned during the active phase of the 

trajectory, equal to 30 km, at the end of which the rocket attained a 

velocity of 1500 irç/sec, or 5000 km/hr. Subsequently, motion was due to 

inertia. The rocket covered a distance of 275 to 300 km in about 300 

seconds; the high point of the trajectory was 80 km. In vertical as¬ 

cent, the rocket was capable of attaining an altitude of 160 km. 

During a period of seven months of the war (in 1944 and 1945) 

1100 rockets were launched [13, 14, 15]. A gigantic underground fac¬ 

tory, with a main tunnel some 2 km long, was built at Nordhausen (Ger¬ 

many) for the production of the A-4 rockets during the war. This fac¬ 

tory was equipped with 25 thousand machine tools. There were some 

30,000 workers employed at the factory. 

The A-4 rocket, in its time (1944-1946), represented an outstand¬ 

ing technical achievement. 

Contemporary rocket construction is developing along the -lines of 

multistage long-range composite rockets (the launching of such a 

rocket is shown in Fig. 16). A composite rocket consists of several 

smaller rockets, each carrying independent engines. As the propellant 

is consumed, the first stage of the rocket is Jettisoned, and the en¬ 

gine of the second stage is started; but this is not done until the 

rocket has attained its maximum velocity, developed by the first stage, 

etc. With this system, the maximum velocity and, consequently, the 

greatest range and altitude are possible. The basic design of a three- 

stage rocket is presented in Fig. 17* Multistage rockets have found 

application in contemporary engineering practice [18-24]. 

One of the trends of rocket construction is the work being done 

on the design of ballistic rockets having an effective radius of sev- 
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eral thousand kilometers. 

In August of 1957, the Soviet Union, for the first time in his¬ 

tory, launched an intercontinental multistage ballistic rocket. 

The tests of the rocket were carried out successfully and they 

confirmed fully the validity of the calculations and the selected de¬ 

sign. 

The rocket flew at an extremely great altitude. Having covered a 

tremendous distance in a very short period of time, the rocket landed 

in its assigned target area. 

The results that were obtained demonstrate that it is possible to 

launch a rocket from any region of the globe. 

i I960 and 1961 the Soviet Union tested new multistage ballistic 

rockets [25]. The launching was carried out from our country; the 

rockets landed in the assigned target areas of the Pacific Ocean, some 

12 to 12.5 thousand kilometers from the launching site. The last stage 

was not an active stage, but rather a mockup. The next-to-last stage 

of the rocket, together with the mockup of the last stage, moved ex¬ 

actly along their calculated trajectory; a velocity in excess of 7 

km/sec was attained. 

The next-to-last rocket stage, having carried out its assign¬ 

ment, on reentry into the dense layers of the atmosphere at an alti¬ 

tude of some 80 to 90 km, was destroyed in its continued motion and 

partially burned up. The mockup of the last rocket stage, adapted to 

penetrate the dense layers of the atmosphere, reached the surface of 

the water close to the calculated point of impact. 

Special vessels of the Soviet navy, positioned in the region of 

anticipated rocket impact, carried out valuable telemetric measure¬ 

ments during the descent leg of the flight trajectory. 

On the basis of the measurements that were carried out it was es- 
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tablished that the deviation from the point of rocket impact from that 

calculated amounted to less than 2 km in i960, and less than 1 km in 

the 1961 tests, thus confirming the great accuracy of the rocket con¬ 

trol system [25]. 

There are long-range rockets in the Soviet Union that are in¬ 

tended for launching from submarines [8]. 

Soviet liquid rockets, shown during the First-of-May 196I parade, 

are shown in Figs. 18 and 19. 

Powerful multistage rockets are extremely Important from the 

standpoint of the launching of satellites and space vehicles which are 

employed for purposes of investigating outer space. 

The USA has a series of short-range rockets (5O-6OO km), medium- 

range rockets (2400 km), and intercontinental ballistic rockets (80OO- 

10,000 km). 

The characteristics of contemporary liquid ballistic USA rockets 

(1955-1961) are presented in Table 2. 

TABLE 2 

Characteristics of Contemporary Ballistic USA 
Rockets with ZhRD [26] 
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*Flights into outer space. 

1) Name; 2) rocket range, in km; 3) launch weight, 
in tons; 4) length, in m; 5) maximum diameter, in 
m; 6) thrust of first-stage engine, in tons; 7) 
maximum velocity, in km/sec; 8) "Redstone"; 9) 
"Thor"; 10) "Jupiter"; 11) "Atlas"; 12) "Titan"; 
13) "Saturn." 
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The "Atlas" rocket was designed for a range of 8000 to 10,000 km. 

The high point of the trajectory of this rocket lies between 98O and 
«% #> 

1280 km. The power plant consists of three engines. The sustalner en¬ 

gine, developing a thrust of 6l tons, was designed to operate for a 

period of 180 seconds. Two boosters, each developing a thrust of 45.3 

tons, are Jettisoned after the propellant has been exhausted -- these 

boosters form a cluster with the sustalner rocket. It was reported in 

1959 that the accuracy of the USA rockets was characterized, for a 

range of 8000 km, by a deviation of +I6 km from the target point [26]. 

Of the new powerful USA rockets mention should be made of the 

"Saturn" rocket system developed in the USA. 

Plans called for the completion of the hot-firing tests of the 

first stage of the "Saturn" rocket in i960; this rocket is designed to 

carry a payload of 20 tons into orbit and the total initial weight of 

the system is 545 tons. Thus the payload amounts to 4$. The first 

stage of the "Saturn" rocket is a cluster of 8 ZhRD [liquid rocket 

engines] developing a total thrust of 684 tons, i.e., each ZhRD de¬ 

velops a thrust of 95.5 tons. The upper stages will carry from three 

to five engines, using liquid hydrogen as the propellant. 

The first stage of the "Saturn" rocket, whose launching with a 

mockup was scheduled for the first half of I961, is 25 meters long and 

has a diameter of 6.6 m. The first-stage engines operate on RP-1 kero¬ 

sene and liquid oxygen. 

The version of this rocket with three stages, has an over-all 

length of 56.5 m. 

The four engines of the second stage, developing a total thrust 

of 364 tons, and the two engines of the third stage, developing a 

thrust of 152 tons, operate on liquid oxygen and liquid hydrogen. 

The "Saturn" system, designed to fly to the Moon and land on its 
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Fig. 19. A Soviet liquid rocket. 

surface, will be ready by 1963-I964. 

Plans call for the development of the "Nova" rocket system by 

1967; the first stage of this system will consist of several engines 

developing a total thrust of between 2700 and 4000 tons. 

This rocket system will be capable of landing people on the Moon 

without any intermediate refueling in its orbit. 

Plans call for a version of the "Nova" rocket, having a launching 

weight of 1100 tons, based on existing rockets. 

The booster stage will consist of seven tanks of the "Titan" 

rocket and |two ZhRD "F-l" engines, developing a total thrust of 900 

tons, said engines operating on liquid oxygen and kerosene. The second 

stage will include three tanks of the "Titan" rocket, and these tanks 

will be used to supply a single engine developing a thrust of 225 tons. 

An interesting point is the fact that the plans call for the use of 

turbojet and ramjet engines to accelerate these heavy rocket systems 

to altitudes of 15-20 Ion; the jet engines will produce velocities up 

to 1200 m/sec. Through the utilization of the booster VRD it will be 

possible to increase the payload. 
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In rocket versions involving the use of nuclear engines, which 

the USA plans to introduce in 197°-1975> the initial acceleration of 

the system is to be carried out by means of several TRD mounted on a 

carrier moving over inclined (upward) guide rails for a distance of 

24 km. During this acceleration stage, the velocity will reach 600 

m/sec, after which the direct-flow [ramjet] engines on the vehicle will 

be started, and these will provide acceleration up to 3000 m/sec, af¬ 

ter which the nuclear engine is to be turned on, permitting entry into 

the given orbit. The specific impulse of the nuclear engine will be of 

the order of 150O-30OO seconds. 

The designers are presently concerned with the utilization of air- 

reaction engines for the acceleration of space systems to altitudes of 

15-20 km. The weight of a passenger space vehicle will be 50,000 to 

80,000 tons, and this is equivalent to the weight of ocean liners. 

Space vehicles of such great weight will take off from and land on 

water. 

Fig. 20. Operating diagram of 
a radio-controlled anti-aircraft 
rocket, a) Radar; b) rocket; c) 
aircraft; d) destruction of air¬ 
craft. 

In addition to the long-range rockets, small-ZhRD rockets have 

been developed for the Army to operate over a range of 50 to 120 km, 
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and these rockets can be employed by ground forces for tactical pur¬ 

poses. 

A new area in the utilization of rockets Is their application to 

anti-aircraft defense. 

Contemporary radio-controlled anti-aircraft rockets have been de¬ 

veloped for purposes of protecting industrial and administrative cen¬ 

ters against air attacks [18-27]* An operating diagram of a radio- 

controlled rocket is presented in Fig. 20. 

Figures 21-24 show an anti-aircraft rocket on its launching in¬ 

stallation, the launching of the rocket, its approach to the aircraft, 

and the destruction of the aircraft. 

There are several types of radio-controlled anti-aircraft rockets 

in the USA. 

For example, the "Nike-l," the first rocket of this type produced 

in 1952, has a solid-propellant booster and a liquid-propellant sus- 

tainer engine; this rocket is capable of destroying a target up to an 

altitude of l8 km. Then came the improved "Nike-AJax" rocket, and in 

1958 it was proposed that the anti-aircraft defense rocket Nike-Ajax 

rocket be replaced by the "Nlke-Hercules11 missile. The launching 

weight of the latter is 5000 kg, it is 11.9 m long, has a range of 

110-120 km, it can attain an altitude of 21 km, it has a solid-propel¬ 

lant engine, and a warhead charge weighing IDO-150 kg. A single "Nike- 

Hercules" missile costs $15,000, and the fire-control station costs 

$500,000. 

The "Nike-Zeus" is a similar missile which has a range of I60 km 

and can destroy a target at an altitude of 15 to 25 km. This missile 

has an engine operating on a solid propellant based on ammonium nitrate 

and a polysulfide; the engine is uncooled, and operates for a period 

of 30 to 60 seconds. Engine reliability is achieved by the utilization 
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of new shielding heat-insulating materials - liners that burn up, in¬ 

serts made of glass-filled textolite (resin-impregnated laminated 

cloth), etc. 

The Soviet Union also has radio-controlled anti-aircraft rockets. 

The first military application of a rocket of this type occurred on 1 

May i960 when a single rocket was used, in the vicinity of the city of 

Sverdlovsk, to shoot down the "U-2" reconnaisance aircraft at an alti¬ 

tude of 20 km. 

Rocket engines can also be used in aviation. 

Solid- and liquid-propellant rocket engines in aviation are used 

as boosters. The greatest power is needed during the takeoff of an 

aircraft; during its motion through the air the aircraft requires less 

power, and therefore the use of boosters which increase the total 

thrust for short periods of time makes it possible to accelerate the 

takeoff of an aircraft by a factor of at least two, thus permitting a 

reduction in the length of the runway, as well as making it possible 

to take off from the deck of a vessel. Boosters also make it possible 

to increase the payload of an aircraft by 20$, and velocity can also 

be increased for short periods of time in the air through the use of 

rocket boosters. 

By the end of the Second World War, the German firm "Walther" be¬ 

gan production of boosters with ZhRD capable of developing thrusts of 

500, 1000, and I5OO kg. Engines of this type are now being produced in 

Great Britain and other countries. 

Aircraft with ZhRD have been designated as rocket aircraft. The 

first rocket aircraft with a ZhRD was the Me-163 fighter which ap¬ 

peared in Germany at the end of the war. This fighter had a maximum 

velocity of 96O km/hr which was extremely great for that time, and it 

was capable of climbing to an altitude of more than 13,000 meters. The 
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Pig. 21. An anti-aircraft radio- 
controlled rocket on its launch¬ 
ing installation. 

Pig. 22. The launching of an anti-air¬ 
craft rocket. 
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Pig. 23. Approach of anti-air¬ 
craft rocket to aircraft. 

Fig. 24. Destruction of aircraft 
on explosion of rocket. 

greatest thrust developed by this engine was 1500 kg. The fuel supply 

lasted only for 8 minutes; however, during this period of time a 

single rocket fighter was capable of shooting down several heavy 

bombers, in defense of major industrial centers. 

In 1954-1955, flight tests of a series of liquid reaction air¬ 

craft were conducted abroad. For example, the "Screamer" engine (USA), 

intended for supersonic aircraft, operates on liquid oxygen and kero¬ 

sene and develops its maximum thrust of 4000 kg at an altitude of 12.2 

km. 

Aircraft with rocket engines have not come into widespread use 
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because of the limited flight duration. However, such aircraft are 

necessary for special purposes (fighter-interceptors). A velocity of 

about 3000 km/hr and an altitude of 27,400 m were attained with a 

rocket aircraft in 1955. In 1956, flight tests were conducted with an 

experimental rocket aircraft which had an eight-chamber ZhRD capable 

of developing more than 4 tons of thrust; this aircraft was designed 

to fly at a velocity of about 4000 km/hr [28]. There are Jet aircraft 

which are equipped with rocket and turbojet engines. 

Fig. 25. English supersonic Jet aircraft with a 
single rocket or two turbojet engines. 

ti 

Fig. 26. Soviet supersonic aircraft with rocket 
and air-reaction engine. 
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In 196I, in the Soviet Union a high-altitude flight record (34.7 

km) was established with an aircraft which had a rocket engine; this 

aircraft was shown at an air show in 196I. 

Figures 25 and 26 show Jet aircraft behind which the gas stream 

of a rocket engine is clearly visible. 

b) Rockets for the launching of satellites and space vehicles 

Rockets and rocket engines are finding ever increasing applica¬ 

tion for peaceful purposes [29] and for scientific investigations. 

Rockets are widely used to study the upper layers of the atmosphere at 

altitudes from 25 to 450 km, as well as for biological investigations. 

Both in the USSR and abroad, animals have been sent up in rockets in 

order to study their behavior under conditions of space flight. Rockets 

have been used to conduct aerial photography of the Earth from great 

altitudes. Rivers, cities, highways, railroads, etc., can be recog¬ 

nized on photographs taken at altitudes of 90-100 km. There are photo¬ 

graphs of the Earth, taken at altitudes of 170-225 km, which cover a 

surface area of some 5000 km. Mountain relief, the curvature of the 

Earth’s surface, etc., can be seen on these photographs. 

The outstanding scientific achievement in recent years, beginning 

with 1957, is the launching of the artificial Earth satellites and 

space rockets, and this was first done in the Soviet Union [30] and 

later on In the USA. 

On 4 October 1957, the USSR launched successfully the first arti¬ 

ficial satellite of the Earth. An intercontinental rocket was used for 

this purpose. 

The rocket carried the satellite of the Earth into orbit and im¬ 

parted to the satellite a velocity of 8 km/sec. This terrestrial satel¬ 

lite and the rocket entered into an elliptical trajectory (orbit) 

around the Earth. The Earth satellite flew at altitudes of up to 900 
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km and completed a single revolution every hour and thirty five min¬ 

utes during the first days after launch. The satellite was in the 

shape of a sphere, with a diameter of 58 cm, and it weighed 83*6 kg. 

Radio transmitters, continuously emitting radio signals, were in¬ 

stalled aboard this "sputnik." 

The successful launching of the first artificial satellite of the 

earth designed by man offered a tremendous contribution to the treas¬ 

ures of the world's science and culture. This scientific experiment 

was of tremendous importance from the standpoint of knowledge about 

cosmic space as well as from the point of view of studying the Earth 

as a planet of our solar system. 

On 3 November the Soviet Union launched the second artificial 

satellite of the Earth. The second artificial satellite, made in the 

USSR, was the last stage of the rocket which carried containers with 

scientific equipment and an experimental dog. The total weight of the 

equipment, the experimental animal, and the electric power sources 

came to 508.3 kg. The satellite attained an orbital velocity in excess 

of 8OOO [sic] km/sec. The satellite reached a maximum distance from the 

earth of about I700 km; it completed a single revolution, initially, 

in 1:43 hours. On the basis of measurement data obtained from this 

satellite, the operation of the scientific equipment and the monitor¬ 

ing of the ability of the animal to survive proceeded in normal fashion. 

Soviet scientists expanded their investigation of outer space and 

the upper layers of the atmosphere through the launching of the second 

artificial satellite of the earth, which contained scientific equip¬ 

ment and an experimental animal. 

On 15 May 1958, the third Soviet artificial satellite of the 

earth was launched by means of a multistage rocket; the weight of the 

satellite, after separation of the last rocket stage, came to 1327 kg. 
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The height of the orbit above the surface of the Earth varied between 

266 and i860 km; the time required for a complete revolution, during 

the Initial period, was 105 minutes. Scientific equipment weighing 968 

kg was installed aboard the satellite; this equipment made it possible 

to conduct various experiments and investigations. A multichannel 

telemetry system with high resolving power was installed on the satel¬ 

lite in order to transmit scientific observation data to ground record¬ 

ing stations. The third artificial satellite of the Earth continued 

its orbital motion for almost two years and completed more than 10,000 

revolutions around the Earth. 

On 16 March and 26 April I962 the Soviet Union launched an addi¬ 

tional four satellites of the Earth. 

During the period from the beginning of I958 through March 196I 

the USA launched several tens of satellites which carried scientific 

equipment weighing from 4.5 kg to several tons. The launching of the 

first artificial satellite of the Earth from the USA took place on 31 

January 1958 and was accomplished with a medium-range "Jupiter-C" Army 

rocket. The last stage of the rocket carrying the satellite weighed 

14 kg without propellant. 

The later satellites launched by the USA carried television equip¬ 

ment for transmission of images of the Earth's surface over which the 

satellites passed. As an example of this type of satellite we can cite 

the USA satellite "Tiros," launched in i960; this satellite trans¬ 

mitted television images of the Earth's surface from altitudes ranging 

between 725 and I3OO Ion. Satellites of this type may be employed for 

military reconnaisance purposes. New types of propellants were employed 

by the USA for the launching of artificial Earth satellites; we have 

reference here to dimethyl hydrazine with oxygen, as well as solid 

propellants. 
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The launching of artificial Earth satellites made possible the 

accumulation of experience in preparation for space flights and the 

development of new and more powerful multistage rockets, rocket-control 

systems, and improvements in the scientific equipment aboard these 

satellites. 

As a result of all of this, on 2 January 1959 the Soviet Union 

successfully launched the first multistage rocket in the direction of 

the Moon [31]. The last and guided stage of the rocket exceeded the 

second cosmic (escape) velocity of 11.2 km/sec at which a rocket can 

escape the field of terrestrial gravitation and move away forever from 

the Earth. 

After all of the propellant had been consumed, the weight of the 

last stage amounted to l4?2 kg, including the payload of the rocket, 

which weighed 361.3 kg and included various instruments and two radio 

transmitters. A portion of the payload is situated directly in the 

frame of the rocket, and the other part is housed in a hermetically 

sealed container which is separated from the last stage after cessa¬ 

tion of engine operation. 

In order to reach the designated area on the Moon, a strictly 

calculated trajectory must be maintained; the velocity of the rocket 

at the end of the acceleration phase must exhibit a deviation of no 

more than 0.5# (i.e., 56 m/sec at a velocity of more than 11.2 km/sec) 

from the set velocity, and the deviation from the required heading 

must not exceed 0.5°. All of the scientific information obtained by 

the measuring instruments was transmitted by means of the radio trans¬ 

mitters which operated on a frequency of 19-993 and I83.6 Me. In com¬ 

memoration of the first space rocket produced by the Soviet Union, the 

container held two pennants showing the State Seal of the Soviet Union. 

Radio communications with the rocket were maintained In outer space to 
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a distance of 500,000 km. After a period of 35 hours after the launch¬ 

ing, the cosmic rocket had come to within 500O-6OOO km from the lunar 

surface, having covered a distance of more than 370,000 km. By 7-8 

January 1959 the rocket had passed beyond the gravitational field of 

the Earth and covered a distance of more than 930,000 km. Virtually 

free of the effect of terrestrial gravitation, the rocket entered an 

elliptical orbit around the Sun, becoming a satellite of the Sun. The 

duration of a single revolution of this first Soviet artificial planet 

about the Sun is 15 months, with the perihelion at 146 million and the 

aphelion at 197 million kilometers with respect to the Sun. 

The mockup of the last stage of the Soviet cosmic rocket is pre¬ 

sented in Fig. 27. 

After the first Soviet cosmic rocket, on 3 March 1959 the USA 

launched a four-stage rocket, the "Pioneer IV," in the direction of 

the moon; this rocket had a launch weight of 60 tons (Fig. 28). The 

first stage consisted of a medium-range "Jupiter" ballistic rocket 

which operated on a liquid propellant, and the engine produced a thrust 

of 68 tons; the second stage consisted of a cluster of eleven solid- 

propellant "Sergeant" rockets having a total weight of 327 kg; the 

third stage consisted of three such rockets, weighing 94 kg; the 

fourth rocket consisted of a single solid-propellant rocket weighing 

27 kg. The container carrying the instruments, which separated from 

the fourth stage, weighed 6 kg, i.e., 0.01$ of the launching weight. 

On 12 September 1959 the Soviet Union launched the second cosmic 

rocket to the Moon. The launch was accomplished by means of a multi¬ 

stage rocket. The engines of this rocket operated for several minutes 

on a propellant which exhibited high heating value. By the time the 

engine of the last stage ceased operation, the rocket had accelerated 

to a velocity in excess of the second cosmic (escape) velocity — 11.2 
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km/sec, and the last stage with the container and scientific equipment 

was in orbit. The last stage of the rocket was a guided rocket which 

weighed 1511 kg without propellant. It carried a container which 

housed scientific equipment weighing 390.2 kg. On its way to the Moon 

the rocket continuously lost speed as a result of the effect of ter¬ 

restrial gravitation and its velocity dropped to 2 km/secj subse¬ 

quently, as the rocket encountered the gravitational force of the 

Moon, the velocity began to Increase and attained 3-3 km/sec. 

Fig. 27. Mockup of the last stage of the 
Soviet cosmic rocket. 

The cosmic rocket (the container with equipment and the last 

stage), launched on 12 September 1959, reached the surface of the Moon 

on 14 September at 00:02:24 hours, Moscow time, having covered a dis¬ 

tance of 371,000 km. The container with its scientific Instruments was 

landed on the Moon, at a point approximately 800 km from the center of 

the visible disk of the Moon, i.e., the rocket's target. The launching 

of a rocket to the Moon is an extremely complex scientific and tech¬ 

nical problem. In order to carry out a flight to the moon it was nec¬ 

essary to devise a highly perfected multistage rocket, powerful rocket 
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engines operating on propellants exhibiting high heating value, and in 

addition it was necessary to produce an extremely exact rocket-flight 

control system, ground launching equipment, and a complex of auto¬ 

matic measuring equipment for purposes of observing the rocket flight. 

Theoretical investigations and technical calculations preceded the 

launching of the rocket to the Moon; these activities made it possible 

to determine the trajectory parameters and the time of launch whicn 

would ensure the successful solution of the problem of attaining the 

surface of the Moon under the most favorable of conditions. 

On 4 October 1959 the Soviet Union launched the third cosmic 

rocket, and this rocket carried an automatic interplanetary station. 

This launching was carried out by means of a multistage rocket 

whose last stage, having attained the given velocity, placed the auto¬ 

matic interplanetary station into its required orbit. The orbit of the 

automatic interplanetary station was selected so as to provide for the 

passage of the station close to the Moon and to fly around the Moon 

and return to Earth. A velocity somewhat less than the second cosmic 

(escape) velocity was needed at the end of the acceleration sector in 

order to accomplish this. The last stage of the cosmic rocket weighed 

1553 kg without propellant, and this includes the weight of the auto¬ 

matic interplanetary station (278.3 kg) and the weight of the measur¬ 

ing instruments and power sources (156.5 kg) housed in the last stage 

of the rocket. Thus the total weight of the payload amounted to 434.8 

kg, and the weight of the last stage of the rocket, without propellant 

and scientific equipment, came to 1118.2 kg. 

The purpose of the launching of the third cosmic rocket was to 

resolve a number of problems dealing with the investigation of outer 

space. The most important of these problems was the obtaining of a 

photographic image of the surface of the Moon and, in particular, of 
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Fig. 28. The launching of a 
multistage rocket in the USA 
to the moon. 

(Î 

the invisible side of the moon. The automatic interplanetary station 

is a space flying craft equipped with complex radio-engineering, photo¬ 

television, and scientific equipment, a special orientation system, 

program control devices for the functioning of the on-board equipment, 

an automatic control system to maintain the thermal regime within the 

station, and electric power sources. The phototelevision equipment of 

the station made possible the automatic photography of the reverse 

side of the Moon, the processing of the film, and its preparation for 

transmission of the image back to Earth. After a period of 32 hours, 

the cosmic rocket reached the vicinity of the Moon and passed within a 

distance of TOGO km from the lunar surface, bending around the Moon, 
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and then through the action of terrestrial gravitation again began its 

approach to Earth. On its return to Earth in its first revolution, the 

interplanetary station passed at a distance of 47.5 thousand kilometers 

from the center of the Earth. 

On 7 October the interplanetary station carried out its task of 

photographing the back side of the Moon. The time required for the 

photography process was selected so as to position the station, in its 

orbit, between the Moon and the Sun which, at that time, was illuminat¬ 

ing approximately 70$ of the invisible side of the Moon. At this time, 

at the beginning of the photography process, the station was some 65.2 

thousand km from the lunar surface, and at the end of the photography 

process its distance from the Moon's surface was 68.4 thousand km. By 

means of a special command emitted by the orientation system, the sta¬ 

tion was turned so that the objectives (lenses) of the camera were di¬ 

rected at the back side of the Moon, and the orientation system emit¬ 

ted the command to switch on the photo equipment. The photography of 

the Moon continued for approximately 40 minutes. At the completion oí 

the photography phase, the film was transported into an automatic 

processing device where it was developed, fixed, and dried. The film 

was then placed into a special cassette for the transmission of images. 

The transmission of the lunar images was carried out on a command from 

Earth, at which point the power source for the on-board television 

equipment was switched on, the television equipment was connected to 

the on-board transmitters, and the film was drawn through. The signals 

of the television image, received by ground stations, were recorded by 

a variety of equipment. The signals of the lunar images were recorded 

on film by means of special equipment designed to record television 

images, as well as on magnetic tape recorders, and devices capable of 

recording images on paper. 
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Fig. 29. Photograph of the invisible 
side of the Moon. 

The photographs showed the surface of the Moon that is not vis¬ 

ible from the Earth, and there were pictures also of a small region 

with known formations. The presence on the photographs of a part of 

the Moon which had already been studied made it possible to relate 

newly discovered points to areas that were already kno'n, thus deter¬ 

mining their coordinates. 

Figure 29 shows a photograph of the reverse side of the Moon. 

Thus after 350 years of telescopic observations of the Moon, the 

reverse side of the moon was placed under observation for the first 

time. 

At the station's maximum distance from the earth, the received 

part of the power of the on-board transmitter is lower by a factor of 

100 million than the power received by a conventional television re¬ 

ceiver. In this connection, for superlong transmissions of Images in 

the case of extremely low radio-transmitter power, use was made of an 
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image-transmission speed that was lower by a factor of tens of thou¬ 

sands than the transmission speed for conventional television broad¬ 

cast centers. 

By means of the radio-television equipment aboard the automatic 

interplanetary station, it was possible to transmit the images from 

various distances, even out to a distance of 470,000 km, thus confirm¬ 

ing experimentally the possibility of transmitting images of high 

clarity in outer space over superlong distances. 

The next step in the penetration of the depths of outer space was 

the launching of the Soviet cosmic rocket to the planet Venus on 12 

February I96I, which is a stage in the study of the other planets of 

the solar system.* 

A new principle was applied here in order to send a cosmic device 

on a trajectory to Venus - the launching of a guided cosmic rocket 

from on-board an artificial satellite of the Earth. In order to carry 

out this complex task, it was necessary to devise automatic orienta¬ 

tion systems, and it was also necessary to design special devices cap¬ 

able of executing a given cosmic-rocket maneuver during orbital flight 

with great precision; for example, rocket deceleration, flight-tra¬ 

jectory correction, etc. The advantages of this new launching method 

for cosmic rockets are quite significant. For example, the motion of 

the satellite is kept under observation and the parameters of the 

satellite's orbit are determined with great accuracy from computer 

stations on the ground. This means that it will be possible to take 

into consideration accurately any errors in the insertion of the sat¬ 

ellite into its orbit and to neutralize these errors during the launch¬ 

ing of the space vehicle from the satellite, which is something that 

cannot be done when the interplanetary station is launched directly by 

means of a multistage rocket. All of this is of great significance for 
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the launching of a cosmic rocket to Venus, since It Is considerably 

more difficult to reach the vicinity of Venus than to enter the gravi¬ 

tational field of the Moon. 

The cosmic rocket was launched from the satellite at a preset 

point in the orbit. As the flight velocity of this rocket, with re¬ 

spect to the earth, exceeded the second cosmic (escape) velocity by 

661 m per second and the rocket had passed a preset point in space, 

the rocket engine was turned on, and the automatic interplanetary sta¬ 

tion separated from the rocket and began its free flight on a trajec¬ 

tory to the planet Venus. The weight of the automatic interplanetary 

station, without the space rocket, amounted to 643.5 kg; the length of 

the automatic interplanetary station was 2.035 m and its diameter was 

1.05 mm. Thus the launching of a guided device from on-board an arti 

ficial satellite of the Earth along an interplanetary route was car¬ 

ried out for the first time. 

The ability of the Soviet Union to develop large and heavy arti¬ 

ficial satellites of the Earth and the successful testing of powerful 

rockets capable of placing a satellite weighing several tons into a 

given orbit have made it possible to undertake the construction and 

testing of space vehicles for extended manned flights into outer space. 

In the period from May i960 through March 196I the Soviet Union 

launched several space vehicles into an orbit around the Earth by 

means of powerful multistage rockets [32]. 

The weight of the first satellite vehicle, without the last stage 

of the rocket, came to 4.54 tons. A hermetically sealed cabin carrying 

a load simulating the weight of a man was carried on this satellite 

vehicle; in addition this vehicle carried all of the equipment neces¬ 

sary for the forthcoming flight of man into outer space; the weight of 

the various equipment came to 1477 kg. At a command from the Earth, 
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the hermetically sealed cabin, weighing 2.5 tons, was separated from 

the satellite vehicle. 

The launch was intended to test and verify the various systems of 

the satellite vehicle which ensure safe flight, provide flight control, 

and work out the conditions required for a manned flight. All of the 

necessary information about the flight and functioning of the vehicle 

were transmitted by means of radio signals to Earth. 

On 19 August i960, from the territory of the Soviet Union, the 

second cosmic satellite vehicle with an experimental animal aboard was 

successfully launched. The satellite vehicle weighed 4.6 tons without 

the rocket, and its orbit varied between 306 to 339 km above the Earth. 

Upon completion of the investigation program, calculated to last a 24- 

hour period, and after the receipt of data on the functioning of the 

animals, a command was Issued to bring about the descent of the 

vehicle from its orbit. The command was issued during the 18th orbit, 

exactly 24 hours after the launch, and the reverse-thrust rockets were 

then actuated, and these functioned with great accuracy, causing the 

satellite vehicle to leave its initial orbit and, because it was 

equipped with special heat shielding, safely pass through the dense 

layers of the atmosphere. After the actuation of the reverse-thrust 

rockets, the cabin flew some 11,000 km on its descent phase and was 

decelerated in the atmosphere by means of a special deceleration sys¬ 

tem. The satellite vehicle and the capsule separated from it at an al¬ 

titude of 7 km and the capsule containing the experimental animal landed 

safely by means of a parachute at the designated point in the Soviet 

Union. The deviation of the landing point, from that calculated, was 

about 10 km. 

Thus for the first time in the history of mankind live beings - 

a dog, mice, etc. - had spent more than 24 hours in space flight, cov- 
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ering in excess of 700,000 km, and they returned safely to Earth. 

The Soviet Union soon launched a third and fourth satellite ve¬ 

hicle. 

On 4 February 196I a heavy artificial satellite of the Earth, 

weighing 6483 tons, was placed into orbit by means of an improved mul¬ 

tistage rocket. 

The fourth and fifth satellite vehicles, each weighing about 4.7 

tons without the last rocket stage, were launched in March 196I. The 

basic task of these launchings was the continued testing of the design 

of the satellite vehicle and the instruments and systems installed 

aboard, which were to ensure the ability of a man to withstand flight 

in outer space. The vehicle again carried a dog and other biological 

specimens. 

c) The flight of man into outer space [33] 

The launching of artificial satellites during a period of a num¬ 

ber of years, and the return of these satellites to Earth, the launch¬ 

ing of cosmic rockets, and the development of powerful rockets for 

these purposes, laid the groundwork for a manned flight into the cos¬ 

mos. 

This historic event occurred on 12 April I96I when Major Yuriy 

Gagarin, for the first time in the history of mankind, completed his 

outstanding achievement of flying around the terrestrial globe aboard 

the Soviet space vehicle "Vostok. " 

The space vehicle with Yu. Gagarin weighed 4725 kg without the 

last stage of the rocket, and this vehicle was placed into orbit 

around the Earth with its altitude varying between I8I and 327 km. A 

multistage rocket with six first-stage engines was used to place the 

vehicle into orbit; the first-stage engines developed a total power 

of 20,000,000 horsepower. Upon completing one revolution around the 
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Earth, the vehicle was landed exactly at its designated point. The 

launch took place at 9:07 hours, Moscow time, and the automatic ori¬ 

entation system of the vehicle was switched on at 9:51 hours, and sub 

sequently the reverse-thrust rockets were actuated at 10:25 hours, at 

which time the vehicle shifted from its orbit as a satellite of the 

Earth to its descent trajectory. At 10:55 hours the vehicle landed at 

its designated area in Saratov Oblast (Region). Prom the instant that 

the reverse-thrust system was actuated to the instant of descent, the 

vehicle covered approximately 8000 km which took approximately 30 min 

utes. During the landing phase, at an altitude of about 7 km the cos¬ 

monaut together with his couch was catapulted out of the capsule and 

Yu. Gagarin landed by means of a parachute, although the landing of 

the cosmonaut could have been carried out in the space capsule. 

The flight of Yu. Gagarin demonstrated the reliability and high 

degree of accuracy, as well as the fail-proof functioning of both the 

rocket and the space vehicle. It was demonstrated that man can with¬ 

stand normally the conditions of cosmic flight: during the entry into 

the orbit, in a state of weightlessness, and on the return to Earth. 

On 6 August 1961 the Soviet Union launched the second cosmic ve¬ 

hicle, the "Vostok-2, " into an orbit around the Earth; this vehicle 

was piloted by Major German Titov. The weight of this satellite ve¬ 

hicle, without the last stage of the rocket, came to 4731 kg. The ve¬ 

hicle was placed into an orbit close to that calculated, with its min¬ 

imum distance from the Earth at I78 km and a maximum distance of 257 

km. The initial period of satellite-vehicle revolution amounted to 

88.6 minutes. German Titov successfully completed a 25-hour flight 

around the Earth and after carrying out the assigned program of inves¬ 

tigation successfully landed on the territory of the Soviet Union 

close to the point of landing of the space vehicle "Vostok-2." The 
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Pig. 30. Photograph of the Earth, taken 
from a high-altitude rocket. 

space vehicle "Vostok-2" flew more than 17 times around the globe, 

covering a distance in excess of 700,000 km. 

The tasks, of the flight were the following: to investigate the 

effect on the human organism of an extended flight in an orbit around 

the Earth, the investigation of man's ability to function and to carry 

out all life functions under conditions of weightlessness. For scien¬ 

tific observations in cosmic space, the space vehicle was equipped 

with scientific apparatus, as well as with a television system which 

made it possible to maintain two-way communications. 

The flight of the space vehicle "Vostok-2" made it possible to 

carry out extremely valuable scientific observations and demonstrated 

that man can function normally during an extended flight in outer 

space and to monitor a space flight, including the actual control of 

the vehicle [34]. In his flight in orbit around the Earth, G.S. Titov 

took photographs of the surface of the Earth. 

Figure 30 shows a photograph of the Earth taken from a high- 

altitude rocket. 

Over a period of a number of years, the USA launched a number of 

ballistic rockets vertically and along a ballistic curve to altitudes 
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ranging from 200 to 1200 km and these rockets carried animals for the 

purpose of studying the effect of cosmic space on the life functions 

of organisms. 

At the beginning of May 1961, the USA launched a man - Captain A. 

Shepard - along a ballistic trajectory in a special capsule weighing 

1500 kg, which was adapted to the ballistic "Redstone" rocket. This 

flight lasted 15 minutes and covered a distance of 500 km. The capsule 

carrying the pilot separated from the rocket at the high point of its 

trajectory, and it landed in the waters of the Pacific Ocean [sic]. 

On 20 February 1962 the USA launched the space vehicle "Friend¬ 

ship-7" into an orbit around the Earth; the pilot of this vehicle was 

John Glenn. The launch was carried out by means of a multistage "Mer¬ 

cury-Atlas-6" rocket system. The space vehicle weighed about 2 tons 

and completed four [sic] revolutions around the Earth and landed in 

the Atlantic Ocean. The vehicle completed one revolution around the 

Earth in 89 minutes, in an orbit ranging between the altitudes of I60 

and 256 km. 

The Soviet cosmonauts Yu.A. Gagarin and G.S. Titov have shown man 

the way into outer space; in the near future, mankind may anticipate 

flights of space vehicles to the moon and to the near-by planets of 

the solar system. 
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[Footnotes] 

tírÍÍCnUra^^5ríi ? nozzle may be made to such dimensions 
that Pq would b© close to atmospheric pressure at 
great altitudes. 

The following are the closest planets to the earth: 
Venus, with an average distance of 108.1 million km 

Mars, 227.8 million km; and Mercury, 
57*9 million km; the earth is situated at an average 
distance of 149.5 million km from the sun. The other 
laî!g!L5lanets of th? solar system are 777.8 (Jupiter) 
and 5929 million km (Pluto) from the sun. ^ 
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20 

21 

23 

[Transliterated Symbols] 

Gb " Gv - Gvozdukh “ Gair 

T t tiplivo Gfuel (propellant) 

T = T = T = T 
rop gor goreniye burning (combustion) 

T = t = T - m 
conn sopl soplo nozzle 

T = T = T - T 
cr sg sgoraniye sombustion 

ya Rudel'naya Specific 

~ ^p “ ^poletnyy " ^flight ( 
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Q s G = G = g 
caM “ sam ~ samolet aircraft 

aKT “ akt “ aktivnyy “ active (operating) 

Gp “ Gr “ Graketa " Grocket 
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Chapter 2 

GENERAL CHARACTERIZATION OF TURBOJET FUELS AND 

HYDROCARBON FUELS FOR ROCKET ENGINES 

During the Second World War, Jet engines and jet fuels underwent 

Intensive development. 

At that time. Jet-engine fuels differed essentially from rocket- 

engine fuels, where alcohols and amines had previously been used ex¬ 

clusively. 

Subsequently, gas-turbine kerosenes and later kerosenes developed 

specifically lor rocket engines came Into use in rocket engineering. 

At the present time, it is difficult to draw a definitive boundary 

between gas-turbine kerosenes and rocket-engine hydrocarbon fuels. The 

latter differ from the former in their higher degree of purification 

and more distinct fractional composition, and in certain cases include 

unsaturated hydrocarbons or represent synthetic hydrocarbon products 

of a naphthenic character. 

Let us examine rocket-fuel specifications. 

1. Specifications for Rocket Fuels 

As a result of research carried out over the last few decades, a 

series of fuels have been developed on the basis of direct-distillation 

petroleum products and thermal and catalytic cracking for air-breathing 

reaction-thrust engines. One of the essential requirements made for 

turbojet fuels is the possibility of producing them in very large quan¬ 

tities to satisfy the demands of aviation. According to certain foreign 

authors [1], the production of Jet fuels during wartime may account for 

- 77 - 



as much as 20 to 25# of petroleum production. 

Prior to 1957* less than 3-4# of the petroleum extracted was proc¬ 

essed Into Jet fuel for Jet aircraft In the USA [2, 4]. 

In recent years, the following quantities of Jet fuels have been 

produced In the USA (in millions of tons) [2, 3]: 

1950 
1953 
1954 

V, 1.300 
. .4,325 
. .5,332 

1959 
1964 

*••••• 18 
* . . . . .30 

According to published data, about 23 million tons of Jet fuels 

were produced In I960 In the USA; of these, 5 million tons were for 

commercial Jet aviation. By 1964, the production of Jet fuels Is to be 

Increased to 25-30 million tons, Including about 10 million tons for 

commercial aviation. 

Various types of fuels may be used In aviation gas-turbine en¬ 

gines - ranging from the lower grades of gasoline (mixed with other 

distillates) to kerosenes, even kerosenes including part of the frac¬ 

tions boiling Just above 300°. 

Apart from that of availability in large quantities, Jet-aviation 

fuels are subject to a number of other specifications touching upon 

their operational characteristics as regards calorific value, low- 

temperature and anticorrosion properties, stability, and so forth. 

Specifications for four types of Jet fuels - T-l, TS-1, T-2 and 

T-5 - have been published in the Soviet Union; these are distinguished 

by the following requirements. 

The T-l and TS-1 fuels represent ligroin-kerosene fractions ob¬ 

tained by direct distillation of petroleum. T-l fuel differs from TS-1 

fuel In having a higher density, a heavier fractional composition, 

higher viscosity, and lower sulfur content. 

T-l and TS-1 fuels are products of direct distillation of petro¬ 

leum; hence, they are stable and can be stored under warehouse condl- 
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Pig. 31- Fractional composi¬ 
tions of various fuels. 1) 
Kerosene A; 2) Diesel fuel; 3) 
B-70; 4) T-1S. 

Fig. 32. Distillation curves 
of aviation fuels. 1) Percent¬ 
age distilled; 2) B-70. 

tions for several years. Table 3 presents the technical specifications 

for these fuels [5]. The thermal stability of T-5 fuel is determined 

in the LSA-1 apparatus in 1 hour at 150°, in milligrams of sediment 

per 100 ml of fuel or in a bomb during a 4-hour test at 150°. 

The fractional compositions of the fuels are given in Figs. 31 

and 32. 

The actual compositions of the jet fuels are listed in Table 4 

[6], which is based on analysis of a whole series of industrial con¬ 

signments. 

Unlike the direct-distillation jet fuels, fuel T-4 contains crack¬ 

ing products and is therefore less stable. 

In practical application of jet fuels in aviation and rocket en- 
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TABLE 3 

Technical Specifications for T-l, TS-1, T-2, T-4 
and T-5 Jet Fuels [5] 

1 noMurcJM 

7 rbioTiiom pj** . . . . . . 

8 OpiKuiioimun coctíb: 
iCMncparypa hmmi ncpc- 

roiiKii.iie .. 
9 10% ncpcroinwrc* npii tcm* 

ncparypc, tie buuic . . . 
10 ¿0% ncpcroiMCTCii npH Ten* 

ncparype, He buiiw . . . 
11 00% neperoHMitH np« Ten; 

ncparype, ne Bwuie. . 
12 98% neperoiineTCH npn tcm- 

neparype, hc buuw . . . 
13' ociaron h noiepu (%), He 

foiee. 
14 BaaKocTb kh iKMaTHHecxaa,cc/n: 

- npH 20*. hc MCHee . . ... 
15 » O', Hefonee .38 ; 

a—40® a a .... 
s a—50® a a .... 

16 KhCJIOT HOCTb (m KOH Ha 
100 ma TonnHBa), ne Canee 

17 TcMncparypa ncnuuiKH (onpe- 
AC/IHCTCR B jaxpblTOM THf* 
vie), ne hhmcc. 

lãTcMncparypa nanana Kpncraa- 
HHaamm (®C),He ouuie . . . 

19TeMneparypa noMyTHCHHH 
I . (®C),ne BHiue. 
1 2OM0AHOC 'meão (a HOAa Ha 
! . lOOcronaima), ne fonce . . 

, 21CoAep)KaHiie apoMaiiiiecKiix 
j . yrncDOAopoAOB(%),!ie fonee 
i 2ã3oAepH<aHiic (Jwktwicckhx 
j ’, caían (mi ua lOOau toiuihbc), 

23 h* Oance: 
24. Ha Meere npoHanoAcm. . 
25 na Meere noipefocHiiR. . 

26 Ofoice coAcpixaiiHe cepw (% 
hc Canee . .. 

27 B T0M iHcne MepKanraHO 
boh.hc fonee . 

28 CoAepwaiiHe BOAopacrsopH 
mux KiioioT h tuenoHeñ . 

29 Tennora cropaHHR HHauian 
(k/um/w),hc lienee. . . . 

30 SoflbiiocTb {%), hc Canee . . 
31 COACpWaHHC MexaHHMCCKHX 

npHMeceft H boau .... 
32HcnbiraHMe Ha mcahoA nnac 

. THHKC .. 

W (fOCX TC-I (POCT r-i* irocr 
j 4HI—49) U7M0-64I b|MI0-S7r 

0,800-0,850 

• 150® 

175® 

225® 

270® 

280* 

2 

1,5 
4 
16 

25 . 

1,0 

30® 

-60 

-50 

2 

25 

8 
11 

0,1 

Helâiee 
0,775 

150® 

165® 

185® 

230® 

250* 

2 

1,25 
2.5 
8,0 

1.0 

28* 

-60 

-50 

3.5 

22 

7 
10 

0,25 

0,01 .. 

HrttNt 
0,775 

34 
Hc HIIXCC 

60® 

145® 

195® 

250® 

280* 

2 

1,05 
t . 

6,0 

l,0i 
J 
V 

-? 

• -60 

3,5 ' 

22 ' 

7 
10 

0,25 

0,01 

36 OrcyxcTByioT 

10250 

0,005 

10250 

0,005 

10250 

0,005 

M • (ty 
ÿH-St) 

HcS^icc 
0,755 

34 
HC HIDKC 

55® 

125® 

105® 

250® 

280® 

2 

1,0 
3,0 
6,0 

. 1.0 

-60 

v-50 

30 

30 

15 

0,4 

T-s /roer 

Ho^khm 
0,845 

105® 

225* 

315® 

He fonee 35 
5,0 

60 

1,° 

-00 

3,0 

22 

8 
11 

0,l’ 

36 OrcyrcreyioT 

36 OrcyrcTByiOT 
* 

37 BuAepXCHBanT 

10250 

0,005 

10250 

0,005 

3 D OrcyrcTnyiOT 

37 BblACpJKHBaiOT 

^Saturation vapor pressure of T-2 fuel at 380 not 
above 100 mm Hg; for T-4, not above 150 mm Hg. 
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Key to Table 3 

1) Index; 2) T-l (GOST 4138-49); 3) TS-1 (GOST 7149-54); 4) T-2* (GOST 

8410-57); 5) T-4* (TU 426-55); 6) T-5 (GOST 9145-59); 7) density p£°; 
8) fractional composition: initial distillation temperature, not above; 

9) 10$ distilled at temperature not above; 10) 50$ distilled at tem¬ 

perature not above; 11) 90$ distilled at temperature not above; 12) 

98$ distilled at temperature not above; I3) residue and losses ($), 

not above; 14) kinematic viscosity, centistokes; I5) at 20°, not below; 

16) acid number (mg of KOH per 100 ml of fuel), not above; I7) flash 

point (determined in sealed crucible), not below; 18) initial tempera¬ 

ture of crystallization (°C), not above; I9) clouding temperature 

(°C), not above; 20) iodine number (g of iodine per 100 g of fuel), 

not above; 21) content of aromatic hydrocarbons ($), not above; 22) 

actual resin content (mg per 100 ml of fuel); 23) not above; 24) at 

point of production; 25) at point of use; 26) total sulfur content ($), 

not above; 27) including mercaptan sulfur content, not above; 28) con¬ 

tent of water-soluble acids and alkalis; 29) lower-limit heat of com¬ 

bustion (kcal/kg), no less than; 30) ash content ($), not above; 31) 

mechanical-impurity and water content; 32) copper-plate test; 33) no 

less than; 34) not below; 35) no more than; 36) none; 37) passed. 
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TABLE 4 

Factual Compositions of Jet Fuels 

' '1 dONiatTM« 2 T.| 
(rOCT4l«-40| 

TC*1 
OCT 7|W—M) (F OC T MIO-47) 

5 T.4 
(TV m-ii) 

•6 

9 

1Ò 

11 

12 

II 
■15 

16 

17 

18 

rinOTIIOCTk p” . i 
OpaKiiMoiniuA coctid: . 

TCMncparypa iimaaa ncpcroiiKN 
10% nepcroiiaerca npM TCMoepa 

type ... . ; i . . . 
50% neperoiiacTCii npH Teunepa* 

type ... ...... . 
00% ncperoiiacTCR npn TCMnepa 

Type .; i • i • J ■ ^ 
98% nepen>Hi|eTca ppu .TCHnppa 

Type • • • 
ocTait>x h noîepH, % *. 

BaaKocTk kmHCMaTiiNCcitaji, ccm: , 
npii 20°.. 

» o*. J. v > ,. 
, •» •*••40* ... .4. 

KticnoTiioak, m KOH Ha. 100 au 
■ Tonaiioa . ... . . . 

IcMneparypa acnuuiKH, onpeaeaae 
! MaM H SaKpblTOM THMC -. i .'.' 

TeMncpatypa Hasajia KpHcruiaHja- 
UHH . 

19 TeancpaTypa noMyTHeHHH 

20 

23 

22 

a 
Ë 

Hoahoc micno, e hoa» Ha 100 a ron 
MMDJ . . . . , , . . . , . 

CoAcpacamie ipaKTimecKHx cmm, ma 
ua 100 má ToiuiMBa: 

Ha uecre npoHSMAcraa 
Ha Meere noTpc&ieHHH 

CoAcpjKaHiie apoMaTHsecxHx yrxe* 
BOAOpOAOB, %. 

Oôiuec coAepwaHiie cepu, % . ,.. 
b tom iHcne MepKanraHOBoA cepu 

HcnuraiiHe Ha mcahoA iMiacTHHxe . . 
Tenaora cropaHHX HHauiax, kkojIkz 

0,800-0.823 

122—141* 
I 

155—102* 

187-201*. 

228—250* 
i . , 

257—280* 
1,5-2,0 

i • • 

1,70-1,91. 
2,67-2,04. 
5,0—16,3 

Ö,19^0^57 

; 29-30* 

—60* h HHixe 

31' 
—45 H HHHie 

-50* 

0,5—2,40 

0,8-7,8 

10-25 
0,02-0,09 

3 2jicaw -*• 
+0,006 
33 BuACpMHOaiOT 

0,773-0,789 

122-140* 

141-153* 

164-177* 

205-220* 

223—240* 
1,5-2,0 

l,15-lk59 
1,70-1,04 
4,63-5,06 

0,00-0,39 

27—33*"' 

—60* H HKHCC 

31 
3! - 

0,87-2,6 

Oicam + 8,8 
32 
13,8-19,4 
0,09-0,14 

0,005-0,014 

0,758-0,770 0,700-0,784 

58-74* ■ 

110-123* 

160-174* 

212—220* 

' t 
230—25V 
1.5-2,0 

.1,05-1,40 
1,40-1,57 
3,12-3,98 

0,07-4;40 
• * ■ » 

OT +16* AO 
-26* i 

—57* H HHNCC 

31 

0,17-3,6 
• t 

ûieAU 4- 2,4 
32 
12,0-23,4 
0,05-0,19 
0,001-0,01 

78-05* 

120-131* 

102-173* 

218-228* ' 

233-253* 
1,5-2,0 

1,06-1,28 
1,26-1,84 
3,06-4,30 

0,2-0,9 

or t-12' ao 
+1* .V 

—55* H HHHtC 

31 

1,6-15 

CneAu + 4,0 
32 
19,6-27,8 
0,04-0,30 

0,004-0,013 

29 3oAkHOCTk, % 

30 ynpyrocTk HacumenHux napoo npH 
38“, MM pT. CT. ., ,...,,, 

10250- 
10315 

0-0,0004 

30-40 

10350- 
10300 

0+ CAC^Obl 

35-38 

33 BbiAepxcHBaioT 
10290- 
10380 

0-0,0014 

80-100 

10 275- 
10370 

0-0,002 

80-175 

1) Index; 2) T-l (GOST 4138-49); 3) TS-1 (GOST 7149-54); 4) T-2 (GOST 

8410-57); 5) T—4 (TU 426-55); 6) density pj"°; 7) fractional composi¬ 

tion; 8) Initial temperature of distillation; 9) 10$ distilled at tem¬ 

perature of; 10) 50$ distilled at temperature of; 11) 90$ distilled at 

temperature of; 12) 98$ distilled at temperature of; 13) residue and 

losses, $; 14) kinematic viscosity, centistokes; 15) at 20°; 16) acid 

number, mg of KOH per 100 ml of fuel; I7) flash point determined in 

sealed crucible; l8) initial temperature of crystallization; 19) cloud¬ 

ing temperature; 20) iodine number, g of iodine per 100 g of fuel; 21) 
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factual resin content, mg per 100 ml of fuel; 22) at point of produc¬ 

tion, 23) at point of use; 24) aromatic-hydrocarbon content, #; 25) 

total sulfur content, #; 26) including mercaptan sulfur content; 27) 

copper-plate test; 28) lower-limit heat of combustion, kcal/kg; 29) 

ash content, #; 30) saturation vapor pressure at 38o, mm Hg; 31) and 

below; 32) traces to; 33) passed; 34) 0 to traces. 

TABLE 5 

Density Variation of Jet Fuels in Temperature 
Range from -40 to +200° [5] 

TABLE 6 

Viscosity Variation of Jet Fuels in 
Temperature Range from -50 to +1500 

T Texnepa* 
typ*. *c 

2 BajKOCTb, tcm 

M 3 TC-i T-i T-4 

-50 
-40 
-20 
0 

+20 

+40 

+60 

+80 ' 

+100 

+120 

+140 

+150 

14,03 
8,50 
4,13 
2,47 

1,63 
1,21 

0,02 

0,75 
0,64 

0,54 

0,46 

0,45 

7,02 . 
5,15 

2,82 
1,82 
1,27 

0,00 
0,81 

0,60 
0,56 ' 

0,49 

0,43 
0,42 

4,76 
4,41 
2.13 

1,47 

1.13 

0,89 

0,73 

5,11 

3,76 

2,14 
1,53 

1,08 

0,06. 

0,81 

1) Temperature, °C; 2) viscosity, cen- 
tistokes; 3) TS-1. 
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gines, a factor of great Importance is the variation in the fuel's 

properties over a wide temperature range; this may be associated with 

the use of the fuels under summer or winter conditions, or with heat¬ 

ing of the fuel in the engines under operational conditions. 

Values indicating the density changes of the fuels in the tempera¬ 

ture range from -40 to +200° are listed in Table 5. 

The viscosity changes of Jet fuels in the temperature range from 

-50 to +150° are listed in Table 6. 

The ranges of variation of the elementary fuel compositions are 

presented below: 

Fuel Content, % 

The moisture content of the fuels listed above lies between 0.012 

and 0.005#. 

The contents by weight of nitrogen, oxygen and sulfur compounds 

in TS-1 fuel are of the following order (in #): 

Sulfur compounds.. 
Oxygen compounds.. 
Nitrogen compounds 

1.13 
0.17 
0.03 

These data were computed from an actual sulfur content of 0.25#, 

the content of the other (0 and N) compounds, and an average molecular 

weight of 148. 

Several specifications for Jet fuels have appeared in the USA in 

recent years [2-?]; see Tables 7 and 8. 

JP-1 fuel (which also carries the codes MIL-F-5616 and AN-F-32) 

is a narrow kerosene fraction. According to certain as yet inadequately 

confirmed reports, JP-1 fuel is no longer used in the Air Force, but 

may be regarded as a high-quality fuel for commercial jet aircraft. 
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TABLE 7 

Technical Specifications for Turbojet Fuels used 
Abroad (USA, England, France) 

1 Donmitcjim JP-1 JP-2 JP-3 DBRD-2412 CP'III JP-4 JP-I 

5 

6 

7 

8 
9 

'10 
11 
12 

ii 
1 
1 

19 

CoAcpwaiiiic apoMariiMCCKiix 
VMCnOAOpOAOB (OÖMMH 
% ), iic Canee .... 

bpoMiioc mi iCAo ne 6anec 
Cepa (ncc.K), ne &Mce . 
n.ioTiiocib npii 15,5*,ne foiee 

TcMncpaTypa laMcpsaHua 
fC), ne Bbiiuc .... 

CoAcpwamic MCpKanTaHOBofi 
ccpu (%), Hcfancc . . 

Icmncp.iTypa ncnfaiiuKii (®C), 
ne iiiiNic .. 

VnpyrocTb napa npii 38' 
kI'/cm* (aim pr. cr.) . . . 

<>paKuiioiiiibiri corra d: 
Ha'iaao Kiinciuia .... 

10% BWKHnaer ao 
20> i ( 
30( ( ( 

Koiicu KHnciina .... 
OcTaxox npii iicnapcHim 

nosAymiioñ crpye, 
Mll\00 ma.5,0 

Cmoau (da/100 ma) iic 6onee 8,0 
Koppoaiia.Her 
B«3K0CTb npii —40®, can . . 10 
TcnAofnopiiaa cnocoöiioCTb 

(kma/kc) hc Menee . . . . 10170 
CoACpiKailllC ailTIIOKHCAHTeAA, 

M!/A. 

20 
3,0 
0,20 
0,85 

43 

210® 

254® 
300® 

20 
3,0 

0,20 
0,85 

-60 

0,14- 
0,21 

65,5' 

260® 

5,0 
8,0 
Her 

10 

10220 

25 
30,0 
0,50 

0,725- 
0,801 

-60 

0,005 

0,35- 
0,49 

70® 

204* 
315' 

10,0 
20,0 
Her 
10 

20 

0,20 
He orpaHH- 
MMsaeiCN 
20 
-40 

38 

10212 

24 

200® 

300® 

6,0 

$1 - 

6,0 

10156 

20 

0,1 
0,82 

43 

210® 

254® 

10 

20 

0,4 
0,746 

-0,825 

0,005 

130-160 

65® 
121® 

288* 

10220 

24 

25 
0 

0,4 
0,70-0,83 

-40 

38 

55 

210® 

295* 

10 

10160 

l) Index; 2) aromatic-hydrocarbon content (ft by volume), not above; 3) 

bromine number, not above; 4) sulfur ($ by weight), not above; 5) den¬ 

sity at 15-5°> not above; 6) solidification point (°C), not above; 7) 

content of mercaptan sulfur ($), not above; 8) flash point (°C), not 

below; 9) vapor pressure at 38 , kgf/cm (mm Hg); 10) fractional com¬ 

position; 11) initial boiling; 12) 10$ distilled below; 13) end of 

boiling; 14) residue on evaporation in air jet, mg/100 ml; 15) resins 

(mg/100 ml), not above; 16) corrosion; I7) viscosity at -40°, centi- 

stokes; l8) calorific value (keal/kg), not less than; 19) antioxidant 

content, mg/liter; 20) not restricted; 21) none. 

According to the same sources, JP-2 fuel (AN-F-34) was only an experi¬ 

mental fuel and was not accepted for further use. JP-3 fuel (MIL-F-5624 

and AN-F-58), which has a broadened fractional composition with a vapor 
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TABLE 8 

Actual Characteristics of VRD* Fuels [7-8] 

'• 1 flOMMTWib JP-I 

2 rijIOTHOCTb ' npH 15,5* . ., 

, 3 ynpyrocTk napoa npii.38*, au pr.. ct. 
4 OpiKUHOHHUft coctm: ¡ 
5 10% BuxHnaer ao ; . . -. 

50» » ....... 
' 90» » ** »;.... ! 

6 XeiuioTBopHaa cnocoÓMOcn., uu¡*lu 
7 OaaroK npu ' ucnapcHHn a aouyuiHoA 

crpye npu 204*, tu ua 100 auToMHaa 
8 CoAepHUHiie cepy. S . . ...... 
9 CoAcpjjtaHH« MfpxanTaHOBofi cepy, S 

10 SpoMiioe MHcaa. . . '. 
11 TeMiroparypa BcnyaiKH, *C. . . . . . 
12 BasKoCTb npH —40*, eon . .. . . 
13 AHMuuoaaa tomka, *C. 
14 CoAepwaiiHe apomathwckhx yraesoAO- 

poAoa, o6mmh. H .. 
15 TeMncparypa aaiiepsaHHN, *C. 
16 PaCTDOpHMOCTb BOlAyiA B TOMHM, 

oÕmmh. %. 

0,814 

174* 
102* 
225* 

10300 

1,4 
0,079 
0,0009 

0,95 
48 ' 

2,29 
56 

14,3 

:jp-j 

0,704 
,315 

-73* 
156* 

"224* 
10 390 

I, 7 
0,085 
0,0008 
2,50 

2,91 
.57 

II, 3 
-60 

JP-i 

0,792 
368 

66* 
173* 
249* 

10270 

1,2 
0,35 
0, 
7.3 
-23 
3,36 

41 

25 
-60 

Q050 

. JP-4 . JP-i 

•„0,764 
134-160 

84-102* 
.142-147* 
209-227* 

10400 

1,7 
0,074-0,119 

,0017 

1,4 
-13.8 
2,51 

58 

10-12 
-60 

0,83 
55- 

• 185* 

273* (k. k.) 17 ! 

10370 

0,20 

38 
6 (npu 0*) 18 

20 
-40 

14 

[*Alr-Breathing Reaction-Thrust-Engine. ] 

1) Index; 2) density at 15.5°; 3) vapor pressure 

at 38°, nun Hg; 4) fractional composition; 5) 10# 

distills below; 6) calorific value, kcal/kg; 7) 

residue from evaporation in air jet at 204°, mg 

per 100 ml of fuel; 8) sulfur content, #; 9) mer¬ 

captan-sulfur content, #; 10) bromine number; 11) 

flash point, °C; 12) viscosity at -40°, centi- 

stokes; 13) aniline point, °C; 14) aromatic-hydro¬ 

carbon content, # by volume; 15) solidification 

point, cC; 16) solubility of air. in fuel, # by 

volume; 17) [end of boiling]; 18) at 0°. 

pressure of 267-374 mm Hg is in extensive use, but the high vapor pres¬ 

sure makes use of this fuel difficult at the low pressures prevailing 

at high altitudes. JP-4 fuel, which has a vapor pressure of 107-160 

mm Hg is not host to this shortcoming. It is based on direct-distilla¬ 

tion products and products of thermal and catalytic cracking. JP-5 

fuel (MIL-F-5624B) is produced on the same basis. It can also be pro- 
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duced by hydrolytic cracking. The initial temperature of crystalliza¬ 

tion for JP-5 fuel has been raised to -40°, and its fractional composi¬ 

tion is heavier than the other fuels. JP-1, JP-4 and JP-5 fuels are 

less of a fire hazard than JP-2 and JP-3 fuels and aviation gasoline. 

MIL-F-5572 or AN-F-48 aviation gasolines are used as starting 

fuels. 

Let us examine the specifications for fuels for air-breathing 

reaction engines (Table 7) and the actual operational characteristics 

of these fuels (Table 8) [2-7]. 

Fuels of broad fractional composition may be used for aircraft 

equipped with turboprop engines. 

JP-4 fuel is recommended for supersonic aviation at flight speeds 

up to l800 km/hr; as a heavier fuel, JP-5 is recommended for velocities 

up to 3600 km/hr; here, part of the fuel may be fed to the engine in 

vaporized form due to the appreciable heating of the aircraft and its 

tanks from friction with the air. 

Other aviation fuels have been reported [8a]. JP-6 fuel has a 

boiling range from 120 to 290°, a density of O.78 to 0.84, a solidifi¬ 

cation point of —51°; RJ-1 fuel has a boiling range from 200 to 320°, 

a density of 0.84 to 0.86, a solidification point of -40° and a flash 

point of +88°; RP-1 fuel boils in the range from 195 to 275°, and has 

a density of O.80 to 0.82, a solidification point of -40°, and a flash 

point of +430. 

JP-6, RJ-1 and RP-1 fuels are thermally stable kerosenes that 

have been specially purified. JP-6 is recommended for flight speeds 

from 1800 to 2400 km/hr, RJ-1 (heavy kerosene) for ramjet aircraft and 

speeds of 2400-3600 km/hr; RP-1 is a fuel with a low aromatic-hydro¬ 

carbon content and high completeness of combustion. 

All new supersonic-aviation fuels are distinguished by higher 
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solidification points, heavier fractional compositions, and high chem¬ 

ical stability. 

In 1959, 322 thousand tons of fuels were used for supersonic avia¬ 

tion in the USA; this corresponds to 2.3# of the annual Jet-fuel con¬ 

sumption. 

A characterization of supersonic aviation fuels is presented in 

Table 9. 

TABLE 9 

Characterization of Fuels for Supersonic Aviation 
[9] 

Tom Mo 

1 

IbOTIIOCTh 
ItpN It,6* 

2 

HpUMU tU- 
MMJINI, *C 

3 __ 

Teuncptrypo 
KltUUIKN, *C 

4' 

TcMiicpa* 
Typa sa* 

MCpMHMNi 
• c 

HNsiuaa Ten* 
«OTOOpilftfl 

enoc 06110er a, 
5 On 

DMKOCTh, (Cm 

7 

JP-S 
JP-6 
JP-X 
RSi 
RSI* 

0,788—0,845 
0,78-0,84 
0,870-0,076 
0,842-0,663 
0,802-0,876 

176-288 
121-288 
230-283 
•204-315 
103-274 

00 

88 
43 

-48 
-53 
-60 
-40 
-40 

10168 16,5 (—34‘) 

1,25-3,18 

♦Purified highly stable direct-distilled kerosene, 
Qn = 10,312 kcal/kg. 

1) Fuel; 2) density at 15.5°; 3) boiling range, °C; 
4) flash point, °C; 5) solidification point, °C; 
6) lower-limit calorific value, QN; 7) viscosity, 

centistokes. 

The fractional compositions of the fuels are presented in Fig. 33* 
j 

!When cracking products are used, the yield of broad-fraction Jet fuel 

may reach 50-55# of the petroleum processed (Fig. 34). 

On the other hand, the yield of Jet fuel from petroleum is lim¬ 

ited by the solidification point and the admissible boiling range. The 

higher the solidification temperature tolerated, the higher the ter¬ 

minal boiling point of the fuel that can be used and, consequently, 

the higher the yield. 

This is illustrated by the data of Table 10, which apply to petro- 
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Pig. 33* Fractional composi¬ 
tion of certain jet fuels. 1) 
Boiling point, °C; 2) yield, 

3} AN-F-48 (starting gaso¬ 

line). 

fuels from petroleum as a func¬ 
tion of fractional composition 
of fuel. 1) JP-1 fuel; 2) JB-2 
fuel; 3) JP-3 fuel produced by 
direct distillation; 4) JP-3 
fuel produced by direct distil¬ 
lation and cracking. A) Yield 
referred to petroleum, $. 
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TABLE 10 

Soliainoatlon Point and Yield 
of Jet Fuel from Middle Eastern 
Petroleums 

4 Ton^iiso THm KepocMiia 
5 To . 

6 T0«CTMa UJ"poi<oro 4>P»UHoimoro 

{ 
—40 
-CO 35 

lldlficatlon P0lnt, 
uraLul H?1? on Pe^r°leum, ^ by 
weight; 4) kerosene-type fuel; 
5) same; 6) fuel with broad frac¬ 
tional composition. 

leums from the Middle East. 

The Majority of jet fuels for aviation are subject to the require, 

ment that the solidification point be no higher than -60°. However, 

experience in the use of the fuels indicates that at an altitude of 10 

• to 12 where the ambient teMperature is about -55°, the temperature 

of the fuel in the tanks and pipelines does not drop below -30o in 

flight at 600-770 km/hr. 

.?• Hydrocarbon Combustibles for Rock».- tw.— 

After the Second World War, as a result of extensive research 

hydrocarbon combustibles were placed at the disposal of rocket engi 

neering. trior to 1950, alcohols were used as fuels for oxygen-based 

propellants and amines as fuels for nitric-acid propellants. 

Thus, in 1952, the USA-s "Nike" antiaircraft rocket used as the 

iuel for its nltrlc-acfd propellant JP-3 broad-fraction aviation kero¬ 

sene, which was subsequently replaced by JP-4 aviation kerosene. 

m the USA's intermediate-range ballistic missile "Thor" and the 

intercontinental "Atlas" missile (USA) rp in i 4. i 
e Rp-1 rocket kerosene is used 

as the fuel in combination with oxygen [10, n] 
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Subsequently, a fuel based on pyrolysis products and known as 

"HF-D" was proposed in the USA for engines operating on nitric acid 

with nitrogen oxides. It has the following composition: 

Initial boiling temperature. 122° 

Temperature at 50$ distilled. 1650 
End of boiling. 220° 

Density. 

Solidification point 

Viscosity at 210.... 

This fuel possesses a higher chemical activity with respect to 

nitric acid than do the JP-3 and JP-4 kerosenes. 

A fuel produced from coal-tar resin and containing dibasic phe¬ 

nols has high chemical activity. 

RP-1 kerosene, which is widely used in American liquid-engine 

rockets as a fuel paired with oxygen, is a special kerosene with an 

elevated content of cyclic hydrocarbons and a reduced content of paraf¬ 

finic hydrocarbons. Research has shown that cyclic hydrocarbons pos¬ 

sess higher thermal stability and produce smaller amounts of deposits 

than do the paraffinic hydrocarbons when the fuel is used to cool the 

engine. When RP-1 kerosene was produced in small quantities, its prop¬ 

erties were sufficiently stable from batch to batch, but when produc¬ 

tion was expanded, the physical and chemical properties of this fuel 

began to vary from batch to batch over a very wide range. RP-l's in¬ 

creased content of straight-chain hydrocarbons, which possess lower 

thermal stability than cyclic hydrocarbons, results in an increased 

tendency of RP-1 kerosene to undergo coking and, consequently, a de¬ 

terioration in its cooling properties. 

The specific gravity of RP-1 kerosene at 15° may vary in the 

range from O.8OI to O.875, while it lies between O.8OO and O.785 at 

380; the maximum viscosity at 380 is 3.185 centistokes, while the min- 
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TABLE 11 

Average Values of Isothermal-Compres¬ 
sibility Coefficient of RP-1 Kerosene I 

at Pressures below 500 kgf/cm2 

1 MorepMuiMKoJf OMMiMtocra. 

J0» 74* ISO* 24S* 300* 

33 
54.2 
54,8 
55.2 
55,6 

60,8 
61,6 
62,9 
63.4 
64.5 

74.8 
76.5 
77.9 
79.5 
81 

110,8 
114 
117 
120 
123 

167.5 
173.5 
178 
184 
189.5 

264 
276 
287. 
298 
310 

l) Isothermal-compressibility coeffi¬ 
cient, ß-10^ atm“1. 

imum Is I.250 centistokes. 

In addition to their general physicochemical properties, such 

properties as compressibility are of great Importance for rocket kero¬ 

senes. The compressibility and thermal expansion of kerosene specimens 

from different petroleums differ by more than 30# at high temperatures 

for a given molecular weight. 

RP-1 kerosene is used In the engine as a coolant In cases of re¬ 

generative cooling. It is heated on passage through the engine jacket, 

but its maximum temperature never exceeds 300°. 

The isothermal-compressibility coefficient of RP-1 kerosene is 

given in Table 11. 

The wide variation of the density of RP-1 kerosene complicates 

the process of fueling the rockets, regulating the engines, and so 

forth. 

As a result, research was carried out to find synthetic fuels 

that would have characteristics more stable than those of RP-1 kero¬ 

sene, but properties closely similar to those of RP-1. 

The Investigations carried out indicated that the following cyclic 

hydrocarbons may be used as substitutes for RP-1 kerosene: 
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TABLE 12 
Properties of Certain Naphthenes 

.. .1 ynKMxopox 
rUOTNOCrk 
« PM 
2 * 

T. KMfl., *C 

3 

Tensor« . cropAiuin. 
4 kkûâImoa* 

Oopuyai 

5 _ 

61,2-AxmuiuHKAortKcaH 
t ' 

176,1 
C.H, 

• ¿H • 

XCH-C,Hj 

H,C Jh, 

: V 

7 1,3*ilH»THAUHKflOreKCaK 

’*• * 

0,7086 173,S< 1511 
C,H, 

h/ CH, 

H¿ ¿H—C.H, 
; \ / 

CH, 

8 i ,4-ÄH»THflUHKflOreKMH 0,806 

I. 

174,6 1511 

^ * 
C,H, 

¿H ' i ' 

ti/ XCH, 

, h,c <*;h, 

- V 
c,h, 

9 ÜCKa^MH (mpOHC) 
t • . 

.v.v.y.oi. it • 

0,872 185 1497,1 
» '• • CH, CH, 

H,C^ XCH ^H, 

H,C ¿H ¿H, 

.. 'bH.'hC 

1) Hydrocarbon; 2) density p^°; 3) boiling point, 

°Cj 4) heat of combustion, kcal/mole; 3) formula; 
6) 1,2-diethylcyclohexane; 7) 1,3-diethylcyclo- 
hexane; 8) 1,4-dlethylcyclohexane; 9) decalln 
(trans). 

/CH,X/CH,. 
HjC CH 

CjH, 

\ /^H\ 
CH, - H,C CH—C,H, h/ 

C.H, 

CH \ 

H,C CH CH, H,Cv /CH, 
Vh/W Xch/ 
decalln 

CH, 

CH—C,H, H,C 
\ch/ 

die thy1eyelohexane s 
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Diethylcyclohexane, which is the cheapest and simplest to produce, 

shows great promise. At the present time, the rate of its production 

in the USA is two to three times the quantity necessary to service the 

development program for long-range ballistic rockets. 

The production of diethylcyclohexane may be set up on the basis 

of styrene production. 

An intermediate product in the production of styrene is ethylben¬ 

zene, which is obtained by alkylation of benzene with ethylene. To¬ 

gether with the ethylbenzene, 10 to 15# of diethylbenzene is produced 

as a byproduct: 

C*H* + C|H4 
\;h4(c,hj, 

Subsequently, the ethylbenzene is converted into styrene by dehy¬ 

dration of the side chain. 

In view of the fact that styrene production in the USA in i960 

was over 600,000 tons, 60,000 to 90,000 tons of the diethylbenzene by¬ 

product may be produced. 

Diethylcyclohexane is produced by hydration of diethylbenzene. 

Diethylcyclohexane is a colorless liquid having the empirical 

formula C10H20. The molecular weight of diethylcyclohexane is 140, its 

density corresponds to that of RP-1 kerosene (0.80 to 0.8I), its heat 

of combustion is 10,328 kcal/kg and somewhat higher than that of RP-1 

kerosene; its solidification temperature is below -80°, its flash 

point is +4?°; diethylcyclohexane cokes to a lesser degree than does 

RP-1 kerosene (Table 12). 

A mixture of polycyclic naphthenes produced by hydrogenation of 

aromatic hydrocarbons is also recommended for rocket engines. The poly¬ 

cyclic naphthenes have the following properties: 

O.87-O.890 Specific gravity 
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Boiling-temperature range. 201-275° 

Solidification point..-60° 

Calorific value. 10,200 kcal/kg 

3. Pumpablllty of Fuels 

The solidification and clouding temperatures of fuels determine 

the possibility of using them at high altitudes. Solidification of 

fuel begins with precipitation of crystals of the hydrocarbons having 

the highest melting points, as well as precipitation of ice on freez¬ 

ing of the dissolved water. The rest of the hydrocarbons solidify as 

the temperature is depressed still further. The crystals that have 

formed clog the fuel filters, so that fuel feed may be reduced or may 

cease altogether even before the basic mass of the fuel has frozen [10]. 

Irrespective of the time of year, the ambient temperature at al¬ 

titudes above 10 km reaches --550» However, it must be remembered that 

at high flight speeds of the aircraft (of the order of 950-1000 km/hr), 

air friction raises the skin temperature and the temperature inside 

the aircraft by no less than 30-35°. At speeds of the order of 1300 

km/hr, this increase rises as high as 60° above the ambient-air tem¬ 

perature (-55°). In this connection, certain foreign specialists have 

expressed the opinion that the solidification temperature of fuels may 

be raised henceforth to -45°. In this case, the yield of Jet fuel from 

the petroleum could be increased considerably. As the flight speed is 

further increased to 2000-2500 km/hr, heating of the aircraft becomes 

such a problem that it must be countered by means of special measures, 

including the use of special cooling techniques and heavy fuels with 

very low vapor pressures. 

High vapor pressure in a fuel influences its delivery from the 

tanks to the engine when pump sets are used, since vapor locks may 

form at depressed pressures, and this interferes with fuel feed. The 
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tendency of the fuel to form vapor locks may be characterized by the 

ratio of vapor- to liquid-phase volumes at a specified pressure: v/L. 

Figure 35 shows the ratio of v to L as a function of flight alti¬ 

tude for fuels of the aviation-kerosene and aviation-gasoline types. 

For a given pump-feed system, the critical ratio v/L is 2. At this 

point, vapor locks form in the fuel-feed system and normal operation 

of the system is disturbed. For gasoline, this ratio is reached at an 

altitude of 4570 m and for kerosene at an altitude of 16,750 m at a 

fuel temperature of +38° [10]. 

In the wide-fraction fuels JP-2 and JP-4 (initial boiling 60° and 

terminal boiling 280°), reliable operation of the fuel-feed system is 

ensured up to an altitude of 10-12 km. 

M-f ■*B 

1 M-F- Sly 

Jtii m USB tltOB tSUB tSSBB 
X Buama, M 

Fig. 35- Ratio of volumes of 
vapor and liquid phases for 
fuels of gasoline and kerosene 
types. 1) Altitude, meters. 

Figure 36 shows the variation of pump-set output for kerosene- 

and gasoline-type fuels as a function of the external pressure. Secur¬ 

ing a gasoline-feed rate to the engine equal to that of kerosene re¬ 

quires pumps 2 to 4 times larger than those used for kerosene. 

The viscosity of the fuel influences its pumpability and particu¬ 

larly the proficiency with which it is atomized. This factor deter¬ 

mines the droplet size, outflow speed, and spray-cone angle of the 
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Fig. 36. Variation of fuel- 
pump output as a function of 
fuel type and ambient pressure. 
1) AN-F-32; 2) AN-F-48 (vapor 
pressure after Reyd [sic] 0.49 

kgf/cm ). A) Fuel outflow in % 
of outflow of AN-F-32 at 750 
mm Hg; B) fuel intake pressure, 
mm Hg. 

Iff« 

Fig. 37. Viscosity of jet fuels 
as a function of temperature. 
1) Centistokes; 2) T-l stand¬ 
ard; 3) TS-1 standard; 4) T-2 
standard; 5) TS-1; 6) standard; 
7) B-70. 

fuel. The variation of the viscosity of various jet fuels as a func¬ 

tion of temperature is shown in Fig. 37- 
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Pig. 38. Solubility of water 
in aviation fuels at various 
temperatures. 1) Solubility of 
water, # by weight; 2) tem¬ 
perature, °C. 

Fig. 39. Solubility of water 
in fuel and its influence on 
ice clogging of filters. 1) 
Temperature at which flow rate 
drops by 20$, °C; 2) solubility 
of water at 18°, $ by weight. 

The most important factor exerting a detrimental influence on 

fuel feed is clogging of the fuel filters by ice crystals as a result 

of freezing of water at low temperatures. Under normal conditions, the 

hydrocarbons forming the fuel have dissolved in them a certain quan¬ 

tity of water (about 0.005$). At low temperatures, the solubility of 

the water is lowered and the separated water precipitates in the form 
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of fine crystals. 

1 
Figures 38 and 39 show the solubility of water in hydrocarbons 

and in fuels of the kerosene and gasoline types. Even at -15°, the 

major part of the water has precipitated from the kerosene in the form 

of ice. Solid paraffins are precipitated simultaneously with the ice 

crystals. They may cause partial or complete clogging of the filter. 

When kerosene containing O.OO5# of water is cooled to -16°, about 

0.004# of water may be separated in the form of ice. With 4500 liters 

per hour of fuel flowing through the filter, as much as 0.I8 kg of ice 

crystals may be accumulated on the filter during an hour. In the ma¬ 

jority of cases, this ice is deposited to some extent on the walls of 

the tank. However, under conditions of rapid cooling, the ice may re¬ 

main suspended and be carried by the fuel into the feed system, where 

it lodges on the filter. 

The greater the quantity of water dissolved in the fuel, the 

greater the quantity that will be precipitated on cooling. 

The solubility of water in a fuel depends on the latter's chemical 

composition. 

Table 13 shows the solubility of water at 18° in a number of fuels. 

The solubility of water in a fuel depends on the latter's aro¬ 

matic-hydrocarbon content for a given fractional composition. 

Below we list the solubilities of water in various hydrocarbons 

at 22-25°: 

Temperature, °C 

Normal pentane...25 

Normal heptane...25 

Benzene.22 

Toluene.22 

Xylene.22 

Solubility, # 

0.011 

0.015 

0.066 

O.O52 

0.038 

A certain relationship obtains between the solubility of water in 
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TABLE 13 
Solubility of Water in Various Fuels 

• • 
• • 

1 Tommm naarnocTb 
up« 11* 
2 

npCXMM 
Ni'itniu*, *G 

3 

CMCPWAI,«« 
nilCCKUX 

yr4gypmp«t 
PtemopNNocrb 

■MpM npn II*, 

s » 

6Bchihii , . 
^KcpocNU . . 

>* * • ! -, 
> >» . •. . 

• 0,735 
0,825 

•0,808 . 
0,834 

44-171 
184—207 
158—270 
143-202 

22,2 
'4.4 
8,0 

. 21,9 

. 0,007 
0,003 • 
0,000 
0,006 

1) Fuel; 2) density at 15°) 3) boil¬ 
ing-temperature range, °C; 4) aro¬ 
matic-hydrocarbon content, 5) sol¬ 
ubility of water at 18°, fa 6) gaso¬ 
line; 7) kerosene. 

a fuel and clogging of the filter. The higher the solubility of water 

in the fuel, the higher will be the temperature at which the tendency 

to ice-crystal clogging of the fuel filter appears. 

There is also a certain relationship between the clouding tem¬ 

perature (the clouding temperature is usually several degrees higher 

than the solidification temperature) and the temperature at which the 

flow rate of the fuel is observed to have dropped by 20$. In Jet fuels, 

the clouding temperature lies between —40 and —60 , but is not usually 

above —50°* 

Low-temperature filter clogging is prevented by adding certain 

substances to the fuel that raise the solubility of water at low tem¬ 

peratures. 

Thus, ice clogging of the filters is completely eliminated by add¬ 

ing to the fuel from 0.5 to 1# of isopropyl alcohol, which is quite 

soluble in hydrocarbons and dissolves water adequately. Obviously, 

many other substances with similar physicochemical nature can be used 

for this purpose. 

Another factor that may influence the flow rate and atomization 

of the fuels is the variation of their density. 
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The densities of different specimens of turbojet fuels lie in the 

range from O.76-O.82-O.85 at normal temperatures. At low temperatures, 

density increases, and this characteristic influences the flow of the 

fuel through the nozzles, since the pumps are adjusted to deliver a 

certain volume of fuel. The same applies to the outflow of the fuel 

through the nozzles. 

Figure 40 shows the variation of the densities of jet fuels as 

functions of temperature. 

The variation of fuel density as a function of temperature may be 

computed approximately by the formula 

.T*“T?±T'(*“20). 

where -y is the density of the fuel at 20° and y' is the coefficient of 

expansion; for fuels with specific gravities in the range from O.80 to 

O.82, y = O.OOO75. 

Fig. 40. Variation of Jet-fuel 
densities as functions of tem¬ 
perature. 1) Density; 2) tem¬ 
perature, °C. 

At a temperature of -50°, the density of the fuel has increased 
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TABLE 14 

Mean Volumetrie-Expansion Coeffi¬ 
cients of Petroleum Products 

TIptAM NlMCNe- 

MN« MOTNOCTN 

1 

CpcAinifl t 
KOMMiHIíHCHT 
IWeiUHpcHM« 

L_ ‘ 

¡ npcMJI NlMClie- 

I MN« MOTMOCTM. 

II 

¢1)(,1111111 
KoxtomuieiiT 
WMMmjmum a 

• 
O

O
O

O
O

 

fil
ilí
 

.0,00105-4 

0,000095 

0,000937 

0,000882 ! 
0,000831 ' 

0,000782 ¡ 

I 
.’0,880-0,900 

•0,000-0,020 

0,020-0,040 

0,040-0,060 

0,060—0,080 

0,080-1,000 1 

0,000734 

0,000688 

' '0,000645 

0,000604 

0,000564 

0,000528 

1) Range of density variation; 2) 
mean expansion coefficient a. 

to O.87 from the original 0.82 at +20°. 

In supersonic flight, on the other hand, when the tanks may be 

heated to +100 to 200°, we must reckon with volumetric thermal expan¬ 

sion of the fuels. The volumetrie-expansIon coefficients of heavy 

fuels are smaller than those of light fuels: for JP-1, we have -10-10"^, 

while for JP-4, we have 94*10’^. 

Thus, a fuel with a specific gravity of 0.80 to 0.82 undergoes a 

9.4-percent change In volume on heating to 100°, while a fuel with a 

specific gravity of 0.96 to O.98 changes volume by 5.6$. 

The thermal expansion of a fuel is determined by the formula 

vt = v9 (1 +a*/), 

where v is the volume at the subject temperature, v0 is the volume at 

the Initial temperature, t is the temperature change, and a is the 

volumetric expansion coefficient. 

We tabulate the temperature coefficients of volumetric expansion 

of petroleum products as functions of their specific gravity (Table 14). 

4. Fuel Losses at High Altitude 

An Important problem encountered in using jet fuels Is that of 

countering fuel losses at high altitudes, both as a result of direct 
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evaporation at the low pressures and as a result of bumping of the 

fuel on liberation of the dissolved air [7, 12]. 

3 

I 

a •« J 
Pig. 4l. Weight losses of fuel 
at high altitudes as functions 
of Initial temperature of fuel 
at altitude of 18 km (rate of 
climb 300 m/sec). 1) Losses, $} 
2) initial temperature of fuel. 
°C. 

Pig.^42. Weight losses of fuel 
at various altitudes as func¬ 
tions of fuel temperature 
(rate of climb 300 m/sec). 1) 
Loss, % by weight; 2) initial 
temperature, °C; 3) altitude 
above sea level, km. 

The solubility of air in petroleum products diminishes as their 

surface tension Increases. Baselines dissolve approximately 20 to 
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TABLE 15 
Solubility of Air In Various Petro¬ 
leum Products 

f ■ ■■■ — 
1 HeÿrenpojyKT 

5 Abhiuhohhm Toiuuiao 
i . » . . 

r t • • 
. ^CuUOtHMIMUO' . . . 

0,780 

0,723 
0,690 

0,882 

0,860 

23,45 
18.70 

17.70 

29,30 

28 

17,2 ' 

22 
25 

7,25 

11,30 

1) Petroleum product; 2) density at 
21°; 3) surface tension at 21°, 
dynes/cm; 4) solubility, % by volume; 
5) aviation fuel; 6) lubricating oil. 

TABLE 16 

Comparison of Fuel Losses at Alt! 
tude of 18.3 km 

1 Toimnm 

\ 

fAaiMcuue 

•xr 
2 K,ieM' 

3 n*repx (tee. %) 
RPH MUJUMoa^reuncpaTypfl 

16.5* Í7.I* 

r 

4 KcpOCHH . 0,007 

0,136 
0,47 

0,0 

0,0 
8,6 

0,0 

1,0 
15,0 

5 Toiuihbo tuHpoxoro ÿpax- 
UMOHHoro cocrasa . . . 

6 To xce. 

1) Fuel; 2) vapor pressure at 37*8°> 

kgf/cm2; 3) losses (# by weight) at 
initial temperature of; kerosene; 
5) broad-fraction fuel; 6) same. 

by volume of air, kerosenes 13-15$, and lubricating oils The 

solubility of air in paraffinic hydrocarbons is higher than in aromatic 

hydrocarbons. 

The solubility of air varies only slightly as a function of tem¬ 

perature and to a considerably greater degree as a function of pres¬ 

sure. At low pressures, therefore, the air begins to separate. The gas 

separated from kerosene is richer in oxygen than air and contains about 

32.6$ of this element, while air contains about 21$ of oxygen. This 

raises the explosion hazard for the fuel in the tanks. 
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The losses of fuel with the evolved air at low pressures are not. 

In themselves, large. Thus, they amount to 0.028-0.031^ by weight at an 

altitude of 9150 meters for a 0.35-0.45-kgf/cm2 vapor pressure over 

JP-3 fuel. 

Although the fuel losses in the form of vapor with the evolved 

air are not in themselves large, they may be increased as a result of 

bumping of the fuel and ejection of the fuel through the air lines. 

The solubilities of air in various petroleum products are given 

in Table 15. 

The fuel losses at high altitudes depend on the initial tempera¬ 

ture of the fuel. Figure 4l shows the losses of a gasoline-type fuel 

with a density of 0.74, an initial-boiling temperature of 30°, and a 

final-boiling temperature of 204° at an altitude of I8.3 Ion as a func¬ 

tion of the fuel's initial temperature, for a 300-m/sec rate of climb. 

At a temperature of 27°, the fuel losses amount to 15#, but on 

cooling to —170> the fuel loses no more than 4$. 

Figure 42 presents the weight losses of fuels at various alti¬ 

tudes and at various fuel temperatures. 

Table 16 gives the losses of various fuels at an altitude of 18.3 

km as functions of the vapor pressure and Initial temperature. 

Thus, the fuel losses máy be quite considerable for high rates of 

climb. 

Fuel losses may be reduced by using hermetically sealed tanks and 

freezing the fuel on the ground. The use of the first method involves 

increasing the weight of the aircraft, while the second requires ex¬ 

pensive equipment for cooling the fuel prior to takeoff. 

The fuel losses are connected with the feed system, the speeds of 

the aircraft, and the characteristics of the fuels, and will depend on 

these factors. 
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5. Stability of Jet Fuels and Methods of Improving It with Antioxidant 

Tddltlves 

A fuel's retention of Its properties under the conditions of 

storage and operation Is known as stability. 

In connection with the extremely high consumption of Jet fuels, 

the need arises to provide certain reserves of fuel for military avia¬ 

tion. Fuels based on direct-distillation products may be stored for 

long periods, but fuels containing products of thermal cracking do not 

survive prolonged storage because of the presence in them of unsatu¬ 

rated compounds that readily form tars [resins]. In view of this, it 

is desirable to extend the permissible storage time for Jet fuels pro¬ 

duced by cracking and direct distillation, as is done abroad by the 

use of antioxidant additives. Thus, 24 g per 1 ton of an oxidation in¬ 

hibitor is added to JP-3 fuel, which may contain cracking products (ad¬ 

missible bromine number up to 30). 

As a result of increases in flight speed to 2400-3600 km/hr, the 

temperature of the aircraft may reach 120-330° as a result of air 

friction and air compression. The temperature developed in the air 

when it is decelerated at the surface of the aircraft is known as the 

d^^lerated-flow temperature (Table 17). 

TABLE 17 

Decelerated-Flow Temperature of Air at Alti¬ 
tude of 11 km as a Function of Flight Speed 

, CftopocTi* ncMion, 
^ KM/iac 

TcMncpnrypA s.uop* 
MOMciuioro noroKfl, 

2.(. *c 

CunpocTb nnjicrn, 
^ km/hoc 

TcMneparypA .iflTOp* 
MOmcimnro norowi, 

2 *c 

o. ■ 
" 800 • 

1200 V 
1800 

-57 
' -32 

' —13 
+41 

2400 
2080 
3000 •: ■ 
4800 

+ I1G ’ 

+103 •' 

+333 : 
+G36 

1) Flight speed, km/hr; 2) decelerated-flow 
temperature, °C. 
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The fuel In the tanks may be heated to these temperatures or to 

the boiling temperature. 

Furthermore, the fuel may be heated In the fuel system and heat 

exchangers; this may result In precipitation of deposits and plugging 

of the fuel filters. 

Consequently, fuels used in supersonic aviation are required to 

have high stability at a temperature of at least 150°; this figure 

will eventually rise to 250 to 3000. Stability of the fuel for 8 to 10 

hours must be guaranteed. 

The stability of the fuels depends on temperature, heating time, 

and the chemical composition of the fuel. Direct-distillation fuel is 

more or less stable up to 100°, but fuels with cracking products are 

not sufficiently stable. The stability of most fuels is apparently in¬ 

adequate at 150, 250 and 300°. 

During storage, processes associated with formation of tars, 

which are condensation products, may take place in the fuel under the 

influence of atmospheric oxygen as a result of oxidation, polymeriza¬ 

tion and condensation processes. At first, the tars remain in solution, 

changing the color of the fuel, but later they form precipitates that 

may clog the fuel filters. Tars dissolved in the fuel also result in 

increased carbon formation on combustion. 

The relationship between the chemical properties of the fuel and 

its stability have not been studied with adequate thoroughness. It is 

known, however, that fuels containing unsaturated cracking hydrocar¬ 

bons and those that contain large quantities of sulfur compounds do 

not have adequate stability. 

The quality (as regards tar content) and stability of a fuel are 

determined by various methods. 

At the refinery, the quality of the fuel produced and the changes 
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that take place In It during storage or during thermal processing 

(e.g., after heating at 200°) are determined on the basis of the "ac¬ 

tual" tar content [13] and formation of deposits. 

In determining the actual tar content, 25 ml of the petroleum 

product to be investigated is evaporated in a beaker over an oil bath 

in a stream of air at 180°. After evaporation of the fuel, the tars 

remain and are determined by weighing on an analytical balance. The 

tar content in direct-distillation Jet fuels of type T-l may not ex¬ 

ceed 10 mg per 100 ml of fuel. 

The tar content in jet fuels containing cracking products (JP-3 

fuel) may not exceed 20 mg per 100 ml of fuel. 

Determination of the induction period is another method of char¬ 

acterizing the stability of fuels. The method consists in determining 

the time of induction during which the fuel (gasoline) being tested 

can stand in an oxygen atmosphere under a pressure of 7 kgf/cm2 at a 

temperature of 100° and not absorb oxygen. Absorption of oxygen is 

determined from the pressure drop. It is conventional to assume that 

the initial moment of oxygen absorption coincides with the initial 

moment of tar formation. The duration of the induction period charac¬ 

terizes the tendency of the fuel to oxidize and form tars during pro¬ 

longed storage. Thus, for example, it is considered that a 240-minute 

induction period under an oxygen pressure of 2 atmospheres (after fill- 

i.ng a cold bomb) at 100° gives a guarantee of practically unchanged 

properties in cracking gasolines for 6 months. The induction period is 

determined in a special bomb which is placed in a boiling-water bath 

[14]. 

The stabilities of jet fuels depend on the temperature and pres¬ 

sure prevailing for the fuel under operational conditions or during 

testing. This dependence can be represented approximately in the fol- 
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lowing form [15]: 

T|. 
Tl 1(1 '8 

where is the stability (in hours) at the temperature T1 (°K) and 

the pressure P1; t2 is the stability at the temperature Tg and the 

pressure Pg. 

The following values are proposed for the coefficients K: 

K1 ¾ 
4500 O.52 

5500 0.18 

Jet fuel. 

Gasolines 

The material with which the fuel is in contact during production 

and storage is of great importance. Thus, copper has a considerable 

influence on the stability of fuels because soluble copper compounds 

which act as fuel-oxidation catalysts, even when present in "negli¬ 

gible" concentrations, form in the fuel. 

The influence of specific hydrocarbons and mixtures of hydrocar¬ 

bons on fuel stability is not sufficiently fully understood, although, 

as we have noted, the basic cause of low stability is the presence of 

unsaturated compounds in the fuel. Thus, a fuel with a high unsaturated- 

hydrocarbon content is most readily oxidized under the influence of 
• 

molecular oxygen and forms tars. 

As we noted earlier, 15-25 percent by volume of air dissolves in 

fuels. Oxidation of unsaturated hydrocarbons takes place preferentially 

at the 0—H bond in the ß-position with respect to the double bond, 

with formation of the hydroperoxide: 

CH, = CH - CHj - CHj—R-f 0,- CHa = CH - CH - CHä—R. 
I 

OOH 

Oxidation of the unsaturated hydrocarbons is accompanied by accu¬ 

mulation of condensation and oxidative-condensation products, with tar 

formation. The greater the degree to which the hydrocarbon mixture is 
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unsaturated, the higher will be its tendency to tar- and sediment 

formation. Cyclic olefins are more strongly inclined to oxidation re¬ 

actions than open-chain olefins. Diolefins and aromatic olefins are 

most easily modified, undergoing oxidation and other chemical trans¬ 

formations. 

The influence of various olefins on tar formation is listed in 

Table 18 for contents of 10# in the fuel. 

Compounds of the styrol type, dienes, and cyclic olefins are par¬ 

ticularly unstable during storage. 

Oxidation of paraffinic hydrocarbons proceeds extremely slowly at 

normal storage temperatures (+20°); their oxidizability increases with 

increasing molecular weight. Alcohols, acids, and carbonyl compounds 

predominate in the oxidation products of paraffins. Formation of the 

products of oxidative tar condensation takes place only to minimal 

quantities. The presence of tertiary carbon atoms increases the ten¬ 

dency of paraffins to oxidize and form hydroperoxides. 

TABLE 18 

Influence of Various Unsaturated Hy¬ 
drocarbons on Tar Formation in Fuel 
during Storage for One Year [16] 

1 VrjicaoAopo/i 2 OopMyjia 
Kmii'icctio 

CMOJl. 
) «.’/100 MÂ 

4 Cmpo/i 

5 <t>ciiiMGyTaAHcii 

6 ÄiwaoöyTM.ncH 

7 AimciiTcii 

C#H, — CII =CH, 

QH|CII — CH — CH = CHj 

CM, 

CH, -C- CH, -C= CH, 

¿1, CH, 

CH’-O-C^CH, 

‘ ¿H, 

108 

2378 

27 

81 

l) Hydrocarbon; 2) formula; 3) quan¬ 
tity of tars, mg/100 ml; 4) styrene; 
5) phenylbutadiene; 6) diisobutylene; 
7) dipentene. 
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Por example, 2,3-dimethylbutane readily forms the hydroxide 

CH* CH* CHjCHj 

CH, — CH — CH — CH, + 0,-^ CH, - C- CH - CH, 
I 

OOH 

In fuel. Normal hexane undergoes conversion to the hydroperoxide with 

considerably greater difficulty. 

Hydrocarbons with quaternary carbon atoms in the molecule possecc 

high oxidation stability; this will be evident from the following ex¬ 

ample [16]: 

Hydrocarbon 

Hexadecane. 

2,7-Dime thyloe tane. 

2i2,4,4,6,8,8-Heptame thyInonane 

Formula 

Cl6H34 

C10H22 

C16H34 

Absorption of 
oxygen at 120° 
during 6 hours 
of oxidation, 
ml/gram-molecule 

680 

1525 
310 

Naphthenic hydrocarbons have oxidizabilities that closely paral¬ 

lel those of the paraffinic hydrocarbons. 

Naphthenic hydrocarbons with side chains oxidize more easily. 

Small quantities of condensation products (tars) are found in the ox¬ 

idation products. 

Aromatic hydrocarbons having no side chains are highly resistant 

to oxidation. Aromatic hydrocarbons with side chains are considerably 

less stable, particularly in the presence of ternary atoms, which at¬ 

tach oxygen easily with formation of hydroperoxides. The ability of 

aromatic hydrocarbons to oxidize increases with increasing number and 

length of side chains. Naphtheno-aromatic hydrocarbons such as'tetra- 

line react vigorously with oxygen to form hydroperoxides, which subse¬ 

quently undergo conversion to products of oxidative polymerization 

(tars). Various condensation products (tars) form preferentially in 

oxidation of aromatic hydrocarbons not having side chains or having 
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I 

Pig. 43. Influence of various 
sulfur compounds on stability 
of fuels. On addition of vari¬ 
ous sulfur compounds (0.1^ s): 
1) S (elementary sulfur): 2) 

Cl6H33SH; 3) C10H21SHi 
C6H5SH; 5) C^H11SH; 6) fuel 
without additives but with 
0.01# S. A) Tars, mg/100 ml; 
2) storage time, days. 

short side chains. 

Sulfur compounds, and the mercaptans in particular, increase the 

oxidation rates of hydrocarbons in some cases, although it is known 

that a number of sulfides and disulfides improve the stability of lub¬ 

ricating oils. The mercaptans result in considerably increased tar 

formation in the fuels. 

Below we present a characterization of the molecular-oxygen sta¬ 

bility of a number of hydrocarbons at 30° in the presence of O.05# of 

methyl mercaptan: 

Hydrocarbon 

Methyl cyclohexane.. 

Cumene. 

Cyclohexane. 

Diisobutylene. 

Octene-1. 

Methylcyclohexane 99#.. 

Vinylcyclohexane 1#.... 

Induction 
period, hours 

80 

45 
20 

14 
18 

24 
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Figure 43 illustrates the influence of various sulfur compounds 

(mercaptans and sulfur) on the stability of JP-3 jet fuel, which con¬ 

tains cracking products. 

Below we list the stabilities^ of broad-fraction fuels with boil¬ 

ing ranges from 60 to 260° and based on direct-distillation products 

with various sulfur contents: 

Iodine 
number 

1 
30 
32 
30 
16 
12.5 

Sulfur 
content, 

* 
0.21 
0.2 
0.23 
0.4 
O.87 
0.8 

Tar 
formation, 
mg/100 ml 

8 
21.5 
28 
46 
68 
118 

Both unsaturated and sulfur compounds promote the accumulation of 

tars in the fuel. 

The oxidation of fuels during storage results in the formation of 

unstable and reactive oxidation products (radicals, peroxides), which 

contribute to the development of more profound oxidation reactions. 

Consequently, such intermediate products are substances that contribute 

to autooxidation. 

The presence in the fuel of a small quantity of reactive sub¬ 

stances (phenols, aminophenols, etc.) that may react with the reactive 

intermediate oxidation products interrupts the oxidation process and 

the autocatalytic reaction does not proceed. In the presence of such 

antioxidant additives (oxidation inhibitors), the stability of jet 

fuels is improved. 

The antioxidant properties of phenols in the fuels increases in 

the following order. 
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OH OH ÓH OH OH OH 

0<0-oh^Ó-oh<Ó_O<Ó<¿:oHh 
OH • 

#«0P¿4»UN|| UMfKnilTCXMN HNPO^MM 

“ w #0 240 225 240 

1) Phenol; 2) resorcinol; 3) floro- 
glucine; 4) pyrocatechol; 5) hy- 
droxyquinone; 6) pyrogallol. 

The antioxidant property is less distinctly expressed in the m- 

phenols than in the o- and p-diphenols. 

Aromatic amino- and hydroxy compounds, such as 

1 a-HI$TI«IMHII 2 ('■«»iJnOfl 3nHP0K'TCINN 

1) a-Naphthylamine ; 2) ß-naph- 
thol; 3) pyrocatechol. 

also possess antioxidant properties; however, they are less distinct 

than those of the phenols. Nitro- and chlorophenols are more active 

than the phenols themselves. 

Among the amines tested (aniline, o-, m- and p-toluidines, xyli- 

dine, o-, m- and p-nitroanilines, o-, m-. and p-chloroanillnes, naph- 

thylamine), naphthylamine has the highest oxidation-inhibiting ability. 

The presence of hydroxy and amino groups simultaneously in the 

molecule increases the effectiveness of the antioxidant. Thus, n-hy- 

droxydiphenylamine has much higher oxidation-inhibiting properties 

than hydroquinone [18]: 

OH 
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Particularly active as oxidation-inhibiting additives to fuel are 

alkylphenols containing alkyl radicals - usually tertiary butyl radi¬ 

cals - in the 2-, 4- and 6-positions with respect to the OH group. 

Like phenol, cresol and naphthol, nonalkylated phenols are weak anti¬ 

oxidants. 

The oxidation-inhibiting properties of a number of alkylphenols 

are listed in Table 19. 

Active oxidation-inhibiting additives are produced on the basis 

of phenols (phenol, p-cresol and xylenol) that have been alkylated with 

Isobutylene. 

Table 20 compares the activities of various antioxidant additives 

to jet fuels containing cracking products, in terms of their induction 

periods and tar formation. 

Butylated aminophenols and dibutylphenylenediamine are more ac¬ 

tive as oxidation-inhibiting additives for jet fuels based on cracking 

products than are butylated cresols. 

Aminophenols that have been alkylated in the amino group are used 

as oxidation inhibitors for jet fuels; an example is furfurolidene-p- 

aminophenol: 

NH—CH,—U 
I 0 

The effectiveness of the antioxidants in JP-3 fuel during a 16- 

hour accelerated tar test is indicated below [18, 19, 20]: 

Antioxidant Relative 
effectiveness 

diamine. 

2,6-di-tert-butyl-p-cresol 
6-tert-butyl-p-cresol. 

p-Butylaminophenol. 

N,N'-di-sec-butyl-p-phenylene- 
1.0 

0.55 
0.14 
0.11 
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TABLE 19 

Oxidation-Inhibiting Properties of a Number 
of Phenols [16] 

Input*«» 2 <>opMy*« 
HNAyXItNOIIIIMl 

nepMOA* 
1 

4 . Macao 6cs npucAXKH 

5 f>CHOA 

6 it'KpeaoA 

OM 
I 

OH 
I 
V 

7 !,4-ZlHMeTHA-6-BTOp. 
öyT «ANCHOA 

I 
: I ¡ 

' '8 4-Mcft(A-2,6-AH*TpeT. 
CyiHAltWHOA 

■ I ‘ • • 

_ 1 
9 f-OrHA-2,6<iH-TpeT. 

; 6yTHAlj)CHOA 

10 ^-ByTHA^.ô-AH-rpeT. 
. öynuiijKHOA 

I 

CH.-C-, 
I 

y-CH, 
OH 

'(Vctl* 
ch,Y . 

CH, CH, 

CH, CH, 

H,C —C 

CH, 

j|— C — CH, 

CH, 

CH, 

CH, ^ CH, 

CH, — ¿ —C — CH, 

CH|| CH, 

C,H, 

CH, 

2,06 

5,5 

6,0 

8,0 

*In relative units, with reference to lubri¬ 
cating oil without additives. 

1) Additive; 2) formula; 3) induction period*; 
4) oil without additive; 5) phenol; 6) m- 
cresol; 7) 2,4-dlmethyl-6-sec-butylphenol; 
8) 4-methyl-2,6-di-tert-butylphenol; 9) 4- 
ethyl-2,6-dl-tert-butylphenol; 10) 5-butyl- 
2,6-dl-tert-butylphenol. 

The formation of tars in the presence of various antioxidants in 

jet fuel containing products of thermal and catalytic cracking is il¬ 

lustrated by the following data [9, 13] (Table 21). 
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TABLE 20 

Oxidation-InhibitIng Ability of Alkylated Amino- 
phenols, Diamines, and Alkylphenols in Jet Fuel 
[17] 
(O.OO3# content of additive in fuel) 

1 npHCMNi 
IliiAy Kiuioii 
iimA uepiiOA. 

MUM. 

OniocMTrjiMi«ii 
ji rNBiiocrii 

no MiiAyMiiK* 
oiiiiOMy nepHO« 

5-Ü_ 

no o^pA* 
AonaiiMM» 
6 cMOa 

7 /i-ByTiMiâMtmotticiiOJi 

Ô N.N'-Äii-nrop. 6yrHJi*/i><}ie 
HIMCHAHIMIIH 

9 ByriMtiponaHHuA 4-mct- 
oKCHÿciion 

10 2,6-flH-TpeT.ôyTHfl-n-Kpe- 
son 

11 2-rpeT. ByriM-n-KpeitMi 

12 Ton/iimo 603 npticaAKtt 

OH 

'S 

CH, — CH — CH, — CH, 
’ 1 
NH 9 

CH, — CH — CH, — CH, 

CH, 711 CH, 
I I 

CH, — C —fi^N— C — CH, 

in,Y ¿h. 
CH, 
OH CH, 

Y-C-CH, 

/ CH, 
I 
CH, 

OSO 

670 

460 

200 

275 

200 

1 

0.53 

0,35 

0,12 

0,1 

1 

0,51 

0,20 

0,13 

0,11 

l) Additive; 2) formula; 3) induction period, min¬ 
utes; 4) relative effectiveness; 5) on basis of 
induction period; 6) on basis of tar formation; 
7) p-bucylaminophenol; 8) N,N'-di-sec-butyl-p- 
phenylenediamine; 9) butylated 4-methoxyphenol; 
10) 2,6-dl-tert-butyl-p-cresol; 11) 2-tert-butyl- 
p-cresol; 12) fuel without additive. 

Table 22 lists the relative efficiencies of the homologous series 

of alkylphenols as antioxidants for motor fuel, on the basis of their 

induction periods. Here, the oxidative [sic] effectiveness of 2,4- 

dimethyl-6-tert-butylphenol is taken as unity, with the corresponding 

induction period of 300 minutes [20], 

Among the alkylphenols, the best antioxidants are the first three 
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TABLE 21 

Influence of Antioxidants on Tar 
Formation 

i 1 Antnokncmkm Koimeiirpaiiiia , b Ofipajnaaime 
FCMOA, «¿/100 «4 

4 (6c3 npiicoAKit).'. 

- 5 n'ByTMAaMHIIO<|)CIKMI ... .. 

6 N.N'-Æll-BTOp. 6yTIM*n-(|)CHIIACHAIUMHII 

7 2,6-ÜH-Tptr. 6yTii/i•/!• xpcjo/i. . '. . . 

8 ByiM/inpouHHuA O-mctokciuIwhoa . . 

9 6-Tper. ByTHji‘/i*Kpc)oji. 

O.UUfl 
o,uo:k> 
0,033 

0,0010 

0,0085 
0,033 

0,033 
0,0075 
0,0125 

0,0015' 
0,0025 
0,033 

0,0150 

333 

30,0 
14.7 
12.5 

111.4 
17.6 
14.4 

247,0 
43,0 
17.8 

100,4 
23,2 
17,8 

5,7 

1) Antioxidant; 2) concentration, 
3) tar formation, mg/100 ml; 4) no 
additive; 5) p-butylaminophenol; 6) 
N. N ' -di-sec-butyl-p-phenylenediamine; 
7) 2,6-di-tert-butyl-p-cresol; 8) 
butylated 4-methoxyphenol; 9) 6-tert- 
butyl-p-cresol. 

substances of those presented below:* 

. CH, OH CI I. OH CH 

CH.-C-zk-CM, CH»—¿ CII, 

¿H.U > ¿H.U ¿H, > 

CH, 

1.0 
CH, 

0,59 

CH, OH OH 

.: > ! 

(JH, -• CH - CH, -,/^-CH, CH, 

CM, 

0,55 

i 
CH, 

0,28 

The figures under the formulas denote the relative effectiveness 

of the above substances as oxidation inhibitors. 

The oxidation-inhibiting abilities of a series of phenols and 

phenol derivatives with respect to solid paraffinic hydrocarbons at 
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TABLE 22 

Relative Effectiveness of Alkylphenols as Anti¬ 
oxidants 

Ajikh 
BOriineuTP/ib- 

IlilN 
VtKjiCKrillillOCTL 

Ajikna^cno« 
OrHOPHTCJlb* 

Mail 
>4>4>ri*TunHOcrk 

1 <t>cno.i. 

2 2-Mctiia(|)ciioji. 
3 4-Mctiw(|iciioa. 

, 4 2,4-/lllMCTII.ll|lCIIOA .... 

5 2,6-/11^0111.1(11010^ ... 
6 2-11. DyTiiA(|ioioA . . . 
7 2-H3o6yTii.i(jioioA .... 
O 2-nrop. nyiiciijiciioA . , 
9 2 xpor. r»yTii.i(|H’iio.i . . 

10 4-11. DyTii.n|icmo . . . 

114-HioCyTii.n|ioioA . . , 
12 4-iiTop. nynt.KficiioA . . 
13 4-TpcT. ßyTII.1(|iOIOA ... . 

142-A\ctiw.6-ii. 6yTiiJi(|iciioA . 

15 2-McTllfl-6-ll306yTHA(jlOI0A . 

16 2-McTIM-6-BT0p. 0yTll.l(|KMIOA 

1/ 2-Motiia-4-ii. OyTii.nijioioA . 

lu 2-McTiiA-4-ii.ioöyTii.ii|ioioA . 
19 2-Mcmi-4 ■mop. 6yTHA(jlOIOA 

20 2-MoTHA-4-Tper. CyniAijioioA 
21 2-H. ByTM.l-4-MCTHA(J)OIOA . . 

22 2-H306yTHfl-4-MCTHA(|)CII0A 

2: 

2 
21 
27 

28 

29 

30 

0,01 
0,08 
0,00 
0,28 
0,21 
0,0(1 

0,0(1 
0,08 

' 0,14 
0,04 
0,0.1 
0,03 31 

0,04 
0.14 32 
0,15 
oin 33 
0,17 ^ 

0.12 
0,08 
0,13 36 
0,10 
0,19 37 

" 2-H.io6yTiiA-'l-MCTi(Ai|)ciio.i , . 
¡2-DTOp. 5yT(l,l*4-MOTI!A(j(OllOA . 

|j 2-TpCT. ByTIIA -4 -MCTHJUjlCHOA . 
j1 2,4-/1iimctha-6-ii. Cyrn.iijioiKWi 

! 2,4-/lllMCTHA-6-ll306yTHAlJlC- 
; uai. 
12.4- /liiMCTiiA-6-BTop. CyTHA- 
(|)Cli0.1. 

2.4- /ll(MCTIIA-6-TpCT. 6yTIIA- 
l|lOIIOA. 

2.6- A*iMCTiiJi-4-Tpcr. CyniAijie 
110.1. 

2-Tpcr. liyTii^-l-ii.6yriifl())c- 
IIO.l. 

2-rpcT. ßyniA -4 • M3oöyTiiA(|ic ■ 
MOA .... . 

2-TpCT. ByTM.l-4-DTOp .ÖyTMA- 
({>CMOA. 

2.4- /1(1 -TpCT.ßyTM A(|h;mOA . 
2,4 -/In -rpci .öyiMA -6-mctma- 
(¡(CIIOA. 

2.6- /lH-TpCT.6yTMA-4-MCTMA(|)e 
1IOA. 

2.4.6- IpH-TpeT. CyTMAlJWMM 

0,10 
0,26 
0,42 
0,46 

0,55 

0,49 

1,00 

0,12 

0,40 

0,27 

0,27 
0,30 

0,28 

0,59 
0,28 

A) Alkylphenol; B) relative effectiveness; l) phenol; 2) 2-methyl- 

phenol; 3) 4-methylphenol; 4) 2,4-dimethyIphenol; 5) 2,6-dimethyl- 

phenol; 6) 2-normal butylphenol; 7) 2-isobutylphenol; 8) 2-sec-butyl- 

phenol; 9) 2-tert-butylphenol; 10) 4-normal butylphenol; 11) 4-iso- 

butylphenol; 12) 4-sec-butylphenol; 13) 4-tert-butylphenol; 14) 2- 

methyl-6-normal butylphenol; 15) 2-methyl-6-isobutylphenol; 16) 2- 

methyl-6-seç-butylphenol; 17) 2-methyl-4-normal butylphenol; l8) 2- 

methyl-4-isobutylphenol; 19) 2-methyl-4-sec-butylphenol; 20) 2-methyl- 

4-tert-butylphenol; 21) 2-normal butyl-4-methylphenol; 22) 2-isobutyl- 

4-methylphenol; 23) 2-isobutyl-4-methylphenol; 24) 2-sec-butyl-4- 

methylphenol; 25) 2-tert-butyl-4-methylphenol; 26) 2,4-dimethyl-6- 

normal butylphenol; 27) 2,4-dimethyl-6-isobutylphenol; 28) 2,4-dimethyl- 

6-sec-butylphenol; 29) 2,4-dimethyl-6-tert-butylphenol; 30) 2,6- 

dimethyl-4-tert-butylphenol; 31) 2-tert-butyl-4-normal butylphenol; 

32) 2-tert-butyl-4-isobutylphenol; 33) 2-tert-butyl-4-sec-butylphenol; 

34) 2,4-di-tert-butylphenol; 35) 2,4-di-tert-butyl-6-methylphenol; 36) 

2,6-di-_tert-butyl-4-methylphenol; 37) 2,4,6-tri-tert-butylphenol. 
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163° are listed in Table 23 [14]. The antioxidant ability of the addi¬ 

tives was evaluated on the basis of the stabilization coefficient and 

the induction period, which was the time in which the peroxide number 

reached 50. 

The stabilization coefficient is the ratio 

a ' 

where t1 is the induction period of the stabilized product; t2 is the 

induction period of the unstabilized product; A is the antioxidant 

concentration ($). 

The dihydroxynaphthalenes, their ethers, and their homologs are 

effective antioxidants for thermal-cracking gasoline-ligroin fractions. 

The oxidation-inhibiting properties of these compounds are listed in 

Table 24 as a function of their structure. 

The effectiveness of the stabilizing action of antioxidant addi¬ 

tives to jet fuel containing cracking products is indicated in Figs. 

44 to 46. 

TABLE 23 

Effectiveness of Antioxidants with Respect to 
Solid Paraffins at 163° [21] 
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TABLE 23 (Continuation) 

1 Mn. n. 2 ♦opMyji» 

7 

8 

0 

10 

11 

12 

13 

Dr 
I 

H0-O-3r 

I 
Dr 
C (CHj)j 

»0-O-O-0H 
, OH : OH 

Ò-CH-Ò 
HO -<Q>- OH 

; OH OH 

■J • I 
Cl 1 Cl 
Dr OH HO Br • 

ö-^—ö 
Br Br 

' i Kowncw • 
TMUim. 

MC.% 

ImuATIUM* 
oniiul ne* 
pnoA, ne. 

Ko>>Mih* 5 
miCHT CTI* 
flnnNune« 

0,01 

0,01 

0,01 1 

0,01 

0,01 

0,01 

0,01 

0,01 

400 

2,5 150 

4.5 

5 

350 

400 

700 
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TABLE 23 (Continuation) 
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TABLE 23 (Conclusion) 

Figure 44 shows the influence of the content of the various anti¬ 

oxidant additives on tar formation in a 16-hour accelerated test. 

Figure 45 presents data on the kinetics of tar formation in fuel 

in the presence of 0.0033$ of the various antioxidants. 
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Fig. 44. Influence of antiox¬ 
idant additives on tar forma¬ 
tion In Jet fuel containing 
cracking products, during 16- 
hour accelerated test. 1) p- 
butylaminophenol; 2) N,N'-di- 
sec -butyl-p-phenylenediamine ; rbutylated 4-methoxyphenol; 

2,6-dl-tert-butyl-p-cresolj 
6-tert-butyl-p-cresol. A) 

Tars, mg/100 ml; B) antioxidant 
content, % by weight. 

Fig. 45. Influence of various antioxidants taken in quan¬ 
tities of O.OO33#, on tar-formation kinetics. 1) p-amino- 
phenol; 2) N,N'-di-sec-butyl-p-phenylenediamine; 3) butylated 
4-methoxyphenol; 4)"'£,6-dl-tert-butyl-p-cresol; 5) 6-tert- 
butyl-p-cresol; 6) control experiment. A) Tars, mg/100 ml; 
B) time, hours. 
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TABLE 24 

Antioxidant Effectiveness of Dihydroxynaphthalenes 
and Their Ethers and Homologs on Addition to 
Thermal-Cracking Gasoline [22] 
(Antioxidant concentration 0.025$) 

1 HtNMCNOMNNC IlHjyKttUOM- 
mmI nep««jL 
2 M»ll. 1 Hinimiimchii« 

HlUjrKttNOH* NMi nrpKdx, 
2 MMN« 

3 1.2'ZlllOKCmiA|»TMHH. 
4 I i3*illlOKCIIHP(jlTl/IHH . . . 

5 2-McTIUI'l,4-AMOKCHHaÿrMIIH 

6 l,5-/liinKeiiHa<|>TMMH . . . . 
5l,6-ZlHOKCmiai|)TMHH . . . . 

l,7‘JlllOKCHHa¿TMHH • • . . 
Q 1,8-ZIiioKcmiaÿTUHH . . . . 

10 2,3-JlitOKcmi*}>TinHH . . . . 

11 2,6*iIltOKCHHaitlTMHN . . . . 

12 2,7*iliiOKCHHaijrraaHH . . . . 

13 l’OKCi{-2-MeTHa-4-MeTOKCii> 
HaitrrajiiiH. 

I -Okc h ~5*m€Tokch HatjyraA h h 
1- OKCii-S-aTOKcmiaiJdanmi . 
I -Okch-7-mctokcm iiaittra^ hh . 

2- OKrH-6-MCTo«ciiHa<|muiiiH 
2-Okcii- 1 •MCTOKCiniaitrraJiHH 
l’OKCii-fi-MCTOKCHiiaÿraAiiH , 

l-OKCII-8-MCTOKCHHa(i>TaailH 

21j 2-OKCH-3-MCTOKCiiiia<(rra.iHH 
1 -Me TO KCII -4 -O KC HAII PHapo* 

HaÿTaaHH.. 

l-MeiJKCH-5-OKCii-S,6,7,8- 
TerparHapoiiattrranHK . . 

815 
700 
905 
305 
00 

155 
20 
25 

780 

850 

1) Name; 2) induction period, minutes; 3) 1,2- 

dihydroxynaphthalene; 4) 1,3-dihydroxynaphthalene; 

5) 2-methyl-l,4-dihydroxynaphthalene; 6) 1,5- 

dihydroxynaphthalene; 7) 1,6-dihydroxynaphthalene; 

8) 1,7-dihydroxynaphthalene; 9) 1,8-dihydroxynaph- 

thalene; 10) 2,3-dihydroxynaphthalene; 11) 2,6- 

dihydroxynaphthalene; 12) 2,7-dihydroxynaphthalene; 

13) l-hydroxy-2-methyl-4-methoxynaphthalene; 14) 

l-hydroxy-5-methoxynaphthalene; I5) 1-hydroxy-5- 

ethoxynaphthalene; l6) l-hydroxy-7-methoxynaphtha- 

lene; I7) 2-hydroxy-6-methoxynaphthalene; l8) 2- 

hydroxy-l-methoxynaphthalene; 19) l-hydroxy-6- 

methoxynaphthalene; 20) l-hydroxy-8-methoxynaph- 

thalene; 21) 2-hydroxy-3-methoxynaphthalene; 22) 

l-methoxy-4-hydroxydihydronaphthalene; 23) 1- 

methoxy-5-hydroxy-5,6,7,8-tetrahydronaphthalene. 

Figure 46 shows the influence of the nature and quantity of the 

additives on the induction period. 

Among the additives tested, p-butylaminophenol is the most ef¬ 

fective. 

Copper deactivators are added to the antioxidants to improve 

- 125 - 



Fig. 46. Influence of nature 
and quantity of additives on 
induction period of jet fuel 
with cracking products, l) p- 
butylaminophenol; 2) N,N'-di¬ 
sec -p-butyl-p-phenylenediamine : 
3) butylated 4-methoxyphenol; 
4) 2.6-dl-tert-butyl-p-cresol; 
3) 6-tert-butyl-p-cresol. A) 
Induction period, minutes; B) 
antioxidant content, % by 
weight. 

their effectiveness. Thus, the deactivator disalicylidene-1,2-propane- 

diamine (0.0013$) is added to p-butylaminophenol (0.0033$). 

Other additives included in the fuel to Improve its storage sta¬ 

bility and to prevent formation of deposits on heating are listed in 

Table 25 together with anticorrosion additives [23, 24]. 

6 Stability of Jet Fuels at High Temperatures (Thermal Stability) 

lb, 23, 25-271 

In contemporary reaction-thrust engines — turbojet, ramjet, and 

liquid rocket engines — the fuel is used to cool the engine, and in 

turbojet engines it is also used to cool the oil of the engine system. 

The fuel in the tanks of an aircraft may be heated at high flight 

speeds. Thus, at an altitude of 11 km, the temperature attained on de¬ 

celeration of the air at the surface of the aircraft may reach the fol- 
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lowing values at various flight speeds: 

1200 km/hr. 30°c 
2400 km/hr. 130°C 

36OO km/hr. 330°C 

B' 
C 
E ,D' 

Pig. 47. Variation of fuel temperature In fuel sys¬ 
tem of jet engine as a function of flight speed. 

fuel-oil radiator; Transport pump; 2) filter; 3. ic^xc^, 
# pump; 5) throttling valve; 6) distributor; 7) 

nozzle; 8) starting igniter; 9) barostat; 10) prim¬ 
ing pump; 11) fuel tank. A) Plight speed, km/hr; 
B) fuel temperature, °C; c) aluminum AL-4; D) cock; 
E) brass L-Ó2; P) AL-4; G) oil; H) copper; I St. 

ShKh-15; J) aluminum AL-4; K) St. 12KhN3A; L) bronze 
VB-24; M) lead-indium coating; N) cadmium coating; 
0) cadmium coating; P) bronze; q) St. 25; R) brass 
L-62; S) bronze; T) St. 12KhN3A; U) brass L-62; V) 
brass LS-59-1; W) aluminum AL-4; X) St. iSKhNóA; 
Y) St. ShKh-15; Z) St. 30KhGSA; A1) St. 38KhA; B') 
St. ShKh-15; O') St. 15; D') St. Khl5N... [illeg¬ 
ible]; E1) St. KhVG. 

In passing through the engine's fuel system, the fuel is heated 

by about another 100 . The variation of fuel temperature in the fuel 

system of a jet engine as a function of flight speed is shown in Fig. 

47. 
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Key to Table 25 

1) Name; 2) formula; 3) concentration, #; 4) use; 5) antioxidant addi¬ 

tives; 6) butyloctadecylamine; 7) dibutyloctadecylamine; 8) mixture of 

alky lamines; 9) N-lauryl butylenediamine stearate; 10) p-phenylenedi- 

amine; 11) N,N'-dimethyl-p-phenylenediamine; 12) N,N'-diisopropylene- 

p-phenylenediamine; 13) cyclohexylphenyl-p-phenylenediamine; 14) N,N'- 

dl-sec-butyl-p-phenylenedlamlne; 15) hexamethyltriamino-2,4,6-methyl- 

enephenol; 16) S-benzylthiourea; 17) l,3-dihexyl-5-nitro-5-propylhexa- 

hydropyrimidine; 18) for gasolines; 19) same; 20) for cracking gaso¬ 

lines; 21) for gasolines with cracking component; 22) for kerosenes; 

23) metals deactivators; 24) disalicylidene ethylenediimine; 25) sali- 

cylidene aminophenol; 26) additives to reduce scaling; 27) aliphatic 

amines with one or more alkyl groups primary aliphatic 

amines; 29) tertiary aliphatic amines Cg-C20; 30) formaldehyde imines; 

31) aminoalcohols with 6-20 carbon atoms; 32) for distillates boiling 

in range from 200 to 400°; 33) for fuels containing cracking compo¬ 

nents; 34) for distillate fuels; 35) for fuels boiling above 150°; 36) 

dimethylalkylbenzylsulfoethyl ammonia; 37) monoether of polyethylene 

glycol and fatty acid C^2 to C22; 38) 2-amino-4-normal propyl-6-dode- 

cylphenylamino-l,4-dihydrotriazine; 39) anticorrosion additives; 4o) 

eyelohexylamine salt of alkyIsuifaminoacetic acid; 4l) alkylphenol 

mixed with carboxylic acid; 42) dialkoxydiaminosilane; 43) diethyl 

thiourea; 44) dibutyl dithioacetate; 45) products of reaction between 

aliphatic amines and acids; 46) antiscaling and anticorrosion; 47) to 

prevent plugging of fuel-feed system in aviation gas turbines; 48) for 

gasolines; 49) inhibits corrosion of iron; 50) inhibits corrosion of 

copper components; 51) inhibits corrosion of nonferrous metals. 
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By thermal stability of a fuel, we mean minimum tendencies on the 

part of the fuel toward: 

1) formation of insoluble-particle deposits that may plug the 

fuel filters in air-breathing engines, with a resulting drop in fuel 

flow rate; 

2) depositing a dense film of tars on the cooled surfaces of the 

engine. This reduces the cooling effect and may, in liquid-fuel rocket 

engines, where the combustion temperature is very high, result in the 

wall of the engine burning through. 

The formation of resinous substances and deposits takes place as 

a result of the effects of elevated temperatures and atmospheric oxy¬ 

gen on the fuel. 

One of the factors resulting in formation of precipitates is com¬ 

posed of the oxidation processes of the most reactive sulfurous and 

nitrogenous substances and the condensation processes of tars that are 

soluble in the fuel. Bicyclic aromatic compounds - naphthalene and its 

derivatives - may be sources of deposit formation. 

Several techniques have been developed for investigation of the 

thermal stability of fuels [6]. 

The first method is based on heating the fuel at temperatures up 

to 150° (temperature deviation +0.5°) in a glass container with air 

given free access. Plates made from the metals with which the fuel 

comes into contact in the engine and having the dimensions 40 x 10 x 2 

mm are suspended in the container. The fuel container communicates 

with the atmosphere through a reflux container. The fuel is agitated 

during the six-hour test period. 

After the test, the fuel is cooled and filtered through a No. 4 

glass filter. The insoluble deposits remain on the filter, are washed 

off with isopentane, dried to constant weight, weighed, and the result 
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Fig. 48. Formation of soluble 
tars and deposits ln T-l fuel 
at various temperatures, l) 
Formation of actual resins, 
mg/100 ml of fuel; 2) forma¬ 
tion of deposits, ml/100 ml of 
fuel; 3) acidity, mg of KOH 
per 100 ml of fuel. A) mg/100 
ml of fuel; B) temperature of 
fuel, °C. 

converted to the weight of the Insoluble residue In milligrams per 100 

ml of fuel. 

A second technique has been developed for testing thermal stabil¬ 

ity to a temperature of I50 or 300° under pressure In a bomb or glass 

container. 

A method for testing fuels at elevated temperatures with continu¬ 

ous passage of air has been proposed. 

The investigations carried out Indicated that almost all fuels 

have their scale-formation and tar-accumulâtion maxima at a tempera¬ 

ture of about 13O-I5O0, after which the deposition of solid particles 

diminishes. This will be evident from Fig. 48. 

Another apparatus for evaluating the thermal stability of fuels 

reproduces the fuel system of a supersonic aircraft (Fig. 49). 

The fuel to be tested is poured into the tank of the experimental 
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apparatus, from which it is pumped under a pressure of 10 atmospheres 

and at a rate of 1.8-2.0 kg/hr through a special filter with 20-ii 

pores. Before the filter, the fuel is heated to a temperature of 150 . 

The difference in pressures before and after the filter changes as de¬ 

posits are built up on its surface. In this method, a fuel is regarded 

as stable if the pressure difference does not exceed 50 mm of mercury 

after five hours. 

According to the USA’s specifications for gas-turbine fuel, a 

fuel is regarded as stable if the maximum pressure difference does not 

exceed 305 mm of mercury after five hours of pumping the fuel, which 

4 has been heated to 149°, through a filter whose temperature is held at 

204° at a rate of 2.7 kg/hr. 

Deposits formed by various fuels in thermal-stability determina¬ 

tions are listed in Table 26. 

The composition of the deposits formed is of considerable inter¬ 

est. Research has shown that the oxygen content amounted to 20-50$ and 

that of sulfur 5 to 10$. This indicates that the deposits were formed 

chiefly by the soluble tars and oxygen and sulfur compounds in the 

fuel. Thus, the quantity of sulfur-containing compounds reaches 1-1.2$ 

in TS-1 fuel when analysis shows a sulfur content of 0.2 to 0.25$. 

The sediment represents a product of profound oxidative trans¬ 

formation of low-stability hydrocarbons and sulfur, oxygen and nitro¬ 

gen compounds. They form as a result of oxidation of these compounds 

by atmospheric oxygen and subsequent condensation of the oxidation 

products to resinous and then to solid encrustations. 

Sediment compositions are given in Table 27. 

The composition of the ash includes metals, for the most part cop¬ 

per, in quantities ranging from 20 to 65$. The metals enter the de¬ 

posits as a result of corrosion. 
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Pig. 49. Diagram of apparatus for determining ther¬ 
mal stability of fuels. 1) Tank; 2) pump; 3) motor; 
4) coil; 5) filter; 6) thermometer; 7) fuel flow¬ 
meter; 8,9) reducing valves; 10,11) heater or 
cooler. 

TABLE 26 

Sedimentation and Tarry Deposits 
Formed by Fuels in Determination 
of Thermal Stability at 120° 

1 Toimmo 

2 OflpaîooÂiiH» ocaftKon, at.'/100 ma 
é 
Ofipaioaaiinc 
otaomciimA, 

miIm* 3 6c3 ¿Iciajib R - 
X-IS p 0POH3i 

T-l 
T-2 

8IC-1 
9 KpCKHHr 

KCpOCIIH 

5 
7 Her 

2 

18 

7 
7 Her 

22 

2\ 

Vi 

32 

1000' 
1200 

1500 

1) Fuel; 2) sedimentation, mg/100 
ml; 3) without metal; 4) Kh-l8 
steel; 5) bronze; 6) deposit 
formation, mg/m2; 7) none; 8) 
TS-1; 9) cracking kerosene. 

Characterization of the thermal stability of the fuels based on 

tests run with this apparatus gives a correct comparative evaluation 

of their behavior in the engine, as will be seen from the following: 
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TABLE 27 

Composition of Sediments Precipitated 
on Heating Fuels to 1500 

1 Toimnio 
2 COCTM OMJIKOI, % 

C 11 s N 0 «Ma 

T-l 
4 TC-l 

33,73 
20,10 

3,M 
3,36 

5,00 
8,14 

1,03 
0,67 

46,56 
49,68 

7,28 
7,05 

1) Fuel; 2) sediment composition, 
3) ash; 4) TS-1. 

Time for increase of Time after'which fil- 
pressure difference to ter blocks up in air- 
50 mm Hg craft 

25 min.3 hours 

100 min.8 hours 

There are several possible ways of producing fuels that possess 

high thermal stability: 

1) elimination of chemically active sulfur and resinous substances, 

which contribute to the formation of deposits; 

2) selection of the most favorable hydrocarbon composition, which 

will include the most stable hydrocarbons; 

3) introduction of additives that improve the thermal-oxidation 

resistance of the fuels; 

4) introduction of additives that disperse precipitates to a 

state in which they are not trapped by the filter. 

Purification of aviation fuels with sulfuric acid, sulfuric anhy¬ 

dride, or adsorbents (silica gel, aluminum oxide) and, in particular, 

hydrolytic purification improve the thermal stability of fuels. 

Thus, when aviation kerosene was purified with sulfuric acid, its 

thermal stability was raised from 100 to 300 minutes, and selective 

extraction of sulfur-containing and resinous compounds with liquid 

sulfuric anhydride raised it from 100 to 200 minutes. 

Vapor-phase purification of another batch of fuel over aluminum 
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oxide raised its thermal stability from 30 to 245 minutes. 

Hydrolytic purification is regarded as the most effective method 

of purifying aviation fuels. 

In the USA, preference is accorded to this method. In that coun¬ 

try in 1958, the total plant capacity for hydrolytic purification came 

to over 53 million tons, and by 1962 it is expected to reach about 95 

million tons. 

Another possible way of reducing deposit formation is the intro¬ 

duction into the fuel of additives that inhibit oxidation processes, 

since the formation of insoluble tars is a consequence of oxidation 

processes. 

Additives that reduce deposit formation may be classed into the 

following groups. 

1) Aliphatic amines, for example 

R —C —NHt, 

R 

where R is a radical from CgH^ to CgQH^ and is a CH^ or rad¬ 

ical. 

2) Formaldimines of the type 

where n = 1 to 6. 

3) Condensation products formed by triethanolamine with alcohols 

or fatty acids and other compounds containing amino groups. 

Experimental testing of various additives - embracing over 100 

compounds - indicated that the most effective are aliphatic amines 

from C^q to additives belonging to the triethanolamine group and 
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TABLE 28 

Influence of Additives on Thermal 
Stability of Fuels at 120° In Contact 
with Bronze Plate [23] 

1 flpiicaAKi 2<t>opuyAa 
OriP'UOM- 3 
une ncajiK*. 
*.7100 «a 

bToimm T-2 « aiccu c 30% npcnun-KOMnoHcma 

6 Bei npiiciAKii ..... 
7 AJIMljUTIl'ICCKIIC aMMliU 

Cia — . 
8 naniiiTii.icmio.iMAMmi . . 
9 Coai. TpimaiioAaMima n 

WlipillilX KHCJIOT . . . . 

(R)aN 
(HjNCjI UNUCiH«—)*NHi 

(HOCjHOiN'HOOCR 

1 
C 

2-3 

5 TonAuon TC'l, codcpxauific 0,045% MepKar\maMOOOû cepu 
10 Bei npiicnflKii 
11 Aniu|)aTtiMCCKiie aMiiHU 

Ci# —C40 ¿ . . . ■ 
12 MonorcKCiiAaiiiiAHii . . 
13 AMHHOlTiMianKHJlllMIIA' 

aKMIHH . 

(R)aN 
CaHiNHCal-lia 

HaC-N 
1 11 

H»C C-R 

\n/ 
j 

CilI.NHi 

20 
3 
4 

1) Additive; 2) formula; 3) formation 
of deposit, mg/100 ml; 4) T-2 fuel 
mixed with 30$ of cracking component; 
3) TS-1 fuel containing 0.045$ of 
mercaptan sulfur; 6) no additive; 7) 
aliphatic amines C10 to C^0; 8) poly- 

ethylenepolyamine; 9) salt of tri¬ 
ethanolamine and fatty acids; 10) no 
additive; 11) aliphatic amines, C10 

to C^0; 12) monohexylaniline; 13) 

aminoethylalkylimidazoline. 

Fig. 50. Microphotographs of deposits formed by 
JP-4 turbojet fuel before and after heat treatment. 
1) Fuel before heating; 2) fuel after heating; 3) 
fuel after heating in presence of 0.02$ of dis¬ 
persing additive. 
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TABLE 29 

Thermal Stability of T-l Fuel at 150° during 
2-Hour Test In Presence of 0.05$ of Additive 
[30] 

1 npilCAAKt 

6 Bei npiic«AK>! 

7 2-AMHno*4-nponnji(l>CHWi 

8 2-AMHiio-4-TpeT.0ymn<t>CH<w! 

9 2-AMHiio-4-TpeT.aMM({)eiKWi 

2 OopMyA# 

OH 

h-NH, 

C,H, 

OH 
I 

^>l-NH, 

i I 

10 2.6-iliiaMHHO-4-TpeT.6yTi»K|)CiKM 

QH, 
OH' 
I • 
A-NH, 

T Kmhicctso DOA* 
k*, m/I 00 M* 

del McraMa 

C,H„ 

OH 
I 

H^O-n. 

I 
QH, 

7.7 

2.8 

1.3 

1,0 

3,7 

? c mcanoA 
njacrmiKoA 

8,3 

5,1 

3,9 

2,5 

2,0 

1) Additive; 2) formula; 3) quantity of de¬ 
posit, mg/100 ml; 4) without metal; 5) with 
copper plate; 6) without additive; j) 2- 
amino-4-propylphenol; 8) 2-amlno-4-tert- 
butylphenol; 9) 2-amlno-4-tert-amylphenol; 
10) 2.6-dlamlno-4-tert-butylphenol. 

Incomplete esters of monobasic alcohols with fatty acids show lower 

effectiveness. 

The Influence of additives on deposit formation In fuels Is shown 

In Table 28. 

Another group of additives that reduce deposit formation is the 

amylaminophenols. The results of using these additives at 150° in the 

presence of copper plates are shown in Table 29 [30]. 

Thus, the alkylaminophenols reduce deposit formation considerably 
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in T-l fuel. 

Another trend taken in improving the quality of fuel as regards 

deposit formation is the introduction into the fuel of special dispers¬ 

ing additives that prevent precipitation of the deposits in the form 

of large particles and an insoluble tar, and remain in the fuel in the 

form of very finely dispersed particles that are easily filtered with¬ 

out plugging the filter. 

Figure 50 shows microphotographs of deposits of JP-4 fuel prior 

to heat treatment, after heat treatment in the absence of dispersing 

additives, and with 0.02# of a dispersing additive. 

The experiments were run on a special apparatus that simulates 

the application of the fuel. 

Most stable with respect to tar formation are fuels produced by 

hydrolytic cracking (e.g., JP-5 fuel), which are stable for a rela¬ 

tively long time at 200-250° [8]. 

The stability of fuels can be raised by thorough purification 

with sulfuric acid, sulfuric anhydride and adsorbents, such as activ¬ 

ated aluminum oxide, and by hydrolytic purification [31, 32]. 
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[Footnote] 

118 Pentamethylphenol has also been proposed as an effective 
antioxidant. 
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Chapter 3 

HYDROCARBON COMPOSITION AND PHYSICOCHEMICAL PROPERTIES OP 

CRUDE PETROLEUM FOR THE PRODUCTION OP REACTION FUELS 

—• £SHl£2sltlonof Petroleums and Gasoline-Kerosene Fractions from the 
Direct Distillation of Petroleum -- 

Petroleums from various districts, as well as products from the 

heat treatment of petroleum distillates and residues serve as the 

basic raw material for the production of reaction fuels.’ 

The yield of fuel from petroleum depends in great measure on the 

properties of the petroleum and the requirements which are Imposed on 

the fuel with respect to fractional composition and pour point. The 

hydrocarbon composition of the gasoline-kerosene fractions of the pe¬ 

troleum affect the quality of the fuels, as do the content and type of 

the sulfur compounds. The potential quantities of reaction fuels in 

petroleum are determined by the fractional composition of the petroleum 

and the properties of the hydrocarbons boiled over, approximately, be¬ 

tween 65 and 300 . Conventional kerosene fractions are used for the 

production of reaction fuel; gasoline fractions are used in the case 

Ox fuels exhibiting an expanded fractional composition. 

Table 30 presents the characteristics of the petroleums from 

various deposits. Particular attention should be devoted to the yield 

of fractions boiling over below 300°, i.e., the I5O-3000 fractions 

which determine the potential availability of fuels in the given petro¬ 

leum. However, the yield of fuel from the petroleum cannot be esti¬ 

mated unless the actual pour points are taken into consideration. The 
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TABLE 30 

Characteristics of Petroleums from Various De 
posits [1, 2] 

1 He4>TW rUoTMOCTk 
12 — 1 

jaer. 
•C 

i CoAepaca- Ils1 

¡Tc%pu6& 

oTcimaaAhHoe coupauNue ^paK* 
_ 

H0*| ItO—200* [*l00—500*j^ 300» 

'JPaùoH limopoco Bany 

8 HiuHMÔacBCKa« ... . . 
9 TyfixajiiiicKa« (yr/iCHOC* 

Hait COIITl). 
10 TyñMasmicKaR (acbohcku) 
11 MycoBCxaH .... ... 

0,87 

0,80 
0,85 
0,04 

-20 

-20 
-59 
-30 

2,68 

.3,2 
1.5 
5,9 

13 yXTHIICKIA (III ropHMHT) | 

15 CypaxaHCKaa (o6ukhomh> 

• ¿ ' «a«). 
16 BmiaraAHHCKaA ... . . 

12 yxmuHCKUÜ paûoH 

0,93 I -20 I 1,24 

14 Eokuhckuù paäoH 

0,85 
0,86 

'0,15 
0,33 

18 napatpHHHCiaa.I 
19 BecnapaipiiHHCTaA. . . .| 

21 AoccopcKaa »«pn (I ro- 
PH30HT) . .. 

17 /*pOMCHCKUä paÜOH 

- I - I 0,2 
- I - I 0,33 

20 3m6oíckuü paûoH 

0,837 I -50 I 0,18 

15 

10 
17 
19 

9 

6 
8 
7 

16 

17 
16 
12 

40 

33 
41 
38 

I - I 10 I 10 

31 
25 

39 
29 

I 26 
I 24 

36 

45 

1) Petroleum; 2) density; 3) pour point, °C; 4) 

sulfur content, 5) potential content of frac¬ 

tion, 6) up to 1500; 7) Second Balcu Rayon [Dis¬ 

trict]; 8) Ishimbay; 9) Tuymazy (Carboniferous 

strata); 10) Tuymazy (Devonian); 11) Chusovoy; 12) 

Ukhta Rayon [District]; 13) Ukhta (III-rd level); 

14) Baku District; 15) Surakhany (conventional); 

16) Binagadi; 17) Qrozno District; 18) paraffin- 

base petroleum; 19) nonparaffin-base petroleum; 

20) Emba District; 21) Dossor petroleum (I-st 

level). 

sulfur content is also a significant characteristic, since it in great 

measure determines the quality of the fuel obtained from the petroleum. 

It follows from Table 30 that the potential content of fractions 

boiling over below 300° does not exceed 40$ in the majority of cases, 

and the content of the kerosene fraction (150-300°) does not exceed 25$ 
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TABLE 31 
Group Composition of Kerosene Fractions from Pe¬ 
troleums of Various Deposits [1, 2] 

1 He$n. 

gCoAcputaiiiie yr*ciH»»opoAO« io4|MKKIi*x. % 

3 ii.ipaii'iiMonuc 4 ■■•lÿrlnoRMo 

IS
O

—
2

0
0

*
 1» 

O 

W 

1 
O 
O 
M 2

5
0
—

3
0
0
*

 

1
5
0
—

2
0
0
*

 

2
0

0
—

2
5

0
*

 

*0 
■ O 
rt 

1 
O 
\ti 
t* 

1 *P0U«TllieCXHC 

I 
ss 

s M 

i 
o 
o rt I 

7 CypaxaHCKM (oTöopiw») 
O BHÖiwAöaicitaii. 

10 napaÿiiHiiCTaa . . . 
11 5ccnapa<|)HHiicTafl . . 

13 üoccopcKaa (topcKaa) 

15 HuiiiMÓacBCxaR . . 
l6. TyfiHasHiiCKan . . . 

6 Eokuhckuü paûoH 

17 
7.9 

3S I 45 
10,1 I 10,6 

66 
69 

9- rpOMCHCKUÙ pa&OH 

57 
24 

59 
11 

61 
8 

29 
55 

44 
51 

23 
63 

12 SMÛmcKuü paüoH 

16 I 28 I 20 I 80 I 64 

14 PaùoH Bnwpoco Bony 

49 
58 

38 
50 

41 
37 

28. 
21 

35 
25 

39 
42 

22 
59 

68 

26 
40 

17 
12 

14 
21 

23 
21 

18 
22 

18 
26 

27 
25 

16 
27 

17 
33 

4 I 8 I 12 

33 
23 

1) Petroleum; 2) content of hydrocarbons In the 
fractions, 3) paraffinic; 4) naphthenic; 5) aro¬ 
matic; 6) Baku District; 7) Surakhany (top grade); 
8) Bibieybatskaya; 9) Grozno District; 10) paraf¬ 
fin-base petroleum; 11) nonparaffin-base petroleum; 
12) Emba District; 13) Dossor (Jurassic); 14) Sec¬ 
ond Baku District; 15) Ishimbay; l6) Tuymazy. 

TABLE 32 
Group Composition of Fractions from 
Various Petroleums Boiling over below 
200° [2] 

1 H«4>Tb 

. 

2 CoacpwaHHo yMCBOAOpOAOO, % 

apOMarilMCCKIIC ,'HaitiTciioiue 

4 
_ MCTflllODUO 

* 

6 HimiMÖacpcKax. 
7 TyfiMaajuicKan. 
0 MyconcKGfl ... . . . . 

5 
16 

' 10 
46 
15 
23 

24 
21 
24 
27 
15 

60 
69 
30 
58 
62 

9 Qj^pancKGn. 

10 ByrypycaancKan. 

1) Petroleum; 2) content of hydrocar¬ 
bons, 3) aromatic; 4) naphthenic; 
5) methane; 6) Ishimbay; 7) Tuymazy; 
8) Chusovoy; 9) Syzran'; 10) Buguru- 
slan. 
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TABLE 33 

Characteristic of Kerosene Distillates of Petro¬ 
leum [1-3] 

1 llc$N> n/IOTIIOCTI. 
npu 20* 

2 

CoAcpwa- 
Nile cepu. 
, % 

ÎpaKIINOMHMA COCTtt. 
•C 

6 «• ' K. K. 

Ouxoa ÿpaKituA 
HA lltOtTli, % 

«0 K. Ki £ K.-AO 
300* 

10 PaúoH UmopoM Bamj 

11 HiiiiiMõocuCKai). 
12 lyfiMAamiCKa» (yrjiciiociMA 

cnitTo) .... . 
13 TyiiMPainicK«* (acnoiiCKau) . 
14 MycoucKao. . 

,0,827 

0,824 
0,817 
0,87(5 

1,0 

1,84 
0,71 
2,60 

160 

165 
180 
165 

^SmOchckuÚ paùoH 

.I 0,83(5 I - 150 

.I 0,869 I 0,02 215 

18 CpedHM Alun 

19 Hc&iuarcKax.| 0,84 | - | . 154 

,16 ZloccopCKaa 
I7 MaxaTCKaa 

310 

312 
200 
311 

314 

280 

313 

25.3 

27,7 
28,5 
23.3 

50 

30 

21 

24 
20 
20 

20 

20,5 

1) Petroleum; 2) density, at 20°; 3) sulfur con¬ 
tent, 4) fractional composition, °C; 5) yield 
of fraction, #, of petroleum; 6) start of boiling; 
7] end of boiling; 8) prior to end of boiling; 9) 
start of boiling below 200°; 10) Second Baku Dis¬ 
trict; 11) Ishimbay; 12) Tuymazy (Carboniferous 
strata); I3) Tuymazy (Devonian); 14) Chusovoy; 15) 
Emoa District; 16) Dossor; 17) Makat; 18) Central 
Asia; 19) Nebit-Dag. ' 

TABLE 34 

Content of Sulfur and Sulfur Compounds in Frac¬ 
tions of Various Petroleums Boiling below 200° 

1 Hcÿrk 
CoAcpwa* 
HIIC CCPU, 

2 % 

3 Cepa h ccpiiiicTMc coeAiinciiiin, % 

ccpono* 
^Aopofl 

3ACMCII* 
rapuas 
5 cepa 

MCP* 
nan- 

3 raiiu 
AH- 

cyai.- 
J 4>iiau 

cy^b* 
^HAM 

ocra- 
TO'IIIAH 

Qccpa 

10 MuiiiMCacDCKaR. 
11 Tyi'iMaamiCKaH (yraeiiociiafl 

CDHia) . . 

12 TyflMaaHHCKan (ACBOHCKaa) .. 
IS MycoDCKan. 
14 ByrypyaiaHCKaa ... ... 

0,92 

0,45 
0,86 
0,306 
0,02 

38 

15,7 
10,4 
7.3 
2.3 

5,1 

3,0 
3,4 
4,3 
3,7 

6.1 

11.2 
22.1 
15.3 
5,7 

2,2 

7,1 
9,5 
0,52 

17,6 

18.5 

5,3 
36 
32.6 
22.6 

0,1 

57.7 
18,6 
30.8 
48,1 

1) Petroleum; 2) sulfur content, #; 3) sulfur and 
sulfur compounds, $; 4) hydrogen sulfide; 5) ele- 
mentary sulfur; 6) mercaptans; 7) disulfides; 8) 
sulfides; 9) residual sulfur; 10) Ishimbay; 11) 
Tuymazy (Carboniferous strata); 12) Tuymazy (Devon¬ 
ian); 13) Chusovoy; 14) Buguruslan. 
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of the petroleum. 

The group composition of the kerosene fractions of petroleums 

from various deposits Is presented In Table 31* while the group com¬ 

position of the fractions boiling over below 200° is presented in 

Table 32. The content of aromatic hydrocarbons, in the majority of the 

kerosene fractions, does not attain 2(# and only rarely exceeds 25^. 

The characteristic of the kerosene distillates of the petroleums 

is presented in Table 33. In the petroleums of the Second Baku, the 

sulfur content is quite substantial and exceeds the conventional norms 

for reaction fuels. 

For turboJet-engine fuels, sulfur compounds represent some danger, 

primarily from the point of view of the corrosion of the fuel-feed 

system which consists of component parts made of nonferrous metals. 

With a high sulfur content in the fuel, and particularly in the case 

of active sulfur compounds (mercaptans) this equipment may break down. 

Consequently, the content of sulfur in a reaction fuel and, in 

particular, the nature of the sulfur compounds are of great importance. 

Tables 34 and 35 present the group compositions of sulfur com¬ 

pounds in isolated petroleum fractions and crude petroleums. 

The most aggressive portion of the petroleum sulfur compounds are 

the mercaptans and elementary sulfur. Hydrogen sulfide, which is it¬ 

self quite aggressive, is easily flushed out through alkali rinsing. 

The composition of the sulfur compounds of the petroleums includes 

elementary sulfur S, mercaptans RSH, the sulfides of the aliphatic 

series R-S-R and of the aromatic series Ar-S-Ar, disulfides R-S-S-R, 

cyclical sulfides (CH2)nS, thiophenes, thiophanes, and other more com¬ 

plex cyclical compounds. 

The sulfides isolated from the petroleum represent a mixture of 

cyclical sulfides with five and six members in the cycle, among which 
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TABLE 35 

Group Composition of Sulfur Compounds in Kerosene 
Fractions (200-300°) 

' llleipTi. 
CoACPIKil- 
IINC Crpil, 

% 
2 

3 C&CTAII CepllllCTMA COCAIIIICIIMA. % 

crpnii.i- 
^AOpoA 

»nrxfii- 
TApii.m 
5fr|Ki 

Mf|V 
NAH* 

^TAIIU 

AH- 
eyai.- 

Tl’i'AM 
cy*i»* item- 

Tn'inan 
QecliA 

10 lliiniMCariiCKaH. 
12 Illopciui •k.ih. 

2.20 
0,02 

0,753 
1.77 
0,957 

21,9 
8,!M) 

2.8 
0,410 

0,9 
5,0 
4.2 
1.1 
2,40 

84 
6.4 

2,00 
0,522 

7.3 
2.6 
0,029 

11.3 
1,56 

11,8 
6,0 

37,4 
1,1 

30,63 

50.4 
71,0 
54,6 
81.5 
64,07 

Iß TyfiM.131111CK.1n (AcnoiiCKan) . 
14 Dyrypyc.iaiiCK.iii . . ... 
I5 CTanponoAbCKan. 

l) Petroleum; 2) sulfur content, $6; 3) composition 
of sulfur compounds, 4) hydrogen sulfide; 5) 
elementary sulfur; 6) mercaptans; 7) disulfides; 
8') sulfides; 9) residual sulfur; 10) Ishimbay; 11) 
Shor-Su; 12) Tuymazy (Devonian); I3) Buguruslan; 
14) Stavropol'. 

TABLE 36 

Sulfur Compounds in the Kerosene of Iranian Petro¬ 
leum [4] 

1 CocAMiiciiiie T. Kim., • C 
2_ 

3 COCAHIICIIHO 

L 
T. Klin., *0 

3 2-McTIIATIIOmiKAOnCHTaH . ,. 
6 S-McTHATItOUHKAOnCHTaH . . . 

7 TnomiMoroKcaH. 
8 2,4-jliiMCTiuTiiomiKAoncHTaii. 
9 2-MCTIIATIIOUIIKAOrCKCaH . . . 

10 2,3,5-1 piiMCTii/iTHomiKAoncii- 
ran.. . . 

113-3TiiATiiomiKAonciiTan . . . 
12 3,4-A'iMCTiiATiiomiKAoreKcaii 
13 2,4,4-TpilMCTIWTHOmiKAOnCII- 
ran.. 

132 14 
137 
iil 15 
148 Id 
153 

156 I9 
156 20 
164 21 

22 
171 

2- 3TIIA-5-MCTIIATII01(IIKA0neH- 
.. 

2,3,4-TpiiMCTiiaTii<xl)CH .. . 
3- 3tiia-2,4-aiimctiiatiio(})ch . 
8-Tiio6imiiKao-(3,2,l)-OKTaii- 
4- 3tiia-2,3-aiimctimtiioi|k;ii . 
2,3,4,5-TüTpaMCTiiATiiû([)Cii . 
1-TiioriiApiiiiAaH. 
Diihiikaii'icckiic cyaujniAU . 
IcTpaaaMcmeHiibie tmcxJjchu 

173 
175-178 
187-191 
187-191 

193 

209- 210 
210- 212 
213-227 

1) Compound; 2) boiling point, °C; 3) compound; 4) 
boiling point, °C; 5) 2-methylthiocyclopentane; 6) 
3-methylthiocyclopentane; 7) thiocyclohexane; 8) 
2,4-dimethylthiocyclopentane; 9) 2-methylthiocyclo- 
hexane; 10) 2,3,5-trimethy.lthiocyclopentane; 11) 
3-ethylthiocyclopentane; 12) 3,4-dimethylthiocyclo- 
hexane; 13) 2,4,4-trimethylthiocyclopentane; l4) 
2-ethyl-5-methylthiocyclopentane; 15) 2,3,4-tri- 
methyl thiophene; 16) 3-ethyl-2,4-dimethylthiophene; 
17) 8-thiobicyclo-(3,2,l)-octane; 18) 4-ethyl-2,3- 
dimethylthlophene; I9) 2,3A4,5-tetramethylthio- 
phene; 20) 1-thiohydrlndane; 21) bicyclic sulfides; 
22) tetrasubstituted thiophenes. 
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we find thiocyclopentane, thiocyclohexane, and their homologa. Spec¬ 

tral investigations indicate the presence of mono-, di-, and tri- 

cyclical sulfides in the sulfur compounds of the petroleums. 

The homologous series of cyclical sulfides having the general 

formula (CnH2n)S includes members ranging from C^HgS (boiling point, 

140°) to C^H^S (boiling point, 290-295°). 

In the gasoline fractions from direct distillation, mercaptans 

with the radicals C^-Cg predominate, and this can be illustrated by 

the following data [3]: 

Boiling Content, in #, 
point, °C in gasoline 

ch3sh 

c2h5sh 

C^SH 

C^SH 

iso-C5H11SH 

C6H13SH 

20 

39 
68 
98 

116-118 

142 

4 

6 

13 

19 
18 

40 

Moreover, homologs from methyl- to hexyl-sulfide exist among the 

sulfides, as well as more complex compounds of this series. 

Thiophene, 2- and 3-niethylthiophenes, 2- and 3-ethyl thiophenes, 

2,3- and 3>4-dimethylthiophenes have been found in the petroleums and 

the products of their heat treatment. 

Cyclical and polycyclical sulfides (Table 36) have been found in 

the kerosene of Iranian petroleum. 

In the 1320 fraction, in addition to the cyclical sulfides, there 

are 50$ aliphatic sulfides; however, in the 156-164° fractions the con¬ 

tent of these does not exceed 7-9$, and they are completely absent in 

the higher fractions. Polycyclical sulfides in quantities of 20-40$ 

(of the total sulfur content) are contained in the 193-228° fractions 

and in quantities of 40-60$ in the 228-249° fractions. 

( 

i 
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2. Composition of Fuel Fractions from the Products of the Heat Treat- 
ment of Petroleum and Solid F^els 

a) Products of cracking and pyrolysis 

Cracking products serve as an additional source of reaction fuels. 

For example, 26-30# gasoline and 10-12# kerosene fractions are obtained 

in the thermal cracking of petroleum residue. The utilization of the 

TABLE 37 
Group Composition of Gasolines and Kerosenes Pro¬ 
duced by Thermal and Catalytic Cracking 

1 npOAyKT 

9 KpcKHiir-Cciuim ... ... 
lOKpCKinir-Kcpocim. 

> . . . ,. . 
llKpeKmir-Atirpomiooan ippaK- 

uiiR KaraaiiTimccKoro xpc- 
Kimra .. 

12 KpCKIflir-6cil3HII K3T3J1HTII* 
•iccKoro Kpckniira. 

13 raaoiinb KaraaiiTHMCCKoro 
xpcKHiira. 

npMcau 
KHiirmin, 

I rpynnoaoA coctid, % 

" it 
iicnpc* 

AC.IbiiUC 
apOMaru- 
. 1CCKIIC 

Ha^TCHO* 

6 "we ' 
iiionap«. nopM.iab- 

Hue napa* 

GO-200 

100-240 

05-208 

165-203 

200-300 

26,5 
17 

10,4 

4 

0,3 

0,3 

14,7 

24,4 

23,0 

28,40 

21,7 

0,4 

22,8 

28,6 

9—13 

27,6 

53,3 
23,4 I 12,4 

60 

46-55 

23,4 20 

1) Product; 2) boiling range. °C; 3) group compo¬ 
sition, #; 4) unsaturated; 5) aromatic; 6) naph¬ 
thenic; 7) isoparaffinie; 8) normal paraffinic; 
9) cracking gasoline; 10) cracking kerosene; 11) 
cracking-ligroin fraction of catalytic cracking; 
12) cracking gasoline from catalytic cracking; 
13) catalytic-cracking gas oil. 

gasoline-kerosene cracking distillate makes it possible to expand the 

potential supply of reaction fuels. The catalytic-cracking gas-oil 

fractions used for this purpose, exhibiting a boiling range from 200 

to 300°, would also be of some interest. 

Thermal-cracking gasoline and kerosene fractions differ from the 

similar products of direct distillation primarily in the content of 

olefinic hydrocarbons. Table 37 presents the group composition of the 

thermal-cracking kerosenes and gasolines. 

At the same time, the unsaturated compounds of the cracking dis- 
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TABLE 38 

Composition of Cracking-Kerosene 
Fractions [7] 

llriOKaMTCJIII 

i 

i 
1? 
11 
12 
13 

Mojiiioc 'intuo .... 
MoiCKy^npuuii dcc . . 
rpynnoooA cocrao, % 

iienpcACflbiiuc . . . 
apoMimmccKiio .. 
ua(|)Tciionuc . . . . 
napatltiuioouc . . . 

Cocran oac<|miion, % 
uiiKamiccKiic ... 
aamJiaTiiMCCKiic . . 
apoManpiccKiic .. , 

"5 * •paMiimi. 'c 
9$-200 200—250 260-300 

51.8 

12C 

25,6 

6.3 
27,1 

40.8 

2.4 

4,7 
19 

28,7 

152 

17,1 
20,6 
27,4 

34,9 

1,2 
16 

21,3 

178 

17,0 
31,1 

30,0 
21,9 

2,4 

15 

1) Indicator; 2) fractions, °C; 3) 
iodine number; 4) molecular weight; 
5) group composition, #; 6) unsat¬ 
urated; 7) aromatic; 8) naphthenic; 
9) paraffinic; 10) composition of 
olefins, 11) cyclical; 12) ali¬ 
phatic; 13) aromatic. 

tillates, in terms of their structure in the basic mass, cannot be 

identical to the olefins of the aliphatic series. 

For example, V.S. Gutyrya and his co-workers [5], established the 

presence of unsaturated hydrocarbons of cyclical structure in the 

cracking- and reforming-gasolines, in addition to the aliphatic ole¬ 

fins. A.V. Topchiyev and I.A. Musayev et al. [6] demonstrated that the 

olefins of the aromatic series are contained in the cracking gasolines. 

G.M. Mamedaliyev and F.D. Rzayeva [7], in investigating the com¬ 

position of cracking kerosenes, detected aromatic hydrocarbons with an 

olefin bond in the side chain. The composition of the cracking kero¬ 

sene, according to the data from these authors, is presented in Table 

38. 

By means of the method of selective hydrogenation it has been pos¬ 

sible to demonstrate that the basic mass of the unsaturated cracking- 

kerosene hydrocarbons consists of the olefins of the aromatic series, 
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since the hydrogenation products contain primarily aromatic hydrocar¬ 

bons. For example, In the 200-250 and 250-300° fractions, prior to hy¬ 

drogenation, there were 17# olefins and, respectively, 20 and 31# aro¬ 

matic hydrocarbons; after the complete hydrogenation of the olefins, 

the content of aromatic hydrocarbons Increased to 36 and 46#, respec¬ 

tively. 

Consideration of the nature of the olefins In the products of the 

thermal processing of the petroleum Is of great significance in evalu¬ 

ating the reaction capacity and stability of the olefins. 

From the standpoint of expanding the available supply of reaction 

fuels, it would be expedient to include the kerosene fractions of 

thermal and catalytic cracking into the reaction fuels. 

The pyrolysis products (at temperatures between 600 and 700°) of 

the kerosene and similar distillates of petroleum may be regarded as 

possible raw material for the derivation of reaction fuels, if we take 

into consideration that the unsaturated hydrocarbons exhibit high re¬ 

action capacity with respect to nitric acid. 

In the pyrolysis of kerosene, we obtain tar which is distilled 

into three basic fractions: 

Oil Specific weight 

Light (to 170-190°). 0.84-0.87 

Medium (190-240°). O.9OO 

Scrubber (240-300°). O.95O 

Benzene, toluene, xylene, and unsaturated hydrocarbons are con¬ 

centrated in light oil. This oil is rectified and the following are 

separated: the head fraction (below 73°), benzene (73-83°), toluene 

(IO8-II30), and xylenes (122-150°). The aromatic hydrocarbons separated 

in this case contain an additional substantial quantity of unsaturated 

compounds which are then removed by means of sulfuric-acid rinsing. 
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TABLE 39 

Chemical Composition of the Benzene-Head 
Fraction, Boiling over below 50° 

1 yrxctojopoA *opMy«A 
T. 

KMIf., 
^ *C 

Kmhií- 
i croo. % 

5 2-At*Tiwi6yreii-2 . . 

6 2<McTiui6yTCH'l . . 

7 ílCHTCII'l. 

8 nciinii-2. 

9 UmuioneHTtAHCH ... 

10 rieHTMHeii-1,3 . .. . 
112-McTH/idyTaAiicH-l,3 

CII.-CriCII-CH, 

OH. 
CII, — CH» C =» Cll, 

¿II, 
ai,=ai-cii,-ciis-cH, 
ClIr-CH=ClI-CII,-CH, 

HC- 

HC= 

=CH 

-CH 
)CH, 

CH,*CH —CH=CH—CH, 
H«C»C—HCnCHi 

CH, 

38,4 

31 

40 
38 

41-42 

42 
34 

17 

I 42 

5—6 

3-7 
10-12 

1) Hydrocarbon; 2) formula; 3) boiling point, 
OÇ; 4) quantity, in £; 5) 2-methylbutene-2; 
6) 2-methvibutene-l; 7) pentene-1; 8) pen- 
tene-2; 9) cyclopentadiene; 10) pentadiene- 
1,3; 11) 2-methylbutadiene-l,3. 

TABLE 40 

Characteristics of Remaining Benzene-Head 
and Light Oil Fractions 

1 npoAyxT H. is.. *c K. X.. *C 
ï 

an. occ CpOMIIOC v 

c*"CJI0 |g rMcnoAopoflw 

7BeH30AbH3H rO/IODKa 34 
60 
75 

60 
75 
87 

76 
84 
90 

250 
168 
75 

C* 
C.-C, 
C.-C, 

ÔJIerxoe MACAO 60 
87 

100 
140 

87 
100 
140 
190 

92 
112 
132 
153 

140 
115 

71 
32 

C, 
C, 
Cjo 

Cn—Ci, 

1) Product; 2) start of boiling, °C; 3) end 
of boiling, °C; 4) molecular weight; 5) bro¬ 
mine number; 6) hydrocarbon; 7) benzene head; 
8) light oil. 

After the separation of the benzene and toluene fractions, there 

remains a substantial quantity of intermediate byproduct fractions 

rich in aromatic hydrocarbons. In the wastes there remain fractions 

which, when mixed in appropriate ratios, yield a gasoline which exhib- 
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its high anti-knock properties. The latter is added to the direct- 

distillation gasoline in order to Increase its anti-knock stability. 

By changing the pyrolysis regime, the gasoline may be obtained not as 

a byproduct but as the main product of the petroleum pyrolysis. How¬ 

ever, the rinsing of the pyro-gasoline with sulfuric acid involves 

great losses, since a substantial Quantity of the unsaturated hydro¬ 

carbon is lost in this case. 

When the pyro-gasoline is used as a propellant component in liq¬ 

uid rocket engines, the removal of the unsaturated hydrocarbons may 

prove to be undesirable. The low stability of such a propellant, cap¬ 

able of introducing complications, may be increased by means of inhib¬ 

itors. 

The first runnings (head fraction) of light oil contain some 6(# 

unsaturated hydrocarbons consisting of amylenes and hexylenes, and a 

smaller quantity of diene hydrocarbons. There is some 4(# benzene in 

this fraction. 

The benzene head is capable of auto-oxidation in air, i.e., of 

combining slowly with oxygen. This indicates its high reaction capacity. 

The chemical composition of the benzene head is extremely complex and 

has not as yet been fully clarified. The amylene fraction of the ben¬ 

zene head, boiling over below 50°, has the composition shown in Table 

39. 

The composition of the benzene head and light oil is character¬ 

ized by the following data: 

The Benzene Head 

Fractional composition 

start of boiling, °C. 34 
50$, distilled below. 750 
end of boiling, °C. 87 

Density. 0.8O 
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Bromine number. 
\ 

Molecular weight. 

Contains, % 
unsaturated. 

amy.lenes and pentadlenes 

hexylenes. 

benzene. 

Light Oil 

152 

82 

75-80 

52 

18 

25-30 

Fractional composition 

start of boiling, °C. 60 

50# distilled below. 110° 

end of boiling, °C. 190 

Densxty. 0.84 

Bromine number. 98 

Content of unsaturated hydrocarbons, #.. ‘90 

On the whole, the benzene head and the light oil, with respect to 

fractions, have the characteristics shown in Table 40. 

b) Polymer-gasolines 

The polymer gasolines, obtained by the polymerization of gaseous 

olefins (propylene, butylenes) and partially by the polymerization of 

the olefins of the head cracking-gasoline fractions (amylenes), may be 

TABLE 4l 

Polymer-Gasoline Characteristics 

ripouecc nwiHMCpHtmilK 

I 

2 ♦paXHIIOHllblft COCT1I, *C 

II. K. 1 30% 50% 70%, 00% 4 K. K. 
^AOTHOCTb 

CpON> 
HOC 

3 1HM0 

7 rio^iiMepiiaauHfl npomuiena j 
8 no.niMcpHsauHH fiyuiacHOB 

(OKTIWCIIODas ({ipaKUHfl) . . 

9 Oömas nonHMCpHaauim o.ne- 
(|>iihod C» — G. 

3C 

08 

32 

120 

107 

93 

135 

108 

106 

153 

110 

126 

190 

111 

164 

222 

200 

0,72 

0,71 

125 

127 

l) Polymerization process; 2) fractional composi¬ 
tion, °C; 3) start of boiling; 4} end of boiling; 
5) density; 6) bromine number; 7) polymerization 
of propylene; 8) polymerization of butylenes (oc- 
tylene fraction); 9) general polymerization of 
olefins C^-C^. 
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TABLE 42 

Hydrocarbon Composition of the Polymers of Pro¬ 
pylene, Butylenes, and Amylenes [8] 

X IlCXQANUC 
yrxcioAopoAU 

5 nponilACii 

6 HjoôyiiiAcii -(- 
npomiJicii 

7 nccDAoCyriiACH 
(6yrcu-2) 

8 HjoCyTHJieu 

9. HaoÖyTiMcii + 
H. öyri'Acu 

10 H3o6yni«H + 
H30<MHAeil 

11 HsoaMii^eii 

2 flllMCpU 

2-McTiwnciiTcn-l 12 
•i-McTHiinCIITCII-1 13, 
2.3- iliiMCTii.nöyTCH-l l4 
2.3- iliiMCTii.'iöyTcn-2 15 
2- McTii.inciiicii-2 15 
3- McTiwnciircii-2 I7 

4.4- illlMCTIIAnCIITCH-ll8 
2.3- fliiMCTiwnciiTCH-2l9 
3.4- jliiMCTii.ircKCCH‘220 

TpxMcpu 
4t( erpAMcpu M ncH- 

TtMCPM 

2,4,4-TpiiMCTiwnciiTCH-2 

3.4.4- TpHMCTiiAnciiTCii-2 
2.3.4- TpiiMciHflnciiTcii 24 

2.3.5- TpiiMCTiiArcKccn-F^ 
2,2-AllMCTHfl-3-3TIIVinCH- , 

tch-3 26 

3-3TIW-4/Í-JIHMCTIÜ1 
ncirrcii-2 31 

3,4,5-TpiiMcriuircK- 
ccii-4 32 

BepofiTiio, npiicyr- 
croyioT 3,4-ammc- 
nuircnTcn-3112,4- 
A>iMenuircnTCH-3 

33 

12,4,4,6,6-1161178^ 
2,4,4-TpiiMcriiAncnTCii-l ^ TiMrcnTcn-3 3^ 

2,4,4,6,6-neiiTaMe- 
2 > TiiArcnT6H-l 35 

2$2.4 ,4,6,6-nciiraMC- 
TiiArcnTen-2 36 

2,3,4,4-TcTpaMerHArcK- 
ccii-2 • 27 

5.5.5- IpiiMCTH.nrcnTCii-S 23 
3,515-TpiiMcTiuircnTcii-2 2' ) 
3.4.5.5- TeTpaMernareK- 31) 

cch-2 i 

1,1-AmiconcHTiiA- 

3THAC1I 27 

2,4,4,6,6,8,8-rcn- 
TaMCTll.HIOIICII-1 
ti i(CMiioro2,2,6,6- 
TCT paMCTHA -4-IICO- 

nciiTiiArciiiciia-3 
(0 nciiraMcpc co- 
Acpwaics TOAbKO 
(JiopMu CAnoiiiioii 
CDRSblO D KO I me 
MOACKyAU) 8 

IL tl1 2) dimers; 3) trlmers; 4) tetramers and penta- 
o?r°S^1?ne¿ ?\lsobu^lene + Propylene; 7) pseudobutylene 

(butene-2); 8) isobutylene; 9) isobutylene + low butylene; 10) iso- 
butyiene + isoamylene; 11) isoamylene; 12) 2-methylpentene-l; 13) 4- 
methyipentene-i; 14) 2,3-dlmethylbutene-l; I5) 2.3-dimethylb¿ten¿-2; 
!q pTH?ShnîeneZ2; 1I) 3-methvlpentene-2; IS) 4,4-dimethylpentene-l; 

2^”dlmethylpen\ener2i; 20) Oi^-dimethylhexene-2; 21) 2,4,4-tri- 
^ÄeSi!np1;A2?).2i^4TtrlJ?ethylpe^tene“2; 23) 3,4,4-trimethylpen- 0 Íí 12¿^,^”bí,l®ieb^ylp®n^en?'> 25) 2.3,5-trimethylhexene-2; 26) 
q'*2“^i^ethyl-3-ethylpentene-3; 27) 2,3,4,4-tetramethylhexene-2; 28) 
3,5,5-trimethylheptene-3; 29) 3A5í5-trimethylheptene-2; 30) 3,4,5,5- 
tetramethylhexene-^; 31) 3-ethyl-4,4-dimethylpentene-2; 32) 3,4,5-tri- 
methylhexene-4; 33) probably, there are 3,4-dimethylheptene-3 and 2,4- 
dimethylheiptene-S present; 34) 2,4.4,6,6-pentamethylheptene-3; 35) 

6-pentamethylheptene-l; 36)2.4,4,6.6-pentamethylheptene-2; ^ 1A1õdrnf0?eÍ?tyleÍÍiy?‘eíie; 38) 2,4,4,6,6,8,8-heptamethylnonene-l and 
some 2,2,6,6-tetramethyl-4-neopentylheptene-3 (the pentamer contains 
only shapes with a double bond at the end of the molecule). 

regarded as a source for increasing the available supply of reaction 

fuels. The composition of industrial polymers is a function of the type 
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of raw material used and of the process designation. 

Table 4l presents the characteristics of industrial polymer- 

gasolines. 

The polymer gasoline of the total polymerization (olefins + 

+ C^Hg) is not subject to hydrogenation, since after hydrogenation the 

octane number of the gasoline diminishes as a result of the fact that 

the polymer contains olefins that have little branching. 

The polymer gasoline of the total polymerization to 93-95$ con¬ 

sists of olefins with a small admixture of other hydrocarbons (0.5-1# 

aromatic hydrocarbons and 3*5-6# paraffins and naphthenes), which are 

formed as a result of the hydro-dehydropolymerization. 

The polymerization of propylene by phosphoric acid at 160° and 

10 atm makes it possible to obtain a polymer of the following composi¬ 

tion. 5$; 50#; ^22^24* ^5#; ^12* 

At higher temperatures and pressures, the process can be directed 

toward the primary formation of dodecylene which is used as a semi¬ 

finished product for the production of synthetic detergents. 

We can reach some conclusion as to the composition of the polymers 

of propylene, butylenes, and isoamylenes, on the basis of data from a 

number of investigators, said data presented in Table 42. 

The polymer gasolines cannot be regarded as basic components of 

reaction fuels; however, they may be included in the over-all supplies 

of reaction fuels. 

c) Products of the treatment of solid fuel 

The products which result from the treatment of shales and coals 

during the semicoking process may be regarded as possible components 

of reaction fuels. 

The semicoking process of shales, lignite, and coal is carried 

out at a temperature below 550-600°, as a result of which up to 15-20# 
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tar is produced from the shales, and 10-15# tar is produced by the 

semicoking of lignite and coal, with approximately 50# of the tar boil¬ 

ing over, during distillation, below 350°. 

The chemical composition of the tar is extremely complex. There 

are hydrocarbons, oxygen-bearing sulfur and nitrogen-bearing compounds 

in the composition of the tar. The total content of oxygen-bearing 

compounds reaches 50#, of which up to 20# is made up by phenols. The 

sulfur-compound content ranges between 10-20#, and the content of 

nitrogen-bearing compounds does not exceed 2#. Approximately 30-35# of 

the shale tar is made up of hydrocarbons: unsaturated, paraffinic, 

naphthenic, and aromatic. The phenols are contained in the fractions 

that boll over primarily above 300°; the hydrocarbons predominate in 

those fractions boiling over below 300°. 

The unsaturated hydrocarbons predominate in the hydrocarbon frac¬ 

tion (up to 6O-65#) of the shale tar. There are also diolefins in 

small quantities. The content of naphthenic and aromatic hydrocarbons, 

together, does not exceed 16-20#. 

The chemical composition of the middle fraction of the shale tar, 

according to Ball's data [9] is given in Table 43. 

The shale-tar fraction which boils between 90 and 3000 contains 

up to 40# olefins and cycloolefins. 

In the hydrogenation of petroleum residues, lignite, and coal un¬ 

der a pressure of 30O-6OO atm (the required pressure is selected on 

the basis of the type and composition of the raw material), and at a 

temperature of 450-500°, the yield of liquid fuels amounts to 6O-7O#. 

Here we will obtain high-quality distillates which can be used as 

the raw material for the derivation of fuels for air-reaction engines, 

and the only problem here is the extent to which it is economically 

feasible to produce this fuel by means of hydrogenation. 
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3. Structure and Physicochemical Properties of the Hydrocarbons of 
Fuel Fractions [10,111 

The hydrocarbons which enter into the compositions of the gaso¬ 

line, and in particular, of the kerosene fractions of the petroleum 

determine, in first order, the low-temperature properties of the fuels 

and the fuel yield from the petroleum. For example, the pour point of 

a reaction fuel to a great extent is determined by the content of par¬ 

affinic hydrocarbons which, given an identical number of carbon atoms, 

in comparison with the naphthenic and aromatic hydrocarbons exhibit 

the highest melting points. 

Thus, for example, the hydrocarbons have the following melt¬ 

ing points: 

n. Pentadecane    +9*8 

Cyclopentyldecane  -23.5 
l-Methyl-4-octylbenzene  -26.5 

However, the structure of the hydrocarbons within the limits of 

one and the same homologous series and mole'cular formula has a signifi¬ 

cant effect on the melting point. 

The paraffinic hydrocarbons of normal- and iso-structure differ 

markedly between one another in terms of melting point (Table 44). 

The isoparaffins, in comparison with the paraffins of normal 

structure, exhibit extremely low melting points. However, exceptions 

to this rule do occur, when the structure of the molecule of the iso¬ 

structure attains maximum symmetry. 

For example, the melting point of n. octane is -56.8°; of 3-meth- 

ylheptane, -120.5°; of tetramethylbutane, which is a solid hydrocarbon 

having a melting point of +100.6°. 

Table 45 presents a summary of the changes in melting points for 

paraffinic hydrocarbons as a function of the number of carbon atoms in 
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TABLE 44 ¡ 

Melting Point of Paraffinic Hydro¬ 
carbons of Normal- and Iso-Structure 

1 ymcMaop«« 

4 

t 

9 
10 

p 
I 
19 
20 
21 
22 
23 

H. Ackjh . .. 

2- McnuiiioHax . . » ...... 
3- McnuiHOHiH . . ..... 
S-Mctiuihomh. 
2,7>illlMCTIUIOKTaH . . . .. . 
2,2,6-TpiiMcnuircnTaH. 
N. AOACKaH . . . .. 
3'drn^AOACKaii.. 

4.5- All»TIMIOKTaH.. 
H. TcTpaACKaH.. 
2.11- AllMCTHAAOACKail . . . . . 
4.5- AnnponiMioKTaH. 
n. rcKcaACKaH . 
3-McTiuineiiTaACKaH. 

5.7- AiuTiuiAOACKaH.. 
7.8- AltMÍTHATCTpaACKaH ... . 

il. OiaaAeKaH . .,. 
D-McTiMirenraACKaii. 
3.12- AHïTHATCTpaACKaH ... . 
7.8- All»THAT*TpiAeKaH ... . . 

2t. IM.. *c ; T. aim.* *C 

- 20,6 
^-74,$ 
- 84,8 

- 86,4 

- 54,6 

-105 
- 9,6 

- 71 
-70 

+ 5,5 
- 8,5 

<- 80 

+ 18,1 
- 22,3 

<- 80 
- 70. 
+ 28,1 
- 8 
<- 30 

- 36 

174.1 
• 167,0 

• ; 167,8 

165.1 

•150,8 

148,0 
' 216,2 

201,5 
• 102-104 

253,6 

244 ! 
220 
287 

267 

254 

:267-269 

317,5 

1) Hydrocarbon; 2) melting point, °C; 3) boiling point, °C; 
4) n. Decane; 5) 2-Methylnonane; 6) 3-Methylnonane; 7) 5- 
Methylnonane; 8) 2,7-Dimethyloctane; 9) 2,2,6-Trimethylhep- 
tane; 10) n. Dodecane; 11) 3-Ethyldodecane; 12) 4,5-Diethvl- 
octane; 13) n. Tetradecane; 14) 2,11-Dlmethyldodecane; 15) 
4,5-Dlpropyloctane; 16) n. Hexadecane; 17) 3-Ifethylpenta- 
decane; 18) 5,7-Diethyldodecane; 19) 7a8-Dlmethyltetradecane; 
20) n. Octadecane; 21) 9-Methylheptadecane; 22) 3>12-Diethyl- 
tetradecane; 23) 7a 8-Diethyltetradecane. 

TABLE 45 

Melting Point of Paraffinic Hydrocarbons as a 
Function of the Number of Side Chains 

1 
Nmoio aroMoa yrjiepojia 

» MOJicKy/ie 

2 T- nil., *C 
^ npH twCÄc ÓOKonwx ucneft 

0 l . 2 3 4 

9 
10 
11 
12 

: 13 

-53,7 
-29,7 
-25,6 
-.9,6 

. “6,2 , 

-80-115 
-74-98 
-93 
-70 
-65 

-53' -105 
AO —120 

l) Number of carbon atoms in molecule; 2) melting 
point, °C; 3) number of side chains. 

) 
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the molecules and the number of side chains. 

Table 46 presents the melting points of paraffins and olefins of 

normal structure. Given an equal number of carbon atoms, the olefins 

have lower melting points than the paraffins. 

The content of paraffinic hydrocarbons of normal- and iso-struc- 

ture in kerosene fractions of various petroleums is presented in Table 

47. 

Since the olefins of isostructure have lower melting points, the 

melting point of the olefins diminishes after their isomerization. For 

example, in the case of isomerization, by activated aluminum oxides, 

of dodecene-1 (C12H2^), tridecene and hexadecene-1 

at 3000, the following results were obtained (Table 48). 

The isomerization of normal paraffins at 400° over a sulfur cata¬ 

lyst results in a reduction of the pour point of the isomerizate, de¬ 

pending on the extent of isomerization (Table 49). 

The melting point of naphthenic hydrocarbons with long side 

chains in all cases is lower than the melting point of normal paraf¬ 

finic hydrocarbons and, therefore, the naphthenic hydrocarbons are 

more desirable as components in a reaction fuel (Table 50). 

The content of the naphthalene homologs in the kerosene fractions 

of the petroleums being investigated amounts to approximately 3# of 

all the aromatic hydrocarbons. 

The benzene homologs, having equal numbers of atoms in the side 

chains, can exhibit the greatest variety of melting points. For exam¬ 

ple, n. butylbenzene melts at -87.5o; 1,2,3,5-tetramethylbenzene melts 

at -23.8°; and 1,2,4,5-tetramethylbenzene is solid and has a melting 

point of +79°. Naphthalene is a solid; a-methylnaphthalene is a liquid 

which solidifies at -19°; ß-methylnaphthalene is a solid, and 2,3- and 

2,6-dimethyInapthalenes are also solids which melt at around 100°. 
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TABLE 46 

Melting Point and Boiling Point 
for Normal Paraffins and Nor¬ 
mal Olefins 

I 

'4 

l 
9 

VrucuyopoA 
1 

T. na.. *C 
2 

T. nnn., 
3 • . — 

ÜCKaii .. 
ßeuCH-1. 
ÄOÄCKaH. 
Aoacuch-1 . . . • 
TerpaACKaii .... 
TcrpaAcucii-l. . . 

-20,6 
-66,3 
- 0,6 
-33,6 
+ 5,5 
-12,0 

174.1 
170.5 
216.2 

. 213,3 
253.6 
246 

•c 

l) Hydrocarbon; 2) melting 
point. °C; 3) boiling point, 
*>C; 4) decane; 5) decene-1; 6) 
dodecane; 7) dodecene-1; 8) 
tetradecane; 9) tetradecene-1. 

TABLE 4? 
Content and Composition of Paraffins in 
Kerosenes 

1 KCPOCHH 

2 COACPUMIIHC. % 

napaÿiiiiu 
MOpMajibiiue 
1 napa^MNU 

mona p.i* 
^ <Phiim 

6 TyAMaaHHCXiifl (acdohckiii'i) . . 55,2 
50 

14 

28,7 

13,0 

0 

26.5 

37.6 

14 8 CypaxpHCXiift (jierKoA-HopTii) . 

l) Kerosene; 2) content, $; 3) paraffins; 
4) normal paraffins; 5) isoparaffins; o) 
Tuymazy (Devonian); 7/ Kara-Chukhur; o) 
Surakhany (from light petroleum). 

TABLE 48 
Reduction of Melting Point in the Isomerization of 
Normal Olefins 

1 MCXOAHMft 
yrneaoAopoA 

BuXOA H30 
HcpmsTa, 14 

2 

^ T. na.. *C rioKaaarcxb 
npe/ioM^ciiHR 

MSoa^Kcua. 

6 "ß 
II. anKCH 

4 
H30&AKCH 

c 
- 

7ÄOACUCU-1.. 

lÓTpHACUCii-i . ...;. 

9rCKCaA«UCH-I. - 

65 

65 

60 

-38,6 

-22,2 

-(- 4 

-57 

-58 

-30 

1,4233 

1,4265 
1,4420 

i; initial hydrocarbon; 2) yield of isomerizate, #; 
3) melting point, °C; 4) n. alkene; 5) isoalkene; 

/ PO 
6) isoalkene refraction index, n^ ; 7) dodecene-1; 

8) tridecene-1; 9) hexadecene-1. 
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TABLE 49 

Reduction of Melting Point after Isomerization of 
Mixture of Normal Paraffins ci2H26"Cl6H34 

1 yr/ie«OAOpoAU T. im., *C 
2 

n«ornom 

3 
«** "D 

Bjmmhm 
xxexo 

Dux««. % 
5 

h. n.-ir«t>miu... -. . . 
llvnir niiaiT*. * . . . . . 

-21 
-48 
-70 

0,7716 
0,7700 
0,7710 

1,4280 
1,4326 
1,4200 

0 

•J 
96 
50 Haonapaitninu. 

^Mixture of paraffins of normal- and isostructure. 

1) Hydrocarbons; 2) melting point, °C; 3) density, 

pj ; 4) bromine number; 5) yield, 6) n. paraf¬ 

fins; 7) isomerizate*; 8) isoparaffins. 

TABLE 50 

Melting and Boiling Points for Naphthenic and 
Normal Paraffinic Hydrocarbons with the Same Num¬ 
ber of Carbon Atoms 

1*InMO ATOMO« 
yracpoA* 2 VrjicnoAopoA 

c, 
c,' 
C» 
Cl. 
Cu 
Cu 
Qa 
Cu 
Cu 

9 
10 
11 
12 
13 

H. Honan ... . 

ByrnAuiiKAonciiTaii 

h. Acxaii ... . 

ByrnnmiKAorcKcaii 

it. TpiiACKan . . . 

UiiKAorcKcnarcnTaii 

UmuioncimiaoKian 

ncniaAcxan . . . 

11,11 KAoncHTiiAAcxa it 

3 T. na.. *C 

- 53,5 
-107,9 

: - 29,6 
- 74,4 
- 6 
- 41 
- 44,5 
+ 9,8 
- 23 

xiin., *C 

150,7 
15G 
174,1 
180 
235,5 

2.0,6 

I) Number of carbon atoms; 2) hydrocarbon; 3) melt¬ 
ing point, °C; 4) boiling point, °C; 5) n. nonane; 
6) butylcvclopentane; 7) n. decane; 8) butylcyclo- 
hexane; 9) n. tridecane; 10) cyclohexylheptane; 
II) cyclopentyloctane; 12) pentadecane; 13) cyclo- 
pentyldecane. 

Thus the source for the formation of crystals in a fuel at low 

temperatures may be the polymethylated benzenes and naphthalenes, in 

addition to the paraffins of normal structure. However, the content of 

the former in kerosenes is substantially less than of the latter. 

Viscosity is a characteristic on which depends the pumpability of 

fuels at low temperatures. 
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1 
table 51 
Viscosity of Hydrocarbons as Function of Their 
Structure 

1 yrMMAOpM Pm yuiciMopwM OopuyjM 

Oh. rcfccau. 
7h. Okthii. 
04-McTH^renrin 
9drHviuHiuioreKCaH . . . . 

10jk*Kcha<m. 
11h. Acxan . i. 
125-MeriuiHOHaii. 

13fleueii*l.. . . 
14 h. EynuiuHiuiorcKcaH ... 
15N. BynuiCeiuM ... . . 
16h. neHiaxcKaH...... 
172-MeriuiTcTpaAeKaH.. . ■ 
löntnrajcuoH-l.... . . 
19 AcuMiiHiuioreitcaH . . . . 
20 N. HoHtuOtHaoJi. 

51 riapaÿuHU 

> 
» 

52 HaÿTCHU 
53 ApoMaTHiecxHC 
54 riapaipiiHu 

» 

55 OjieipiiHU 
56 Hai)iTCHU- 
57 ApoManmecKH^ 
58 riapaipHHU 

> 
i 59 OflCIpHHbl 
j |0 HatpTCHU 
[ ¡1 ApoMamccKH« 

C|H|« 
C.H,, 
C*HU 
C,H„ 
C,H„ 
CmMm 
CioHu 
CioHjo 
Ci#H» 
C|«H|4 
CuHm 
Ci»H»a 
CuHu 
CuH„ 
CuHm 

,T. KNI1.. *C 
4_ 

68,7 

125.6 
117.1 

131.7 

139.1 
174.1 

167,0 

170.5 

180,9 

183.8 

270.6 

265,4 

258 

280—281 

AaMMmccxaa 
MlKOCTb 

C T*. ctm 

0,320 

0,540 

0,470 

0,895 

0,615 

0,920 

0,810 

0,806 

1,290 

1,030 

2,860 

3,330 

2,500 

5,010 

3,220 

I) Hydrocarbon; 2) hydrocarbon series; 3) formula; 
4) boiling point, °C; 5) dynamic viscosity, t)20, 

centistokes; 6) n. hexane; 7) n. octane; 8) 4- 
methylheptane; 9) ethylcyclohexane; 10) m-xylene; 
II) n. decane; 12) 5-methylnonane; 13) decene-1; 
14) n. butylcyclohexane; 15) n. butylbenzene; l6) 
n. pentadecane; 1?) 2-methyltetradecane; 18) penta 
decene-1; 19) decylcyclohexane; 20) n. nonylben- 
zene; 21) paraffins; 22) naphthenes; 23) aromatic; 
24) paraffins; 25) olefins; 26) naphthenes; 27) 
aromatic; 28) paraffins; 29) olefins; 30) naph¬ 
thenes; 31) aromatic. 

The viscosity of the hydrocarbons of the gasoline-kerosene frac¬ 

tions increases uniformly with an increase In molecular weight. Vis¬ 

cosity decreases in the series naphthenes-aromatic hydrocarbons-paraf- 

fins-olefins (Table 51)* 

The isoparaffins, branching very little, differ only slightly in 

terms of viscosity from the normal-structure paraffins. 

The change in the viscosity of hydrocarbons of various homologous 

series, as ä function of their boiling point, is presented in Fig. 51. 

With an increase in fuel viscosity, the specific fuel consumption 

can increase as a result of the Impairment of vaporization and mixture 

formation. 
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Fig. 51. Viscosity of hydrocarbons of various 
homologous series as a function of the boiling 
point. 0) Alkanes; x) cyclanes; #) aromatic hydro¬ 
carbons; \) bicyclic hydrocarbons; 1) viscosity at 
20°, poises; 2) boiling point, °C. 

Fig. 52. Surface tension of 
hydrocarbons of various series 
as function of density, x) Al¬ 
kanes; 0) cyclanes; ij aromatic 
hydrocarbons; 1) surface ten¬ 
sion at 20°, dyn/cm; 2) den- 

sity, eills- 

There is a direct relationship between the surface tension of the 

fuel and the degree of fuel vaporization; therefore, this characteris¬ 

tic of hydrocarbons should not be neglected. The least value of surface 
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Pig. 5^. Latent heat of vaporization of hydrocar¬ 
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point. 0) Alkanes; A) alkenes; x) cyclanes; •) 
aromatic hydrocarbons; $) bicyclic hydrocarbons; 
1) latent heat of vaporization, cal/g; 2) boiling 
point, °C. 

tension is exhibited by paraffinic hydrocarbons: from 18 to 28 dyn/cm; 

the highest values are exhibited by aromatic hydrocarbons: from 28 to 

32 dyn/cm; and the naphthenes occupy an intermediate position. 

In general, the surface tension of fuel fractions of petroleum 

products, at 20°, lies between I5 and 40 dyn/cm. Figure 52 shows the 
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Pig. 55. Density of hydrocarbons as function of 
boiling point. 0) Alkanes; A) alkenes; x) cyclanes; 
•) aromatic hydrocarbons; $) bicyclic hydrocar¬ 

bons; 1) density at 20°, g/cm^; 2) boiling point, °C. 

TABLE 52 

Density of Hydrocarbons of Various 
Series 

y r.icooÆopoA «J'opuy/ia 
2_ b 

njlOTIIOCTb 
.20 T. Kim., *C 

4 _ 

h. hck.hi. 
h. Heuen. 
2-UiiKAorcKCiwôyTaii . . 

/IcK.i.nim (mie). 

». DyTiwficiuo^, ... . 
Haijiraaim. 

Cio 

C,oM„ 
CJ Ijo 
C|UIIjo 
Cu,!l„ 
CioHh 
C,oH, 

0,7200 
0,7708 
0,8131 

0,8050 
0,8003 

1,145 

174 

170,5 
170 
103,3 

¡83,8 
217,9 

11 h. HoacKaii. 
12 Hoacucii-1. 
13 3-UiiK/iorcKCiiarcKcan . . . 
14 3-OciinarcKcaii. 
15 ß-3THaiia(|)Taaiui. 

Cu 

Cijl'lao 
CijHh 

Q1H1, 
CisHja 

0,7487 

0,7584 
0,8225 
0,81! 14 

1,002 

210,2 
213,3 
217 

200-203 

251 

1) Hydrocarbon; 2) formula; 3) density, p^°; 4) boiling 

point, °C; 5) n. decane; 6) n. decene; 7) 2-cyclohexylbutane; 
8) decalin (cis); 9) n. butylbenzene; 10) naphthalene; 11) 
n. dodecane; 12) dodecene-1; 13) 3-cyclohexylhexane; Í4) 3- 
phenylhexane; I5) ß-ethylnaphthalene. 
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change In the surface tension of hydrocarbons of various series as a 

function of specific weight. This relationship can be given by the 

following formula: o = 51.5, d - I6.6. 

The surface tension of petroleum products having a specific 
t 

weight between O.71 (gasoline) and 0.8I (kerosene) changes at 20° from 

20 to 27 dyn/cm. 

With respect to the remaining properties of hydrocarbons, let us 

dwell In detail on the specific heat capacity and latent heat of vapor¬ 

ization, since these may prove to be of interest in connection with 

the problem of cooling an engine. 

The specific heat capacity of hydrocarbons of various series is 

found approximately to range between 0.4 and 0.5 cal/g*deg. As can be 

seen in Pig. 53, the paraffins exhibit the greatest heat capacity. The 

hydrocarbons, rich in carbon, exhibit‘the least heat capacity. 

The latent heat of vaporization of hydrocarbons boiling between 

60-3000 is found approximately to range between 40 and 95 kcal/kg. 

The lowest heat of vaporization is found with paraffinic hydrocar¬ 

bons; and the greatest heat of vaporization is found with aromatic hy¬ 

drocarbons (Fig. 54). 

The density of hydrocarbons determines the density of the fuels, 

and this has an effect on the supply of fuel in the aircraft's tanks. 

The greater the density of the fuel, the more fuel can be carried, 

given equal tank capacity. 

Table 52 presents the density of hydrocarbons of various series 

in the case of equal numbers of carbon atoms. 

Cyclical hydrocarbons exhibit greater density in comparison with 

hydrocarbons having an open chain. The density of aromatic hydrocar¬ 

bons is greater than the density of naphthenic hydrocarbons. The homo¬ 

logs of naphthalene exhibit particularly high density. For example, 
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for methyl- and ethylnaphthalenes, the density Is close to unity. 

In general, the density of hydrocarbons as a function of their 

boiling points can be presented in the form of a graph (Pig. 55)» The 

density of the alkanes and alkenes within a range of boiling points 

from 60 to 300° increases from 0.68 to 0.80; in the case of monocycli- 

cal naphthenes it increases from 0.7^ to 0.88; and in the case of aro¬ 

matic hydrocarbons it increases from 0.86 to 0.90. Bicyclic aromatic 

hydrocarbons exhibit the highest density, i.e., from 0.95 to 1.04. 
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Chapter 4 

COMPOSITION AND HEATING VALUE OP JET FUELS 

1. Definition of Heating Value and Its Limits for Fuels 

Heating value Is one of the most Important parameters characteriz¬ 

ing the properties of a Jet fuel. Attempts are made to use as fuel sub¬ 

stances consisting of elements or compounds with the highest possible 

heating value. The term heating value or calorific value refers to the 

quantity of heat In calories that is liberated on combustion of a unit 

weight (1 kg) or volume (1 liter) of material In an oxygen or air at¬ 

mosphere. Accordingly, two methods exist for expressing heating value: 

heating value per unit weight and heating value per unit volume. 

The standard quantity is the unit-weight heating value. The con¬ 

cept of volume heating value is frequently employed as a supplementary 

characteristic for aviation fuels, since flight range depends on it to 

a certain degree. 

Two values of the unit-weight heating value are distinguished: 

the upper and lower limits. 

The upper-limit heating value is the quantity of heat liberated 

in complete combustion of a unit weight of fuel at a pressure of 76O 

mm Hg with the combustion products cooled to 25°. The upper-limit heat¬ 

ing value is determined by burning the material in a bomb calorimeter 

in an oxygen atmosphere. 

The lower-limit heating value is the quantity of heat liberated 

during complete combustion of a unit weight of fuel at a pressure of 

760 mm Hg with the combustion products cooled to 25°, but without tak- 
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ing into account the heat of condensation of the water vapor formed 

during combustion of the fuel. 
a J 

For a number of substances (such as Al, B, Be and their compounds) 

combustion of which results in formation of high-boiling oxides (e.g., 

AlgOg, an<** ln certain cases, water vapor, the physical 

state of the combustion products (solid, liquid or gaseous) is also 

Indicated in giving the heating-value figure. 

Table 53 lists heating values per unit weight and volume for ele¬ 

ments whose combustion is accompanied by liberation of a large quan¬ 

tity of heat as compared with the remaining elements of the periodic 

system. 

The heating values of such elements as phosphorus, titanium, va¬ 

nadium, calcium, zirconium, niobium, sodium and sulfur lie in the 

range from 2000 to 5660 kcal/kg. For the remaining elements of the 

periodic system, the heating value does not reach 2000 kcal/kg. 

Hydrogen, combustion of which liberates 28,900 kcal/kg, has the 

highest heating value. The heating value of the hydrocarbons is the 

lower unit-weight heating-value limit beyond which it is evidently not 

advisable to go for air-breathing Jet-engine fuels. 

The heating values for hydrocarbons of the various series lie in 

the range from approximately 9500 to 10,500 kcal/kg and average about 

10,000 kcal/kg. 

Apart from hydrogen, only beryllium and boron surpass the hydro¬ 

carbon fuels as regards their unit-weight heating values; consequently, 

the selection of fuels with higher heating values is quite limited. 

Under ordinary conditions, however, hydrogen is a gas and has an ex¬ 

cessively low density of 0.07 in liquid form at -252.8°; this excludes 

the provision of adequate fuel reserves in the tanks. Beryllium, boron 

and their hydrogen compounds are not readily available and are little 
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TABLE 53 
Heating Values of Gerte i Elements [1] 

i 
l9«CltMT 

ÔBojopoa . 
9 CcpiuuiiiA 

lOßop . . . 
llJIimift . . 
12AjiiommhhA 
ISMirHHA . 
14>KpeHHiiA . 
15yr«poA.. 

lUMMCTk 

4 TeiMoTMpM* 
Q, 

Inm/ki 
Z 

«(M/4 

CoCTORMNC MRC4I 

H 
B« 
B 

Ll 
Al 
Mg 
Si 
C 

0,07 

1,85 
2,30 

0,53 

2,7 

1,43 
2(*mop4hiiiA) 

1,8-2,1 

: 6 

28D00* 

15000 

13056 

10300 

7200 

6000 

7160 

7840 

' 2110. 

27750 

31400 

5450 

10700 

8550 

14350 

15700 

raaooOpuHM 17 
Tmpam 18 

ruooOpasiwt 19 

*For hydrogen 
1) Element; 2) symbol; 3) density; 4) heating value 
Qy; 5) kcal/kg; 6) kcal/liter; 7; state of oxide; 
8) hydrogen; 9) beryllium; 10) boron; 11) lithium; 
12) aluminum; 13) magnesium; 14) silicon; 15) car¬ 
bon; 16) amorphous; 17) gaseous; 18) solid; 19) 
gaseous. 

suited for large-scale use, so that the question of using them in 

fuels will apparently arise only in special cases. 

In the light of the above, compounds of hydrogen with carbon - 

hydrocarbons, which have relatively high heating values and are avail¬ 

able in virtually inexhaustible quantities, are used as fuels for air- 

breathing jet engines. 

The heating values of hydrocarbon fuels depend on their elementary 

composition, which is associated first and foremost with their group 

composition. 

The lower-limit heating value has been adopted as the basic ther¬ 

mochemical characteristic of hydrocarbon fuels. It is computed on the 

basis of the upper-limit heating value, which is determined calorimet- 

rically, by correcting for the hydrogen content in the fuel in accord¬ 

ance with the formula 

Qh = Q. - 50,45 H, 

- 175 - 



1 
where H is the percentage content of hydrogen in the fuel. 

In the case of individual hydrocarbons, the percentage hydrogen 

content in the fuel is found from the chemical formula; in the case of 

fuels, it is found by elementary analysis or may also be computed ap¬ 

proximately from the density in accordance with the empirical formula 

# H.«b.26— 15 pj*. 

The elementary composition of aviation Jet fuels usually lies in 

the following range: 

H = 12.4-15.3fr C = 85-87.5# and S = 0.005-0.4#. 

The heating values of petroleum products may be determined very 

approximately on the basis of elementary composition by use of D. I. 

Mendeleyev's empirical formula 

Q, = 81 CH + 246 H% + 26 (S -0) %, 

where C, H, 0 and S are the percentage contents of the corresponding 

elements. 

Approximate methods also exist for computing the heating values 

of fuels from their physical constants. 

Thus, the heating value may be associated by empirical formulas 

with the density, as given by the Kragoe formula: 

Qn = 11 088 + 757p — 2100p1. 

Using this formula, we obtain a 3 to 5# discrepancy between ex¬ 

perimental and calculated values. 

Reports have recently been published in which an attempt is made 

to express the lower-limit heating value as a function of density and 

aniline point [2], 

Recently, V.I. Lavrent'yev [3] proposed a formula in which the 

heating value is found from the refractive index: 

Q. = 18 600 - 5730no kcal/kg. 

The formula gives values on the high side for the heating values 

- 176 - 



of aromatic hydrocarbons (2-4^ high), but produces excellent results 

for T-l, T-2 and T-4 Jet fuels (discrepancies in the range from 0.2 to 

0.5*). 

In another formula proposed by V.I. Lavrent'yev, the refractive 

index and aniline point are taken into account: 

Q« = 7,5rA - 2865n2 + 14 080 kcal/kg. 

where TA is the aniline point (°C). 

This formula gives a 0.3-1# error in determinations of the heat¬ 

ing values of T-l and T-2 fuels, but it gives good results for high- 

aromatic fuels and aromatic hydrocarbons. For paraffinic hydrocarbons 

and fuels, however, the error may reach 2#. Both formulas have been 

tested on 100 samples of fuel of the T-l and T-2 types and on 20 in¬ 

dividual hydrocarbons, and may be used to estimate heating value. 

2. Heating Values of Hydrocarbons 

The heating value of a Jet fuel is composed of the heating values 

of the individual hydrocarbons of the various series forming the fuel. 

In this connection, let us examine the heating values of hydrocarbons 

having the same number of carbon atoms but belonging to different hy¬ 

drocarbon series (Table 54). 

As will be seen from Table 54, the lower-limit heating values of 

hydrocarbons with equal numbers of carbon atoms may differ by more 

than 1000 kcal/kg in the transition from hexane to benzene. 

Table 55 lists the heating values of homologous series of hydro¬ 

carbons that may, on the basis of their boiling points, be found in 

broad-fraction turbojet fuels. 

Recently, the use of hydrocarbon radicals as a high-calorie [ex¬ 

otic] fuel has been suggested. According to calculation, the low-limit 

heating value of the methyl radical is about 14,000 kcal/kg, that of 

ethyl is 12,000 kcal/kg, and that of propyl is 11,400 kcal/kg [4]. 
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TABLE 

Elementary Compositions and Heating Values of Hy¬ 
drocarbons of Various Series [4] 

1 yrMMJKpM 
2 3coctm. % 4 T«iMior»epMa 

enoco6««CTk*, kmaIu 

H C 6. oN 

fCKCaM . QHm 
CtHtt- 
C#Hu 
CiH| 

16.26 
14,28 
14,28 
7,56 

83,74 
85,72 
85,72 
92,44 

11560 
11450 

• 11150 
10000 

10608 
10615 
10370 
0503 

rCKCCN . 
UmuoremaH. 
ilCMMM... . , 

♦Heating value from data on heat of combustion 
( kcal/gram-molecule). 

1) Hydrocarbon; 2) formula: 3) composition, %: 
heating value.* kcal/kg; 5) hexane; 6) hexene- 
cyclohexane; 8) benzene. 

4 
7 

TABLE 55 

Heating Values in Homologous Series of Hydrocar¬ 
bons [1, 4] 

1 Pm yM«ioxopo«M 

3 fIapa<J)HHbi HopMMbHue ... , . . . 
4 MaonapailHiHU ... 
5 <X(1C(J)IIHhl HOpMaAbHUC.. . . 

6 Hat]ITCH« MOHOUHWIHMeCKHe. 
7 HatjiTCHu CiiuHtuiHHecKiie.; 
8 BeHaon h ero roMoaoni. 
9 1'oMoaorM iia<|)TaAHHa. 

10 HaipTCHoapoManmccKHe yracaoaopoa« 

2 TwaoraopM* cnocoAneerb <JM, kkûa/iu 

C. 

10T.98 

10G15 

10379 

9593 

10570 

10535 

10483 

10375 

10200 

9945 

9270 

9426 

10540 

10513 

10470 

10503 

10484 

10444 

10360 

9917 

9475 

Th® c^q, C^2 and isoparaffins are repre¬ 

sented by the tetramethylalkanes, and the aromatic 
and naphthenoaromatic hydrocarbons with C10 and 

C12 are represented by n-butylbenzene, tetralin 

and ethylnaphthalene. 

1) Hydrocarbon series; 2) heating value 

kcal/kg; 3) normal paraffins; 4) isoparaffins; 5) 
normal olefins; 6) monocyclic naphthenes; 7) bi- 
cvclic naphthenes; 8) benzene and its homologs; 
9) naphthalene homologs; 10) naphthene-aromatic 
hydrocarbons. 
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Methods of storing radicals at low temperatures are being developed. 

The heating value of a fuel is associated with the ratio between 

its carbon and hydrogen contents - the quantity 0/¾. This relationship 

is shown in Pig. 56 on the basis of experimental data for individual 

hydrocarbons and aviation-turbine fuels. In motor and Jet fuels, the 

ratio C/H varies in the range from 5*7 to 6.7» while the lower-limit 

heating value varies accordingly from 10,000 to 10,500 kcal/kg. 

In paraffins, the lower-limit heating value differs from the up¬ 

per limit by an average of 770-800 kcal/kg; in olefins and naphthenes, 

the range is 750-770 kcal/kg, and for benzene it is 380 kcal/kg. 

In paraffinic hydrocarbons, the heating value diminishes with in¬ 

creasing boiling point, as does the hydrogen content in accordance 

with the composition formula CnH2n+2. In monocyclic naphthenes, this 

variation is considerably smaller. In the benzene homologous series, 

the heating value increases as we pass toward higher homologs due to 

the side chain. Thus, it is 9593 kcal/kg for benzene and 99^5 kcal/kg 

for n-butylbenzene. Bicycllc aromatic hydrocarbons have a low heating 

value of the order of 9500 kcal/kg. 

For example, the heating value of butylnaphthalene is 9535 kcal/kg, 

while that of isoamylnaphthalene is 9601 kcal/kg. 

The heating value referred to a unit volume — the so-called per- 

liter heating value — varies as a function of chemical composition to 

an even greater degree than does the unit-weight heating value. It is 

the product of the unit-weight heating value by the density: P* 

Thus, on transition from the paraffinic to the naphthenic and aro¬ 

matic hydrocarbons, the unit-volume heating value increases more 

sharply than the unit-weight heating value diminishes. 

Table 56 shows the changes in unit-weight and unit-volume heating 

value in various hydrocarbon series. 
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Pig. 56. Upper-limit heating values 
of hydrocarbons in various series as 
functions of C/H ratio, x) Paraffins; 
0; naphthenes; ¢) aromatic hydrocar¬ 
bons; •) petroleum products. 1) Up- 

C%"rati^ heatlng value> teal/kg; 2) 

In bicyclic naphthenes, such as decalin, the heating value re- 

ferred to unit volume la IOIO-1360 kcal higher than that of decane. 

This is particularly characteristic for cls-decalln, which has a high 

density (0.89) and a heating value of 10,225 kcalAg. Benzene homologa 

such as butylbenzene are inferior to the bicyclic naphthenes. Mono, 

cyclic naphthenes have no particular advantage as regards their unit- 

volume heating values. 

The naphthenoaromatic hydrocarbons, e.g., tetralin, have high 

unit-volume heating values in combination with much lower unit-weight 

heating values. This applies to an even greater degree to the naphtha¬ 

lene homologs such as methylnaphthalene. 

The unit-volume heating value changes not only as we pass from 

one homologous series of compounds to another, but also within the 

of a single group of compounds having the same number of carbon 

atoms, e.g., among different isomers. Here, there is virtually no de¬ 

crease in the unit-weight heating value (Table 57). Thus, the unit- 
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weight heating values of decane and 3,3,M-tetramethylhexane range 

from 10,570 to 10,535 kcal/kg, while the latter's unit-volume value is 

535 kcal higher than that of the former. A similar pattern is observed 

in the olefins and naphthenes. 

TABLE 56 

Changes in Unit-Weight and Unit-Volume Heating 
Values [4] 

1 VrMMMOpM 

'1 

11 
11 
12 

ll 
16 

H. ÜCK3H . 

/lcueii-2. 

GyTiuimiiuiorcKcaH . 
ÛCKMMH (TpailC) . . 

Ackmiiii finie) .., 

ByTMflöCIIMWI . . . 

TcipUIIIH . 

MeTIMinUflTUHH . . . 

Kcpocmi aoHaunoHiiuA 

CmHm 
CmH* 

CmHu 
CmHu 
CmHi« 
Ci#Hh 
CiiHi» 

T 
naOTNOCTh 

4 TwiAOTitopii»* cneeopNMTk 

0,7299 
0,7421 
0,7092 
0,872 
0,800 
0,8003 
0,9731 
1,025 

5(npii 14*) 
0,81 

5 kuä/u 

10570 
10483 
10375 
10105 
10225 
9045 
0723 
9394 

10250 

KMâ/â 

7080 
7740 
8200 
8750 
0100 
8550 
0450 
0025 

8300 

1) Hydrocarbon; 2) formula; 3) density p^°; 4) 
heating value; 5) kcal/kg; 6) kcal/liter; 7) n- 
decane; 8) decene-2; 9) butylcyclohexane; 10) 
decalin (trans); ll) decalin (cis); 12) butylben- 
zene; 13) tetralin; 14) methylnaphthalene; 15) at 
14°; 16) aviation kerosene. 

In a number of cases, the specific gravity of the hydrocarbons 

increases with increasing complexity of the branches and the appear¬ 

ance of quaternary atoms (n-decane 0.72 and 3,3,4,4-tetramethylhexane 

0.78), but this phenomenon is not always observed. Thus, for example, 

2,2,5,5-tetramethylhexane has a density of O.718. 

The unit-volume heating values of the alkanes, alkenes, and naph¬ 

thenes depend on the structure of the carbon-atom skeleton. 

3. Heating Values of Jet Fuels 

The heating values of jet fuels vary over a narrower range than 

those of the hydrocarbons and hydrocarbon groups composing the fuel. 

This will be seen at once from the data of Tables 55 to 58. 
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TABLE 57 

Variation of Unit-Volume Heating 
Value in Isomeric C10 Hydrocaroons [4] 

2 
yMMoaopw 

riaftTHoerk 
SO 
*r 

4 napafuku 
5 H. ... 
6 2,2,2-TpMMCTiwimuineHTiH.. 
7 3,3,4,4*TiTp«MCTMflr*KC*H ... 

Ô 4‘McnumoHaH. 
9 2,2,3,3,4-neHT*»ieTMJineHT«H. 

10 2,7>AHMCTHaOKTaK . 
11 2,2,3,4,4-neMTaMeriwineHTaH. 
12 2,2,5,S-TerpaMerwireKcaH. 

13 OacQuhu 
l4/leucH-2 .. . .. 
15 3,4,4,5-T*TpaMeTH.ireKC«H*2. 
lo 2,2,3,4-TerpaMCTHareKceH-3. 
17 3,4,5,5-IeTpaMeTH^ reKMH-2. 

iS 3,7-flHM«THaOKTeH-l. 

0,7299 

0,7818 

0,7824 

0,7323 
0,7801 

0,7242 

0,7670 

0,71800 

0,7421 

0,7800 

0,7706 
0,7679 
0,7396 

19 Hapmthbt 
20 h. ByTHfluHtaoreKCaH ..,. 
21 1.2,3,4-TeTpaMCTiumHiuioreKcaH ... . 
°.2. »Top. BynuiuHMioreKcaH. 

0,7092 

0,82219 

0,8131 

3 
T«Mor«opma 
cnocoÖHocTk, 

n*MA 

7680 

8210 

8215 

7690 

8200 

7600 

8060' 

7540 

7750 
8110 

8000 

7990 
7700 

8260 

8500 

8430 

PO 
1) Hydrocarbon; 2) density P2| ; 3) 

unit-volume heating value, kcal/liter; 
4) paraffins; 5) n-decane; 6) 2,2,2- 
trimethylethylpentane; 7) 3>3>^- 
tetramethylhexane; 8) 4-methylnonane; 
9) 2,2,3,3,4-pentamethylpentane; 10) 
2,7-dimethyloctane; 11| 2,2,3»4,4- 
pentamethylpentane; 12) 2,2,5,5- 
tetramethylhexane; 13) olefins; 14) 
decene-2; 15) 3,5-tetramethy1- 
hexene-2; l6) 2,2,3,4-tetramethyl- 
hexene-3; 17) 3,^,5,5-tetramethyl- 
hexene-2; l8) 3,7-dlmethyloctene-l; 
19) naphthenes; 20) n-butylcyclohex- 
ane; 21) 1.2,3,4-tetramethyIcyclo- 
hexane; 22) sec-butylcyclohexane. 

The difference between the volumetric heating values of paraf¬ 

finic and aromatic hydrocarbons is about 10$. 

According to the direct bomb-calorimeter determinations of Ya.B. 

Chertkov, V.N. Zrelov and V.V. Rudakov [6], the lower-limit heating 

values of the fuel fractions of Soviet petroleums take the values given 
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T'ffiLE 58 

Heating Values of a Number of Fuels and the Hydro¬ 
carbon Groups Composing Them [5] 

1 Tmimio mn rpynna jrrJMMMpcMOt 
% 
1« èè 

3 s' 

|¡ 
ií j 

4 rpyiMMOt (OCTI*. 
% 

TeiMoriiopMaa 
gcnoceCiiocTk 

apon«’ 
míe* 

¡CNNC1 
¡TM“ 

napa* 
r*INU 

9 JL0 
«««4/M «««4/4 

11 Aoitamioiiiioe tom 11 do. 

12 ADIiaUIIOHHUfl KCpOCMH. 

13 KoimeinpaT napatjniHoaux yraeaoAopo- 
AOB. 

14 KoimciirpaT H«|)7CHO*n«pa<J>HHOMix yr- 
AcnoAopodou . 

15 KoimciiTpar bpomjthikkkx yrACMAo* 
POAOD . 

16 ABHauilOHHUA (SeHSHII. 

17 ÜHMAbiioe Tona h eo. 

0,7650 

0,7475 

0,7200 

0,8700 

60-270 

155-270 

150-265 

160-270 

166-251 

60-180 

200-325 

10.4 

2.6 

1.4 

75,2 

30,2 

5,2 

51,0 

11.4 

41.4 

02,2 

46,7 

13.4 

10350 

10260 

10360 

10300 

0860 

10520 

10050 

7000 

8135 

7723 

8133 

8320 

7582 

8720 

1) Fuel or hydrocarbon group; 2) density at 15.5°; 
3) boiling range, °C; 4) group composition, 5) 
aromatic: 6) naphthenes; 7) paraffins; 8) heating 
value; 9) kcal/kgJ 10) kcal/liter; 11) aviation 
fuel; 12) aviation kerosene; 13) paraffin-hydrocar¬ 
bon concentrate; 14) naphthenoparaffinie-hydrocar¬ 
bon concentrate; I5) aromatic-hydrocarbon concen¬ 
trate; 16) aviation gasoline; I7) diesel fuel. 

in Tables 59 and 60 as functions of their chemical and fractional com¬ 

position. 

The variation of the unit-volume heats of combustion for the same 

petroleums is given in Table 6l. 

Depending on group and fractional composition, the difference in 

the unit-volume heat of combustion may run as high as the order of 

1000 kcal/liter. 

The unit-weight heat of combustion of aromatic hydrocarbons dimin¬ 

ishes with increasing number of rings in the molecule. Thus, addition 

of one aromatic ring results in the heat of combustion dropping by an 

average of 210-260 keal/kg for hydrocarbons with one or two carbon 

atoms in the side chains. 

Thus, the dependence of the unit-volume and unit-weight heating 

values of the fuels on their group and fractional compositions is 
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clearly indicated by the data given above. 

The heating values of jet fuels lie in the range from about 10,250 

to 10,350 kcal/kg. When paraffinic and olefinic hydrocarbons are used, 

the heating value may be raised to 10,400-10,500 kcal/kg. Thus, a 

paraffin-olefin fuel with a heating value of 10,400 to 10,500 in com¬ 

bination with a specific gravity of 0.77 to 0.80 may be produced start¬ 

ing with mixtures of normal and isomeric petroleum paraffins and from 

products of synthesis from CO and Hg. 

TABLE 61 

Ranges of Variation of Lower-Limit Heating Value 
for Fifty-Degree Fractions [6] 

1 npMMw 
NNiteni)« 
tpjKIlllH, 

•c 

2 nipa^MHoau« • 3 Mo«io«utir*NncCKMe) gpo. 
MiTMCCftlie 

5 «mVu 5 KM*!* 5 Ktttt/Ki 6 5 *'o*i*i 6 **a*J* 

100-150 
150-200 
200-250 

250-300 
fe*. • •• 

10770-10400 
10720-10510 
10680-10480 

10470-10300 

7050-7730 
8170-7630 
8560-8070 

8270-8240 

10350-10000 
10420-10110 

10460-10130 
10340-10120 

8490-7420 

8620-7700 
8680-7630 

8850-7870 

0960-0830 
10020-9670 

9950-9840 

9090-0700 

8480-8210 

8950-&310 

0000-8610 
9360-8650 

1) 
3 
6) 

Boiling range of fraction, °C; 2) paraffinic; 
naphthenic; 4) monocyclic aromatic; 5) kcal/kg; 
kcal/liter. 

The transition to fuel heating values above 10,500 to 10,600 

kc^l/kê; with a density no lower than O.77 presents considerable diffi¬ 

culty. 

For example, propane, a representative of the light hydrocarbons, 

has a density of O.50 together with a heating value of 11,040 kcal/kg 

and a low boiling point (-42°), which excludes the use of a propane- 

based fuel in contemporary engines. 

The maximum flying time depends on the specific fuel consumption. 

In turn, however, the specific fuel consumption is determined by the 

type of the engines used and their economy. This is Illustrated by the 

following data: 
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! mû mû 'iw mu uûo 
2 Cnopucmt M/lt/nu. M/vVt 

Fig* 57* Specific fuel con¬ 
sumption for various aviation 
power plants as a function of 
flight speeds. 1) Specific 
fuel consumption, kg/kg*hr; 2) 
flight speed, km/hr; 3) rocket 
engine (oxygen and alcohol); 
4) ramjet engine; 5) augmented 
turbojet engine; 6) turbojet 
engine; 7) piston engine with 
propeller. 

Aviation engine 
Specific fuel 
consumption, 
kg/hour* kg 

Piston. 0.7-0.9 

Turbojet. 0.9-1.5 

Intermittent [ramjet]. 4.1 

Specific fuel consumption is shown In Pig. 57 as a function of 

flight speed for various power-plant types. The data of this figure 

would be properly regarded not as absolute, but as comparative quan¬ 

tities. 

All other factors the same, the specific fuel consumption depends 

on the heating value 0 of the fuel in accordance with the formula 

% . ■ 

°ud y- Q ' • 

71/ + 
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The higher the heating value of a fuel, the lower will be its 

specific consumption and the greater the flight range. Plight range is 

also determined by the density of the fuel, on which the amount car¬ 

ried on board the aircraft depends. Consequently, to achieve the maxi¬ 

mum flight range with a given aircraft system, we must select the op¬ 

timum density and heating value for the fuel. 

In recent years, paraffinic hydrocarbons have been proposed for 

use as Jet fuel, since they produce, on combustion, a colorless flame 

that possesses a lower radiation intensity; this makes it possible to 

burn the fuel at higher temperatures and in combustion chambers having 

smaller volume and weight [7, 8, 9], 

An obstacle to the use of normal paraffins, which can be extracted 

easily from petroleum, is their high freezing temperatures. However, 

normal paraffins from °10 to C2q can be converted into isoparaffins. 

Thus, it was shown in the studies of Ya.M. Paushkin and Kh.Ya. 

Orlov that normal paraffins with the composition and freezing 

temperatures of +18° can be converted into isoparaffins of the same 

composition having an initial freezing point of -43°, a specific grav¬ 

ity of 0.80, and a lower-limit heating value of 10,500 kcal/kg. Iso¬ 

merization is conducted at 380° and 20 atmospheres under hydrogen pres¬ 

sure over tungsten sulfide [10]. 
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Chapter 5 

INORGANIC AND ELEMENTARY-ORGANIC SUBSTANCES 

HAVING HIGH HEATING VALUES WHICH 

CAN BE EMPLOYED AS FUELS 

1. General Information 

There are only very few elements and their compounds which have a 

heating value In excess of 10,000-10,500 kcal/kg, which corresponds to 

a hydrocarbon fuel (combustible). Among these elements we find hydrogen, 

boron, beryllium, some of their compounds, and certain elementary- 

organic compounds of boron and beryllium. 

Figure 58 shows the heating value and combustion temperature of a 

series of elements in oxygen in order of diminishing molecular weight. 

However, the practical possibility, the area, and the means of 

using high heating-value elements and their compounds as reaction fuels 

hüve not yet been adequately studied. 

Nevertheless, it should be pointed out that as early as 19^6 it 

was reported that in the USA development had been begun on boron-based 

fuels for military aircraft [1]. The possible components of such fuels 

were listed as pentaborane and aluminum borohydride Al(BH^)y 

Later on there were repeated reports dealing with the general na¬ 

ture of the work being done along these lines. In 1955 there were press 

reports also to the effect that the aluminum borohydride was being 

recommended for use as an ignition and combustion initiator for avia¬ 

tion fuels [2]. 

In 1956, reports appeared [3] that chemical plants in the USA were 

- 190 - 



Fig. 58. Heating value and combustion 
temperature of the elements in oxygen as 
a function of atomic number. 1) Heating 
value, kcal/kgj 2) temperature, °K. 

producing, or preparing for production, new types of chemical fuels 

for aviation engines and guided missiles. It was stated that in con¬ 

nection with the utilization of new types of fuels (combustibles) it 

would be possible sharply to increase engine power (by at least 50$) 

and thus to increase flight range. 

Among these fuels (combustibles) compounds of boron with hydrogen 

and lithium are dominant. 

It is stated that the best among these synthetic fuels (combus¬ 

tibles) for direct-flow [ramjets] engines of the future will be a com¬ 

pound of boron with hydrogen - pentaborane - whose heating value is 

54$ higher than that of gasoline, and the flight range with this com¬ 

bustible may be increased by 40# in comparison with a fuel (propellant) 

like kerosene [Sl¬ 

it is assumed that the cost of the pentaborane, once production 

is in full swing, will cost on the order of $2000 per ton [3]. Another 
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advantage of pentaborane is its comparatively high rate of combustion 

in comparison with gasoline, thus making it possible to utilize shorter 

combustion chambers and, consequently, lighter engines. 

Note is also taken of the fact thac suspensions of magnesium and 

aluminum and their alloys in hydrocarbon fuels may be of interest. 

There is confirmation of the fact that tests were carried out on such 

suspensions, containing approximately 50# metal in octane, and that 

the potential engine thrust in this case can be increased by more than 

50# in comparison with hydrocarbon fuels [3]. 

Liquid compounds of boron with hydrogen may be regarded directly 

as fuels or as fuel components in a solution of hydrocarbon, and this 

applies equally to solid compounds of boron with hydrogen and beryllium 

or powders of boron and beryllium in the form of suspensions in petro¬ 

leum products, since such systems have high heating values. However, 

the practical possibilities of using such fuels is associated with a 

number of operational characteristics as well as problems of raw- 

material and manufacturing facilities. 

In this connection, it would be expedient to consider the physico¬ 

chemical properties and basic methods of producing high heating-value 

boron, beryllium, and their compounds. 

2. Boron and Beryllium 

a) Boron 

The heating value of boron is 13,956 kcal/kg (assuming a heat of 

formation of its oxide in the solid state at 302 kcal/g-mole). Boron 

belongs to the comparatively common elements. Its occurrence in the 

_ii 
Earth's crust is estimated as ranging between 1.5*10 -3*10 #. In na¬ 

ture it is found in the form of oxygen compounds - borax Na^B^O^-lOHgO 

and certain others [4], The worldwide output of boron compounds is 

measured in hundreds of thousands of tons annually. The USA in 1956 , 



produced 857 thousand tons of boron-bearing raw materials. In 1955, 

839 thousand tons of borates (NagB^-4^0, Na^CyiOHgO, CagBgO^SHgO 

and others) were produced, and these contained 252 thousand tons of 

boric acid anhydride BgO^ In i960, more than 1 million tons of borates 

were produced. 

Boron is known both as a crystalline solid and an amorphous pow¬ 

der. The best method for the derivation of the amorphous boron is based 

on the reduction of BgO^ with metallic magnesium [5]: 

BA + 3Mg-3MgO + 2B. 

By using the threefold excess of boric-acid anhydride and with 

the subsequent extensive treatment of the products of the reaction 

with HC1, HP, and HgSO^, it is possible to obtain 94-95$ pure boron. 

By additional purification of the boron through fusion with the excess 

it was possible to obtain 98$ and even 99$ boron containing only 

traces of the magnesium [4, 5]. 

In the reduction of the boric acid anhydride with other metals 

such as, for example, calcium or aluminum, the product is always fouled 

to some extent by such impurities as the borides of these metals. In 

particular, insoluble aluminum borides, formerly numbered among the 

crystalline forms of boron, are formed primarily in the aluminum-heat 

reduction. Apparently, the magneslum-heat method is the most convenient 

from the standpoint of boron derivation [5]. 

Of the remaining methods of boron derivation we can also mention 

the reduction of BgO^ with lithium hydride, as well as the reduction 

of KBF^ with metallic sodium [6, 7]. 

The boron obtained by the magnesium-heat method can be purified 

by roasting it in a vacuum at 1800-2000°. In this case, the magnesium 

borides such as, for example, MgB-^j decompose and the result is a 

product that contains no less than 99.5-99.8$ B. 
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The electrochemical method of obtaining boron [8], developed in 

1929, involves the cathode separation of boron during the electrolysis 

of a mixture of borate alloys containing MgO with an admixture of MgPg. 

This method yields a product containing 89-92# boron. 

There are indications that a purer form of boron (up to 99-5#) 

can be obtained by the electrolysis of potassium fluoroborate in a mix¬ 

ture with KC1 at 8OO-8500 with a copper or molybdenum cathode [9]. 

Of the methods capable of producing the purest forms of boron, we 

should mention first of all the reduction of boron halides with hydro¬ 

gen on the basis of the following reaction 

2BXt + 3Hj -» 2B + 6HX. 

For example, in the reduction of BBr^ with hydrogen in a quartz 

tube at 800° we obtain a product containing 98*9# boron which yields 

approximately 80# [10]. 

During the first stage, apparently, diborane BgHg is obtained, 

and this is subsequently subjected to cracking which results in the 

formation of boron. 

The thermal dissociation of BBr^ at 8OO-I6OO0 was used to obtain 

high-purity crystalline boron [11]. 

The physicochemical properties of elementary boron are determined 

to a great extent by the purity of the product, which in turn is asso¬ 

ciated with the method employed to obtain the product. Many properties 

of boron have not yet been adequately studied. 

The purest specimens, whether of amorphous or crystalline boron, 

are black in color. On the other hand, the ordinary so-called "amor¬ 

phous" boron is brown in color, and this is probably associated with 

the presence of oxides. 

Elementary boron (amorphous and crystalline) is produced on an in¬ 

dustrial scale in the USA. Amorphous boron contains 95-97# of the basic 
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substance, and the crystalline form contains no less than 99# boron. 

The amorphous boron obtained by the magnesium-heat method does 

not burn easily and in a number of cases is of inadequate purity; it 

is for this reason that such great interest has been expressed in the 

derivation of boron by the cracking of diborane and other boranes at a 

temperature of 700°. In this case, the reaction apparently takes place 

with the formation of pure boron as well as with the formation of a 

certain quantity of solid boron hydrides (boranes): 
. 2B + 3H, 

B,H,( 

(BH^y + H2 

where x is less than unity. 

During the reaction, the boron is deposited on the walls of the 

reactor in the form of particles having dimensions of 0.025-0.5 \i [11]. 

The chemical properties of the boron are strong functions of the 

degree of its crystallinity and of its purity. "Amorphous" boron oxid¬ 

izes slowly on heating in air and ignites if heated above 800°. Large 

boron crystals are heat resistant even in the case of substantially 

higher temperatures. Hydrochloric and hydrofluoric acids do not attack 

boron even in the case of prolonged boiling. Hot concentrated nitric 

acid oxidizes crystalline boron slowly, but it oxidises amorphous 

boron quickly. 

Chlorine, fluorine, and fluorine compounds with chlorine easily 

oxidize boron, with the formation of halides (bromine at 700°, chlorine 

at 410°, fluorine at room temperature). At a temperature in excess of 

1000° boron yields a nitride with nitrogen. Boron reacts with carbon 

only at temperatures in excess of 1800-2000°. 

Boron reacts at high temperatures with the majority of metals and 

their oxides, forming various borides. 
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At 25°, boron has a density ranging between 2.30 and 2.34 (various 

preparations). The melting point of boron is 2075 + 50°, the boiling 

point is 2500°, and the coefficient of thermal expansion for boron be¬ 

tween 20 and 750° is 8.3*10“^; the entropy of boron is 1.403 (for crys¬ 

talline) and 1.564 (for amorphous) cal/mole*deg at 25°; the heat capac¬ 

ity is 2.650 (for crystalline) and 2.858 (for amorphous) cal/jnole*deg. 

b) Beryllium 

Beryllium is a white and extremely hard metal having a specific 

weight of I.85, a melting point of I2850, and a boiling point of 29700. 

The melting point of beryllium oxide is 2570°, and the boiling point 

is 3900°. At the moment beryllium is used to some extent in alloys of 

metals to harden the latter, and for certain other purposes as well 

[12]. 

The occurrence of beryllium in the Earth's crust is estimated at 

4*10"^, by weight, i.e., approximately the same as cadmium (5* 10"^), 

and more by a factor of four than iodine (1*10"V), and less by a fac¬ 

tor of five or six than lead (1.6-10-¾). Metallic beryllium burns in 

oxygen, liberating a great quantity of heat: 

I Be + VjO, -+ BeO + 143kcal. 

The heat of formation of solid beryllium oxide, according to cer¬ 

tain data, is +145 kcal/mole [12], and according to other data it is 

equal to +143 + 1 kcal/mole, the latter figure being regarded as more 

reliable. The melting point of beryllium oxide is 2550 + 25°, and the 

boiling point is 4260 + l60°. The heat of fusion of beryllium oxide is 

+17 + 1.4 kcal/mole, and the heat of vaporization is +I56.6 kcal/mole. 

The two following equations have been proposed for the specific 

heat of beryllium oxide: 

C, = 8.45 + 4]. 10-*. 7 - 3,17.10*» -7-2 
C, = 9.471 + 2,090. 10-* .7. •' 
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Por liquid beryllium oxide the specific heat, at 2600°, is 16 

cal/mole*deg. 

When fluorine and beryllium are used as oxidizers in rocket pro¬ 

pellants, beryllium fluoride is formed according to the following equa¬ 

tion: 

Be + F»-* BcF|. 

The heat of formation for solid beryllium fluoride is 240 kcal/mole; 

according to other data, it is 241.8 kcal/mole. The heat of sublima¬ 

tion for beryllium fluoride is 56.64 kcal/mole, the melting point is 

787o, and the boiling point is I3270. 

In nature, beryllium is found in the form of the beryl mineral 

3Be0Al20g‘6Si02. The worldwide output of beryllium (excluding the USSR) 

was [12]: 

1936. 480 tons 

1950. 7300 tons 

1956.14000 tons 

Of the 14,000 tons produced in 1956, almost 13,000 tons came from 

the USA. 

The rapid growth in the exploitation of beryllium ores is associ¬ 

ated with the utilization of beryllium in atomic engineering and in 

aircraft and rocket building. Studies are also underway to determine 

the possibility of using beryllium as a constituent for solid rocket 

propellants. 

Industrially, metallic beryllium is produced by the reduction of 

beryllium fluoride with magnesium according to the following reaction: 

BeF,-f-Mg-> Be-j-MgF2-f 22 kcal. 

This is the basic method used in the USA ai i Great Britain. The 

reduction is carried out in graphite retorts (at a temperature ranging 

between 9OO and 13OO0). Beryllium comes in the form of ingots and is 
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freed of its Impurities by vacuum fusion, after which it contains no 

less than 99.5* Be, and the purity of the metal attains 99.8* after 

vacuum distillation. Metallic beryllium is obtained industrially also 

by the electrolysis of fused salts NaCl-BeClg or BeP2-NaP, but this 

method is not used as frequently. Beryllium is fashioned into Ingots, 

foil, and powder with the average particle dimensions between It and 

15 I» [12].* As dust, beryllium or its oxide and its salts are extremely 

toxic. These can produce dermatitis and acute irritation of the lungs. 

Beryllium forms a compound with hydrogen - beryllium hydride BeH 

[13] - a white-colored solid that is insoluble in ether, toluene, and2 

Isopentane. Beryllium hydride is quite stable in the air of the atmos¬ 

phere below temperatures of 80-100°, but it reacts vigorously with 

water. 

We know of such metal-organic beryllium compounds as methyl- 

beryllium hydride HBeCH^ and dimethylberylllum Be(CH3)2, as well as 

.beryllium borohydride Be(BH4)2. Beryllium borohydrldes are also being 

considered as high heating-value additives for fuels. 

¿—Compounds of Boron with Hydrogen 

Compounds of boron with hydrogen are substances which are of in¬ 

terest from the standpoint of their high heating values (in excess of 

15,000 kcal/kg). Boranes occur as gaseous, liquid, and solid compounds. 

Some are unstable in air, whereas others are comparatively stable; how¬ 

ever, in comparison with hydrocarbons, boranes are chemically substan- 

ttally more active. 

The properties of borohydrldes and other important compounds based 

on the borohydrldes are presented In Table 62. 

The thermochemical properties of boranes and borohydrldes are not 

adequately covered In the literature. Frequently, published data also 

exhibit great divergence. A heat of formation of 6.73 + O.52 kcal/g-mole 

- 198 - 



is cited for diborane [14], for aluminum borohydride this value is 7*2 

kcal/g*mole, and for lithium borohydride this value is 42.08 kcal/g-mole 

[15]. Diborane is described as endothermic which is highly likely, 

since the pyrolysis of diborane is accompanied by the liberation of 

heat. 

TABLE 62 
Characteristics of Certain Stable Liquid and Solid 
Compounds of Boron with Hydrogen [16-24] 

ICoeAUNCHM •op«/ T. n«., 
it. nun*, *C Va. 

■ BpM »* 6 
Vnpy- 

roeThn*. 
P«. mm 
pr.cT. 

7 Ofluiaa xtpaoTepocTNM 

8 nciiTaCopan D,H| 
CTïClI/lkHUfl 

9 AcKaCopax 

10 SopaaoA 

11 BoprilApi'A MW- 
MIIHIIH 

12 EoprMApiiA Oe* 
piUMIIIA 

13 BopniApiiA ah- 
Tim 

BuHm 

AI(BHi), 

Be(BHi)i 

L1BH, 

—4Ö.6 

+09.7 

-68 

GO 
15,1 

(n^!31 mm) 

213 
156* 

(npn 1G2 mm) 

53 

-65,4 

+31 

+273 

44,5 

91,3 

0.G10 
(0*) 

0,63(16*) 

0,02 
(09*) 

0,8519 

0,5588 
(13,8*) 

0.G6G 

66 
(10*) 

19 
(100*) 

11,5 
(0*) 

-15- 
He nocnAPMCimcrcR na 

uosAyxc npii 0—10*; no* 
Aoft o'iciik mcaaciiiio pai- 
AaracTcn 

„16 
He DociuiaMcimercH, ne 

pasAaracTcn; hcaaciiho 
rHAP0AH3yCTCR DOAOfl 

XhmÜmc . ficcKH ctock; paerno* 
pilM D XOAOAIIOM nOAli 
GC3 XHMHMCCKOrO 113311* 
MOACHCTDiin; npii iiarpc* 
B8HHH rHApOAlOyCTCR 

_ 18 
BypHO pcanipycT c doaoA 

H KHCAOPOAOM B03Ayxa 

To xce 19 

20 
yCTOfl'IIIB K KIICAOpOAy 

B OTCyiCTBHC BAaTH 

1) Compound; 2) formula; 3) melting point, °C; 4) 
boiling point, °C; 5) specific weight, at 20°Cj 6) 
vapor tension, mm Hg; 7) general characteristic; 
8) pentaborane, stable; 9) decaborane; 10) bora- 
zole; 11) aluminum borohydride; 12) beryllium boro¬ 
hydride; 13) lithium borohydride; 14) at; 15) does 
not ignite in air at 0-10°; decomposes very slowly 
in water; 16) does not ignite, does not decompose; 
hydrolyzes slowly in water; 17) chemically stable; 
soluble in cold water without chemical reaction; 
hydrolyzes in heated water; 18) reacts vigorously 
with water and the oxygen in the air; 19) the same; 
20) stable in oxygen, in the absence of moisture. 

The boranes burn and liberate great quantities of heat, and their 

heating value can be calculated in accordance with the combustion equa¬ 

tion if we know the heat of formation of the boron oxide, i.e.: 
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TABLE 63 

Heat of Formation of BgO^ 

4 

l 
10 

1 Acropu 
T«n««T( o0pt> 

«oaiHNi, 
^KKOA/JUMè 

BepTAo . . . ,,, 
Por, Beprep. 
Pot.. 
Toa, MuiMiep. 
nposcH, Awohctoh . . . 
Srepniioc, Moupoc . . , 
Akohctoh. Xflpui, Kepp 

270,9 
349 
345 
335 
303 
281,1 
302 

CCMKl Nl 
AKTcparypy 

(25] 
(26] 
(27) 

• I28]' 
(14,29] 

[30] 
[31] 

1) Authors; 2) heat of formation, 
kcal/mole; 3) literature reference; 
4) Berthelot; 5) Roth, Berger; 6) 
Roth; 7) Todd, Muller; 8) Prosen, 
Johnston; 9) Eggerglus, Monroe; 10) 
Johnston, Hirsh, Kerr. 

B|H| + 60, - 21/, BA + 41/, HA 

For the heat of formation of boric anhydride, various values are cited 

(Table 63). 

Such divergence in data on the heat of formation of BgO^ can be 

by the experimental difficulties encountered in the deter¬ 

mination of this heat of formation, the degree of purity of the boron 

preparations, and the completeness of their combustion. For the heat 

of vaporization of B^ we find values of 65.6 kcal/mole [32] and 77.6 

kcal/mole [33]. 

Pentaborane is referred to as "stable pentaborane," since 

among the boranes it is chemically comparatively stable. For example, 

prolonged storage of at room temperature over a number of years 

has shown that stable pentaborane decomposes only slightly forming a 

small quantity of hydrogen and a solid residue. The slow decomposition 

of stable pentaborane becomes noticeable at I5O0; rapid decomposition 

takes place at 300°. In air is hypergolic, but this self-ignition 

does not always occur. However, a mixture of pentaborane vapors with 

pure oxygen ignites. The kinetics of this process were the subject of 

- 200 - 



a special work [34] in 1951. 

The lower limit of explosion is a function of the pressure at 

which the gaseous mixture B^-Og is situated. The B^H^-Og mixture ex¬ 

plodes at room temperature and this was observed at a total pressure 

of 3-6 mm Hg in the system; however, the occurrence of an explosion is 

a function of the composition of the fuel (combustible) mixture and 

the volume of the vessel [34] (Table 64). 

Pentaborane hydrolyzes very slowly with water. Over a period of 

72 hours, at 90°, incomplete hydrolysis takes place. Stable pentaborane 

is readily soluble in hydrocarbons, cyclohexane, and benzene. 

Density p, surface tension o, and viscosity n of the pentaborane 

can be calculated according to the following equations: 

p = 674 - 0,00082 T .. 

o = (71,1 -0,1437 
n = 41,15. io*‘.pv..<?«»*/»- 

The following has been determined for pentaborane: heat of fusion, 

1.466 kcal/mole; heat of vaporization, 7-7 kcal/mole; specific heat of 

liquid pentaborane, Cp = 35.8 cal/mole-deg; and specific heat of gas¬ 

eous pentaborane, Cp = 19 cal/mole-deg; and in addition, the heat of 

formation for liquid pentaborane is +7.8 kcal/mole [4]. 

The heat of pentaborane combustion, determined in a bomb calorim¬ 

eter, is 1078 kcal/mole or 17,100 kcal/kg for HgO (liquid) and Bg03 

(solid) [4]. 

Pentaborane combines with olefins, forming such alkyl derivatives 

as: 
B»H* + CH, = CHa 
B,H,^2CHa:= CHj-+ B,H7(C,H6)„> 

which have been recommended for utilization as fuels. Decaborane, as 

well as pentaborane, reacts with olefins and dlolefins, forming the 

corresponding alkyl derivatives. Some of these derivatives are in the 
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liquid state and can be used as liquid propellants (fuels). 

In addition to decaborane, we know of solid polymeric hydrides of 

boron ranging in composition from (BHq^x to (8¾.These compounds 

are similar to the boranes in terms of a number of chemical properties. 

Pentaborane B^H11 is referred to as "unstable pentaborane," since 

it decomposes spontaneously at room temperature and forms ^4^10* 

B^H^, and and ignites spontaneously in air. It is the least 

stable of the known boranes and its practical application is therefore 

difficult. 

Decaborane B^H^. This completely stable solid material exhibits 

the greatest chemical stability in comparison with other boranes. The 

marked decomposition of B^qH^ is observed only above I7O0. Decaborane 

does not react with the oxygen of the air at room temperature, and 

still does not react at 60°, but the spontaneous ignition of B^H^ 

takes place at 100°. At room temperature, decaborane hydrolyzes with 

water very slowly, while it hydrolyzes very rapidly in the case of 

boiling. Decaborane is readily soluble in alcohol, ether, and benzene. 

TABLE 64 

Lower Limit of Explosion of the B^H^-Og System in 

a Spherical Quartz Vessel at Room Temperature [3^] 

/Iii.uctp cocyxa, cm 

• 
3.7 0,02 

AfllllCIIIIC Rlill, MM 
pr. cr. 0,77 0,83 M5 4,3<i 1,00 » ,741 ,.r>7 1,031,01 1,08 1,042.083,01 4,024,08 

Aaiocmic Ot, mm 
pr. cr. 2,0 2,8 1,0 2,1 2,7 2,2, 2,4 1,51,001,321,331,181,251,131,10 

PcsyjibiaT* . . . +-+- - + - + “+ - + 

*+ explosion occurred; - explosion did not occur. 

1) Vessel diameter, cm; 2) pressure, mm Hg; 

3) Og pressure, mm Hg; 4) result*. 
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At the present time, the most convenient method of obtaining 

boranes is the direct reduction of boron chloride, boron bromide, or 

boron fluoride with hydrogen In the presence of granulated aluminum or 

other metals which bind chlorine or bromine [35-37], 

The diborane-formation reaction follows the equation 

l2BCIa+3Hl+AUB,H,+2AICI,. 

This method is used to pass, at temperatures of 320-500°, vapors 

of boron chloride with hydrogen, in a molecular relationship of BCl^H = 

1:3> through a heated reaction column filled with granulated aluminum. 

The products of the reaction condense in receivers. 

Boron chloride does nol^ enter completely into the reaction. De¬ 

pending on the conditions of the reaction, the conversion ratio for 

one boron chloride attains 6-30$, and there are from 3 to 17# BgHg in 

the condensed products. 

Boron chloride is obtained by the chlorination of a mixture of 

borates with carbon: 

Na,BA + 2CI, + 7C-> 4BCl3 + 7CO + 2NaCI. 

This method is used by industry in the USA. 

Plans are underway for the industrial production of BgHg in the 

USA by the following method: 

6UH + 2 (CjHj),0*BF3 B3H» + 6LiF + 2 (CjH^O 

in addition to the derivation of BgHg through boron chloride. 

Sodium borohydride is also used for the reduction of boron fluo¬ 

ride; in this case, a yield of 88$ is attained. Sodium borohydride is 

obtained on an Industrial scale and serves as a source of hydrogen for 

balloons and for the torpedoes used by the submarine fleet. 

Borohydride is obtained from boron fluoride and sodium hydride 

through the following reaction: 

4NaH + BFs.O(CJH6)J-+NaBH4 + 3NaF.. 
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As sodium borohydride reacts with boron-fluoride etherate, di- 

borane is formed with 9856 yield: ^ 

3NaBH| + 4 (C,H,),0- BF,-2B.H, + 3NaBF« + 4 . 

Boron fluoride, which serves as a source for the diborane, is pro¬ 

duced industrially from borax and hydrogen fluoride through the follow¬ 

ing reaction: 

Na,BA- 10H,O+ 12HF-» NajO^BF, + 16H,0 
Na,0*4BFa + 4BFS + Na^04 + H,0. 

Diborane can also be obtained on the basis of the general equa¬ 

tion: 

AI + 4V, H, H- BF, + 3C,H, - AIF, + 30,14, + V, B,H,. 

This method involves several stages: 

AI + 3C,H4+ lV,H,-AI(C,H,)a 

AI (C,H,), + BF, -* B (C,Ht), + AIF, 

2B (C,H,), + 3H,—>B,H<+ 6C,H4. 

Diborane is a material which yields other boranes in pyrolysis. 

The pyrolysis is carried out at a temperature of 175-250° and at a 

pressure of 102-106 mm Hg, and the diborane is in contact with the 

heated reactor for periods of 2.7 to 3.3 seconds, in continuous-flow 

ai..paiatus. The process can be described by the following equation [38]: 

B,H4£2BH,—'* 2BJH,(+2H1)— 
2B,H, + 2H, 

^28^,,(+2^)( 
BjHj + higher’ hydrides 

The best yield (up to 80$) of stable pentaborane is attained 

at a temperature of 225°. A high diborane conversion ratio is attained 

at this temperature as well. The product of the reaction contains ap¬ 

proximately 85# pentaborane and 15$ solid borane. The maximum 

decaborane yield may be attained at 120° and amounts to 6û$ of the di¬ 

borane which entered into the reaction. 

An increase in the temperature of reaction to 250° enhances an in- 
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crease in the yield of solid boranes to 30 to 50# [38]. Of the boron 

compounds containing hydrogen and nitrogen in addition to the boron, 

we should mention borazole. 

Borazole is obtained [20] through the heating of diborane 

diammoniate or tetraborane jiiammoniate in a closed vessel at I8O-I900: 

+ 12H,. 

A new method for the derivation of B^N^Hg from lithium borohydride 

and ammonium chloride, through the following reaction [39], has re¬ 

cently been proposed: 

LiBM4 + 3NH4CI - BjNjH. + LiCI + 9H|(. 

In this case it is not necessary to synthesize the boranes in ad¬ 

vance. The reaction takes place between a mixture of reagent powders 

(LIBH^ and NH^Cl) at a temperature of around 300°, with a yield of 

25-35# B3N3Hg. 

Borazole is not a substance exhibiting high heating value (its 

heating value is around 78OO kcal/kg), but it may apparently be of in¬ 

terest as an initiator of combustion. 

More detailed information on compounds of boron with hydrogen and 

nitrogen are presented in the article by A.F. Zhigach and L.N. Kochnev, 

entitled "Azotosoderzhashchiye proizvodnyye diborana" ["Nitrogen- 

Bearing Derivatives of Diborane"] [40]. Aluminum borohydride is used 

as an additive for air-reaction engine fuels to ignite these fuels un¬ 

der high-altitude conditions; it is obtained in accordance with the 

following equation: 

A1(C2H5^3 + 3¾¾ -2A1(bh4)3 + 3B(c2h5)3. 

4. Organic Boron Compounds 

The heating values of elementary organic compounds of boron and 

beryllium are somewhat higher than in the case of the hydrocarbons. 

However, this is observed only for the lower members of the homologous 
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TABLE 65 
Properties of Certain Alkyl Derivatives of Boron 

1 Hommm 2 Oopxy** SlUwwCTk#, 1.11110..¾ 

5 TpHMcnuiúop .... • 
6. TpHjmnúop. 

B(CiHt)i 

0,62 (20*) -20 
0,6061 (28*) 00-06 

0,7204(24,7*) 156 

B[CH(CHj)t|t 33-35 
(12 mm) 

9 TpHHJOÖyrjwißop . * .. B(CHiCH (CHj)j)ï 

10 Tpii-iper. 6yrtw6op . . . 8(C (CHa)>]i 
11 TpHHjomiuKSop. B[CHiCHiCH (CHa)tli 

0,7380(25*) 186 
— 71 (12 mm) 

0,7600(23,4*) 110(14 mm) 

12 TerpuMTHAAHfopmH . . 08 

1) Designation; 2) formula; 3) density, p; 4) boil¬ 
ing point, °C; 5) trimethylboron; 6) triethylboron; 
7) tri-n. propylboron; 8) triisopropylboron; 9) 
triisobutylboron; 10) trl-tert. butylboron; 11) 
triisoamylboron; 12) tetramethyldiboroethane. 

series, the higher homologs already differing little in terms of heat¬ 

ing value. 

A simple and convenient method of obtaining trialkyl derivatives 

of boron involves the reaction of boron halides or the etherate of 

boron fluoride with magnesium-organic compounds: 

3RMgX + (0,^1,),0- BF,-*(R)jB + 3MgFX. 

This method, which results in a high yield of around 70-80$, 

yields triethyl-tri-n. propyl-, triisopropyl-, triisobutyl-, trl-tert. 

butyl-, and trilsoamyl-boron [4l]. 

Some properties of alkyl derivatives of boron are presented in 

Table 65. 

The Grignard reaction can be carried out with boron fluoride, 

boron chloride, and boron bromide; however, the most readily accessible 

is boron fluoride in the form of a gas or an etherate.. 

Boron fluoride is an industrial product and can be obtained 

through the following reaction: 
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3CaF, + B,0| + 6H|S0« » 2BF.+ 303(8500,+ 3H.O, 

as well as by other methods [42], 

Boron-organic compounds can also be obtained by the direct reac¬ 

tion of diborane with olefins through the following reaction: 

B|H, + 60,¾ - 2B (C„Hî(lfl)|. 

For example, on heating isobutylene together with diborane at 100°, 

.tert. butylboron is obtained, and this has a boiling point of 18I.50 

[43]. 

Boron-organic compounds with two boron atoms per molecule were 

obtained in 1954 from diborotetrachloride through the following reac¬ 

tion [44]: 
BA + CH, = CH,- C1,B - CH, - CH, - BCl* 

CIjB - CH, - CH, - BC1, + 2Zn (CH,), — 
- (CH,),B - CH, - ¿H, - B (CH,), + 2ZnCI,. 

By analysis, the tetramethyldiboroethane contains 19.98^ boron, and 

this substance is not too stable. 

Trimethyl- and triethyl-boron ignite easily and spontaneously in 

air, the higher homologs can ignite spontaneously, but first of all 

they absorb the oxygen of the air with pronounced heating and they 

lime in air. The boron organic compounds are comparatively stable in 

water and acids, but are easily decomposed by alkalis. 

•^-'In'd^fylll^ and Hypothetlcal Efficiency of Fuels Based on Boron 

In considering the heating values of boron, beryllium, aluminum, 

and their compounds, we should take into consideration the aggregate 

state of the oxides, since a certain quantity of heat is ex^nded on 

the melting and vaporization of the oxides. In certain cases, this 

quantity of heat may even exceed the heat of the oxide formation. Th* 

state of the oxide is also a function of the temperature at which the 

combustion process takes place. 
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Below we present the melting and boiling points [45, 46] of the 

corresponding oxides: 

M.p.,°C B.p.,°C 
AltOi 2050 2250 
BA 557 1700 
BeO 2570 3000 
Li,0 - 1700 
MfiO 2800 3000 

If we take into consideration the need to cool air-reaction en¬ 

gines and if we also consider the fact that there will be an excess of 

air over the theoretical quantity, the temperature of the exhaust 

gases will hardly exceed 1000-1500°. Therefore, all of the metal ox¬ 

ides will be in the solid state, and the boron oxide will be in the 

liquid state. The latent heat of fusion for the boron oxide is approx¬ 

imately 6-8 kcal/g*mole and, therefore, in calculating the heating 

value which may be attained in an engine, the latent heat of fusion 

must be subtracted from the heat of the formation of the solid boron 

oxide. The heating values of boron, beryllium, and their compounds, 

are presented in Table 66. 

According to literature data [44], the highest heat of combustion 

for B2H6 is 17,800; for B^ it is 16,700; for 13,900; for 

B2h5c2h5, 13,600; for B^CgH^, 11,700; and for BeH2, 18,000 kcal/kg. 

Apparently, the most suitable among the high heating-value com¬ 

pounds are the hydrocarbons - pentaborane and decaborane. The former 

could be used in hydrocarbon solutions, and the latter in the form of 

suspensions. Boron-organic compounds with a single boron atom per mole¬ 

cule, apparently, are of no interest, since trimethylboron is a gas, 

and the liquid compounds have a heating value not in excess of 11,000 

kcal/kg, i.e., liquid boron-organic compounds differ little from the 

hydrocarbons with respect to heating value. They probably could be 

used as combustion initiators under specific conditions. 
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TABLE 66 

Weight and Volume Heating Value of Boron, Beryl¬ 
lium, and Their Compounds ^ 

1 Ocuicctw 2CnM(M, topMJTM riAOT- 
MOCTk 

T. IM.. •c T. Kim., 
•C 

1 

6 TriinortopiMn 
enocofiiiucTi, * q1( 

Knaj/ict 

.9 c«p. 
10 CcpilMIlii . . . 

11 nciiT.i6op.iii . , 
12 /'loK.iiiopaii . . . 
13 BopniApiiA anioMii 

iiim. 
14 BopniApiiA <5cpiM 

Aim. 
15 Bopniflpim AiiTim 

16 ÆllMCTIIJlôCpMJUIIlA 

17 Tpiixicnmöop . . . 
loTpiijmnöop . . . 
19 Tpiinpomijióop . . . 
20 TpilMCTIWajIlOMHmiM 
21 TcTp.IMCTIMAHÖop* 

aran 
CMj 

CH¡ 

D 
De 
B,H, 
Bitilii 

Al (UH,), 

Bc(BH4), 
LiBM, 

Bc (CH,), 

B (CH,), 
B(C,H,), 
B (O,! I,), 
Al (CH,), 

l»\ yCH, 
)b-QH4-B( 
/ 'Cl I, 

2,3 
1,81 
0,C3 
0,02 

0,50 

0,67 

0,02 
0,09 
0,72 
0,73 

22 
Tn. 
Tb. 

—40,6 
+99 

-05,4 

+31 . 
273 

58 

44,5 

01,3 
npii h arpe- 
■AHUH p.1,3 

- ,. jaracK* 
T»- 23 — 

-20 
90-00 

150 
125 +15 

98 

13670 
15 000 
10183 
10110 

13750 

10100 
14 300 

12700 
(11 900) 
11900 
11200 
10 700 
10550 

11800 

31400 
27800 
96.)0 

7070 

9500 

8 900 

ríí^CaTCUlatlllg the heat of combustion, the boron 
oxide is assumed to be in the liquid state (the 
heat of formation for liquid B^ is 295 kcal/mole) 

the oxides of aluminum and beryllium are assumed 
. J-n solid state, and the water is assumed 
forb?hpnhíÍ!! f0ri!1 °f Vapor- The heat of formation 
fPf íhe^bo«aí}es is assumed to be equal to 0. For 
the heat of formation of the elementary organic 
compounds: dimethylberyIlium, the heat of forma¬ 
tion for ethane has been selected; for trimethvl- 
boron, the heat of formation for 1I/2 ethane mole¬ 
cules has been chosen. 

1) Substance; 2) symbol, formula; 3) density; 4) 
melting point, C; 5) boiling point, °C; 6) heat¬ 
ing value, Q^; 7) kcal/kg; 8) kcal/liter; 9) boron; 

10) beryllium; 11) pentaborane; 12) decaborane; îll alumlmim borohydride; 14) beryllium borohydride; 
17 tÎwïïÎ borohydride; 16) dimethylbery Ilium; 
17) trimethylboron; 18) triethylboron; I9) tripro- 
pylboron; 20) trlmethylaluminum; 21) tetramethyl! 
diboroethane; 22) solid; 23) decomposes on heating. 
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Alkyl derivatives of borane are used in reaction engineering and 

in the USA these fuels carry the following designations: HEF-1, HEF-2, 

and HEF-3 [46a, 46b]. 

The HEF-2 propellant is ethyldecaborane, which has a density of 

0.82 and a heating value of 14,000 kcal/kg. The propellant can with¬ 

stand heating to 260° for 60 seconds. 

Alkyl boranes are hypergolic in air, and form solid tar products 

when heated as a result of polycondensation with splitting off of hy¬ 

drogen. The use of additives makes it possible to retard this process. 

The cost of alkyl boranes in the USA is estimated at $2000 per ton.* 

Borane fuels are toxic. Decaborane results in slow and progres¬ 

sive weakening of heart activity Inhalation of diborane is injurious 

primarily to the lungs, v/hereas the slowly hydrolyzing compounds accu¬ 

mulate in the organism and result in the destruction of the central 

nervous system, the liver, and the kidneys. The maximum permissible 

concentration of alkyl borane in the air is 10"^. 

We know of extremely stable polymers which contain residue of 

decaborane and phosphorus, and these are stable below 550°; in addi¬ 

tion, we know of high-molecule polymers of boron having the following 

composition (BCH0) and (—B — CH, — CH, — B —)*. as well as boron-nitrogen- 
¿ X I I 

CH, CHa 

bearing polymers of the following structure: 

. . . BH, - NH,. . . BHj - NH,. .. BHj — NH,. .. , 

which form on the heating of diborane ammoniate [47]. 

6. Effect of Heating Value and Fuel Density on Flight Range 

The flight range S which is attainable with various fuels is the 

most complete characteristic of fuel quality. 

This quantity is a function of specific fuel consumption (Cud), 

of fuel density (p), the fuel reserve (p*w) on board the aircraft, and 
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the weight (G0) of the aircraft without fuel: 

S. ,/Æln5dL!L“ 
cw . c, (a) 

where k is a coefficient; v is the flight velocity; and w is the vol¬ 

ume of the tanks (see Chapter 1). 

The specific fuel consumption, i.e., the fuel flow rate (in kg) 

in one hour for the development of 1 kg of thrust is a function of the 

heating value and, therefore, given the characteristic of fuel quality 

the problem can be reduced to an evaluation of the specific fuel con¬ 

sumption which is determined by the following formula: 

« 3G00 Br 

Cy<g Th/ Q —(b) 

where is the heating value; a is the excess-air ratio; Lq is the 

quantity of air (in kg) needed to burn 1 kg of fuel; gt is the weight 

ratio of the fuel to the air passing through the engine. 

On the basis of the conditions required for the operation of air- 

reaction engines, the gas temperature in front of the turbine must 

maintain a constant value regardless of the fuels employed. 

In this case, the rise in the gas temperature as a result of fuel 

combustion must also maintain a constant value: 

/=-^--¿“const’ , (°) 

where C is the heat capacity of the gases. 
Jr 

With fuels of various heating values this is possible only by 

changing the excess-air ratio a. With great values of a, the heat ca¬ 

pacity of the gases in front of the turbine is virtually independent 

of the composition of the products of combustion; therefore, the ratio 

Q/aL0 = const (d) 

must be a quantity that is constant for various fuels. 

Under these conditions, the specific fuel consumption will change 
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only as a result of the following quantity: 

gt ~ 1/aLo* 

The quantity of air required for the combustion of 1 kg of fuel 

Is determined from the equation of combustion; a is determined as a 

function of the given temperature in front of the turbine, in accord¬ 

ance with Eqs. (c) or (d). 

Let us determine these quantities as an example for three fuels: 

a fuel of the kerosene type (T-l), methylnaphthalene, and pentaborane. 

A fuel of the kerosene type has an elementary composition as fol¬ 

lows: C, 86.42$; H, 13.38#; the conventional formula is 33 or 

CnHl,9n* 

The equation of combustion for such a fuel, in atmospheric air, 

can be presented in the following form: 

l,4750| + n 5,54Nj 
r _ (1,475-32 + 5.54-28)^ 
“ íTíSiÕ-- 

- n COj + n 0,95HjO + n 5.54N, 

14,6 kg of air/kg of fuel. 

Let us assume that a = 4; in this case, the increase in temperature as 

a result of the combustion of the fuel has the following value: 

At 0-10250 
" Cp *L% 0,245-4-14,6 : 715°. 

TABLE 67 

Certain Characteristics of Fuels of Various Compo¬ 
sition* 

1 Toiuihio 2 <topMyaa 
so 

'< 0« a *r Lo cyA 

3Kcpoc»H (T-l). 
4McTiW!ia(trrafliiH. 
5ricHTa6opaii. 

c„h1>m 
CiiHjo 
B,H, 
B 

0,820 
1,025 
0,030 

2,300 

10250 
0 304 

15 340 
13670 

4,00 
4,15 
6,06 
8,25 

1:58,2 
1:53,8 
1:79,5 

1:78,5 

14,6 

13,0 
13,1 

9,5 

1,44 

1,55 
0,95 
1,06 OBop. .. 

*Denotations as in Chapter 1. 

1) Propellant (fuel); 2) formula; 3) kerosene (T-l); 
4) methylnaphthalene; 5) pentaborane; 6) boron. 

The actual gas temperature in front of the turbine will be higher 
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as the result of the heating of the air produced by compression. 

The ratio of air to fuel is the following: 

i i _ i 
** 4 >14,6 

The heat content (enthalpy) of the gases is: 

q = q/oLq = 175.6 kcal/kg of air. 

For the remaining fuels Lq is found on the basis of the reaction 

equation, and a is determined from the following ratio: 

x _ <? 
* 175,6‘ 

For an aromatic hydrocarbon — methylnaphthalene — and a compound 

of boron with hydrogen — pentaborane — the combustion reactions may be 

written in the following form: 

CuH,, + 13,50, + 50,7N, -1 ICO, + 5H,0 + 50,7N, 

(Lq = 13.50 kg/kg, a = 4.15) 

B,H, + 60, + 22.6N, - 2,5B,0, + 4,5H,0 + 36.8N, ' 

(Lq = I3.I kg/kg, a = 6.67) 

The values of a number of parameters for several types of fuels 

of various composition are presented in Table 67. 

The excess-air ratio is somewhat greater for aromatic fuels than 

in the case of paraffinic-naphthenic fuels, and the quantity of air 

required for the combustion of the boron is even lower. 

In the case of boron-bearing fuels, the excess-air ratio increases 

substantially as a result of the heating value, and there is a corres¬ 

ponding increase in the product cxLq in order to preserve a constant gas 

temperature at a high value of (¾. Thus the specific fuel consumption 

is a function of the heating value and the stoichiometric coefficients 

in the equation of combustion. 

Table 68 presents the change in flight range as a function of 

heating value and density for an aircraft exhibiting a weight of Gq = 
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TABLE 68 

Change in Plight Range as a Function of Heating 
Value and Fuel Density [1, 3] 

1 Tomillo 
2 
IboTMCTIi 

3 Temo* 
J Tnopiui 

tnocort* 
KOCTI Q„' 

kkoa/ki 

t 3«mc 
TciMonol 
MepriN 
• 6inm, «01 

vjiciihuI 
P«*o* 

CM 

0,76 
0,80 
0,97 
1,02 
0,73 

14 

10250 

7 VtMtodopoÕHbu monáuta 
8 AoiiaunoimuA Kcpocnn .,. ..... 0,82 
9 Antiiuiiomio« tomhoo umpoKoro Apax* 

unoimoro cocrau.. . . 
10 /Ickmhh (nue) . . . . 
11 Tcrpajim... 
12 MenMHaÿTUMH. 
13 .. 

10350 
10225 
0723 
0304 

10573 

15 
16 

II 
19 

riCHTldOpaH 
Bop . . . . 
BcpiuiauA . 
AjiiouhhhA . 
y Mtpoji... 

20 Cmccu mor.iuta 
KepoaiH — 70S] 
Bop — 30H J • • • « 
Tcrpaami — 60S 1 
AjiumiihiiA — 40ttj * ' 
Kepocim — 70% 1 
ncHTaCopaH —30% / * * 
McnwiiaJpTMHH — 70%) 
nexTafopau _ 30% / 

1,01 

1,33 

0,74 

0,85 

11360 

8620 

11800 

11200 

Htyt*cêodopodnM motiAuta 

0,63 15340 
2,3 13670 
1,85 15000 
2,7 7 200 
2,0 7840 

1,05-10* 

0,985-10* 
1,15-10* 
1,18-10» 
1,18-10* 
0,07-10» 

1,27-10* 
3,02-10* 
3.46- 10* 
2.46- 10* 
1,06-10* 

1,40-10* 

1,43-10* 

1,00-10* 

1,10-10* 

6 
AlAMMMTb 
ItOJCTl'x* 

1,44 

1,44 
1,51 
1,55 
1,39 

0,05 
1,06 
0,98 
2,0 
1,88 

1,33 

1,68 

1,28 

1,37 

15000 

14 500 
15900 
15000 
16000 
14 SCO 

19 000 
(35000)* 
(23 700)* 
(19800)* 
(18000)* 

18 500 

17 500 

16 000 

16 500 

*The practical range, with fuels exhibiting a den¬ 
sity of 1.5-2.5* will be lower because of the in¬ 
creased weight of the aircraft for reasons of 
strength. 

1) Propellant (fuel); 2) density; 3) heating value 

keal/kg; 4) reserve of thermal energy in tanks, kcal; 5) spe¬ 
cific fuel consumption, Cud; 6) flight range, km; 7) hydrocar¬ 

bon fuels; 8) aviation kerosene; 9) aviation fuel of wide 
fractional composition; 10) decalin (els); 11) tetralin; 12) 
methylnaphthalene; 13) decane; 14) nonhydrocarbon fuels; 15) 
pentaborane; 16) boron; I7) beryllium; 18) aluminum; I9) car¬ 
bon; 20) fuel mixtures; 21) kerosene - 70$: 22) boron - 30#; 
23) tetralin - 60$; 24) aluminum - 40$; 25) kerosene - 70%; 
26) pentaborane - 30$; 27) methylnaphthalene - 70$; 28) pen¬ 
taborane - 30#. 
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= 58 tons and a fuel-tank capacity (volume) of w = 125 it is as¬ 

sumed in this case that the flight range with aviation kerosene is 

equal to 15,000 km, and the weight of the aircraft does not undergo 

any change in the transition from kerosene to heavier fuels (propel¬ 

lants). 

Theoretically (without taking into consideration any possible in¬ 

crease in the weight of the aircraft) an increase of approximately 

1000 km in range can be achieved by heavy propellants of the bicyclic 

naphthenic and aromatic hydrocarbon type. In the practical solution of 

this problem, the possible increase in aircraft weight as a result of 

strength requirements should also be taken into consideration. Range 

is substantially Increased with boron-bearing fuels, since the specific 

fuel consumption is reduced. 

7- Methods of Obtaining Fuel Suspensions with Additives Exhibiting 
High Heating Values 

a) General data 

One of the methods used to obtain fuels exhibiting high heating 

values may Involve the preparation of suspensions or colloidal solu¬ 

tions of boron, beryllium, and similar substances in petroleum prod¬ 

ucts [46a]. 

For colloidal solutions, solid particles with dimensions of 1-10-^ 

_7 
to 1*10 cm must be dispersed in the hydrocarbon medium. In this case, 

the dispersed substance and the dispersion medium make up the colloidal 

system as a single whole. Such colloidal systems are referred to as 

metal sols. For example, in sols of platinum and gold there are metal 

particles having dimensions of the order of 5*10"^ cm. 

However, the production of such colloidal solutions of high con¬ 

centration is a difficult problem; it is therefore simpler to prepare 

suspensions of metal powders in hydrocarbons; the powders are prevented 
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from settling by increasing the viscosity of the medium. In this case, 

comparatively coarsely dispersed solid particles with dimensions of 

0.05-0.1 mm (aluminum powder) or 0.0005-0.020 mm (fine aluminum and 

beryllium powder) are not directly parts of the colloidal system, but 

serve as fillers for the colloidal solution. 

To increase the viscosity of the medium, high-molecular substances 

or salts of fatty or similar organic acids are dissolved in hydrocar¬ 

bons, and this produces colloidal systems with high viscosity. As has 

already been mentioned, a suspension of magnesium and aluminum in gaso¬ 

line has been tested in Jet engines [3]. 

A solution of natural and synthetic rubber in petroleum products 

has been proposed for the stabilization of these suspensions, and poly¬ 

isobutylene with a molecular weight of 20,000 to 40,000 has also been 

proposed for this purpose. The solution of high-molecular substances, 

even in small quantities (2-5^), calls for extensive heating and good 

mixing. In this manner viscous solutions are obtained, and these con¬ 

tain solid powders for several hours or days, at the end of which time 

deposition begins. A partially stratified Suspension can be regenerated 

by subsequent mixing [1]. 

Wax and paraffin are used to thicken petroleum products; however, 

in this case it is necessary to introduce a large quantity of such ad¬ 

ditives (20-30$) in order to attain the required consistency. 

Thickened (jellied) viscous petroleum products are used for flame 

throwers and weapon charges. In the first case, in order to increase 

the range of the flame, and in the second case to prolong the combus¬ 

tion time for the fuel (combustible) used as the ignitor [47J. Thick¬ 

ened or solidified (jellied) petroleum products in this case are pro¬ 

duced with the salts of high molecular fatty acids. 

Jellied kerosene for incendiary weapons is produced in the follow- 
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ing manner. During heating, 2-3# stearin, representing a mixture of 

stearic (C^H^COOH) and palmitic (C-^H^-jCOOH) acids, is dissolved in 

the kerosene. At 75-80° and with vigorous mixing, caustic soda in an 

alcohol solution, in a quantity equivalent to the acid, is added to 

the solution. In this case, sodium stearate is formed: 

CxtHjjCOOH + NaOH -*C17H„COONa + H,0. 

Palmitic acid reacts in an analogous way. 

Sodium stearate in kerosene or gasoline, at a temperature of 75-80° 

forms a true solution. However, when cooled to 50-60°, the true solu¬ 

tion passes into a state of colloidal solution with the formation of a 

sol, subsequently a gel, and the entire system is converted into a 

semlhard inviscid mass that is characteristic of Jellies [48]. Thick¬ 

ened ( Jellied) petroleum products are stable in storage and they do 

not flow under the action of gravity, but can be carried through tub¬ 

ing under pressure. The uniform structure of a Jellied fuel (combus¬ 

tible) is destroyed by mixing or grinding, but it can later be restored 

to some extent. 

Soap gels can also be obtained in hydrocarbons through the solu¬ 

tion of hard soaps (salts of high molecular organic acids) in hydrocar¬ 

bons by heating or even at normal temperature. 

Calcium, aluminum, and magnesium soaps have poorer thickening 

properties than sodium soaps. At the same time, the nature of the 

thickening by means of salts of multivalent metals such as, for exam¬ 

ple, aluminum, are different than in the case of sodium salts. Aluminum 

soaps form viscous, sticky, and free-flowing systems which exhibit the 

property of restoring well their initial structure; sodium soaps form 

jellies in hydrocarbons, and the structure of these Jellies is easily 

destroyed. 

The thickening of oil fractions is widely used for the preparation 
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of consistent lubricants and this is discussed in the appropriate 

courses [48]. 

In the USA, a gasoline-based Jellied combustible (fuel) is iden¬ 

tified as "napalm.” For the production of napalm, from 4 to 11# of a 

thickening powder is dissolved in gasoline; this powder is apparently 

a mixture of aluminum salts of oleic and naphthenic acids and the 

acids that enter into the composition of coke oil. Aluminum salts of 

organic acids are obtained by the reversible reaction between the 

sodium salts of acids and aluminum sulfate. The outstanding features 

of napalm are its considerable viscosity and adhesion, which make it 

suitable for use in flame throwers and as charges for incendiary 

weapons [49]. 

To increase the efficiency (combustion temperature) of Jellied 

combustibles, a 50-60# magnesium powder, which does not settle out 

despite the high viscosity of the medium, is sometimes introduced into 

these Jellied combustibles as an ignitor [47]. 

b) Theoretical premises for preparation of suspensions [50] 

Rate of particle deposition. In the preparation of stable suspen¬ 

sions, the deposition of the dispersed particles must be avoided. 

The rate of deposition for solid particles having a radius r and 

a density p in a medium of density D and viscosity t) is expressed by 

the following equation, in accordance with the Stokes law: 

The Stokes law follows from the relationship between the resist¬ 

ance force, i.e., the friction force, that is produced on the motion 

of spherical particles at a constant velocity in a medium having a 

definite viscosity, and the force of gravity acting on the particle. 

As the particle falls at a constant velocity, the force of friction 
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offsets the force of gravity. 

The Stokes law is valid for particles of true spherical shape and 

for a medium having a true viscosity rather than a structural viscos¬ 

ity which changes in value as a function of the applied force as is 

the case in colloidal systems. In true suspensions there are particles 

that are not spherical in shape. However, the Stokes law may be used, 

with certain allowances, for the characteristics of the stability or 

true metal suspensions in Jellied petroleum products. 

It follows from the Stokes equation that the rate of particle de¬ 

position can be reduced and, consequently, suspension stability in¬ 

creased by the following steps: 

1) increasing the viscosity of the medium in which the solid par¬ 

ticles are dispersed; 

2) reducing the dispersed particles in size; 

3) increasing the density of the medium; 

4) during the grinding of the substance to be dispersed, the dis¬ 

persion in a liquid medium can be improved by the introduction of sur¬ 

face-active substances into the medium. 

The physicochemical nature of Jellied combustibles. As petroleum 

combustibles are thickened in order to attain the required viscosity 

of the medium, a colloidal system is formed. The thickening takes 

place through the solution of high-molecular substances or the salts 

of high-molecular fatty acids in hydrocarbons, with the resultant 

formation of colloidal systems that are referred to as sols or gels, 

depending on their nature. These systems are characterized, unlike true 

solutions, as structured systems resulting from the interaction of dis¬ 

solved solvated particles (macromolecules) as a result of their high 

molecular weight, producing grids or cells containing the solvent. As 

a result the viscosity of the solution increases sharply in comparison 
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to the initial solvent. Such solutions in hydrocarbons are referred to 

as lyophilic sols. 

The viscosity of lyophilic sols is a function of the concentra¬ 

tion of the dispersed phase (dissolved substance) and temperature. 

With high concentrations of dissolved substance, an ever increasing 

vigorous interaction between the macromolecules sets in and the vis¬ 

cosity increases sharply. With a change in temperature, the effective 

length of the macromolecules changes, as does the degree of their sol¬ 

vation by the solvent, and this results in a pronounced change in vis¬ 

cosity with temperature. 

With increased concentration of the dispersed phase or with a 

drop in temperature, gélatinisation of the system takes place. 

Gélatinisation is that process which results in the formation of 

a Jelly or gels of sols. With the gélatinisation of the sol, the micro¬ 

scopic divisions disappear and the entire mass of the sol solidifies 

into a homogeneous Jelly that resembles a semisolid, since the fluidity, 

characteristic of liquids, disappears. At the same time, the sol pre¬ 

serves its fluidity, even in the case of high viscosity. 

The gelatinization process consists in the combination of indiv¬ 

idual colloidal particles into loosely structured aggregates under the 

action of attraction forces. These aggregates form grids whose cells 

contain the dispersion medium. 

The hardness of the formed Jelly is directly proportional to the 

concentration of the initial solution. Some conditional temperature at 

which the system, in a tube, does not deform as the tube is inclined, 

is selected as the thickening (gelatinization) temperature. There is 

also a definite temperature at which the Jelly makes the transition 

into a sol, and this temperature is assumed to be the melting point of 

the gel-jelly. 
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The jelly can be brought to the state of a sol by mixing or by 

similar mechanical action. This Is referred to as the thixotropic 

destruction of Jelly. In a state of rest, such a sol again gelatinizes. 

The formation of thixotropic gel can be explained by the appearance of 

a mutual bond between the particles which form the elements of the 

Jelly structure, said Jelly easily destroyed through mechanical action. 

As a result of this phenomenon. Jellies do not flow and they are 

not transported under the action of gravity, nor can there be any mix¬ 

ing of particles dispersed in them, i.e., the particles do not settle 

out. 

However, under the action of an external force, i.e., in the case 

of a pressure difference, such Jellies become fluid, since they have 

made the transition to the sol state. 

The viscosity of Jellied combustibles. In the utilization of Jel¬ 

lied combustibles containing fillers, an important problem is the flu¬ 

idity of the Jellies, which must differ from the initial solvent as 

little as possible. High viscosity may make it difficult to pump and 

vaporize a combustible of this type during ignition. On the other hand, 

with low viscosity the dispersed powders might settle out. 

Viscosity is characterized by the resistance of a body to a rela¬ 

tive shift of 1 cm2 per second of the parallel layers of disperse pow¬ 

ders. The viscosity of normal liquids is determined experimentally by 

the discharge of a liquid through a fine capillary tube (viscosimeter) 

according to the following equation: 

»] = /(•/>.T, 

where rj is the viscosity; K is the viscosimeter constant; P is pres¬ 

sure; and T is the discharge time. 

The viscosity of ideal liquids is not a function of the applied 

pressure, nor of the length and radius of the capillary tube of the 
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viscosimeter. 

However, the viscosity of colloidal systems - sols - is a func¬ 

tion of the applied force under which the deformation of the sol and 

discharge take place, since the aggregates of the macromolecules of 

the colloidal system, their dimensions, and the macromolecules them¬ 

selves áre sensitive to external mechanical action, and are destroyed 

under the influence of mechanical action; consequently, viscosity also 

changes. In a state of rest, combinations are formed - the macromole¬ 

cules become entangled and large aggregates are formed, with the latter 

resulting in increased viscosity. In the case of mechanical mixing and 

the rapid shifting of the system, the weakly bonded aggregates are 

destroyed and dispersed, thus reducing viscosity. This effect of the 

change in the viscosity of a colloidal system in the case of mechana.^al 

action is referred to as "structural viscosity." 

The concept of relative viscosity t], determined in the following 

manner, is taken as the characteristic of viscosity for colloidal sys¬ 

tems: 

where is the viscosity of the solution; t|q is the viscosity of the 

solvent. 

The structural, or apparent, viscosity is a function of the ap¬ 

plied force characterized by a shear stress: 

I 21 • 

where f is the shear stress; P is the pressure at which the colloidal 

system begins to flow; r is the radius of the capillary tube; 1 is the 

length of the capillary tube from which the discharge takes place. 

Thus the apparent viscosity is a function of shear stress: 

lgil = a-Mg/ 
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or 

;igî| = a—ÄlgP 

at constant values for r and 1. 

The change in the viscosity of the gels, i.e., of the Jellies, is 

an even greater function of the applied pressure than in the case of 

sols. This is associated with the fact that on the application of 

small forces, the viscosity of the Jelly is infinite, whereas with an 

increase in the pressure difference flow begins and the gel is con¬ 

verted from a Jelly into a sol which exhibits low viscosity. 

Thus the relative viscosity of lyophilic hydrocarbon sols and Jel¬ 

lies is a function of this pressure difference and can gradually ap¬ 

proach the viscosity of the solvent as the pressure difference in¬ 

creases. 

The addition of metal powders, for example, to colloidal systems 

increases their viscosity in direct proportion to the powder concen¬ 

tration; in particular, the smaller the dimensions of the powder par¬ 

ticles, the greater the specific surface. 

The stability of suspensions in hydrocarbon sols or Jellies. The 

rate of deposition for suspensions in a liquid medium can be charac¬ 

terized by Stokes law and depends on the viscosity of the medium as 

well as on the dimensions of the particles. 

If this quantitative relationship is valid and applicable to this 

case, the settling out of the solid particles is unavoidable, although 

the deposition process may continue for a considerable period of time. 

In this case, the jellied combustible will be physically unstable. How- 

ever, the flow of the structured colloidal system or the deposition of 

the solid particles in this system may begin with a definite shear 

stress. 

In either case, the motion of the medium or of the particles in 
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the medium may begin as a certain maximum shear stress is attained, or 

as a force P, corresponding to this shear stress, is reached. 

If the gravity acting on the particle is less than the correspond¬ 

ing maximum shear stress for a lyophllic sol in the case of the free 

fall of the particle, there will be absolutely no settling of the par¬ 

ticle, since the viscosity value at small loads will correspond to in¬ 

finity. 

The shear stress is particularly great in the case of Jellies 

which are semisolid in nature and do not shift under the action of 

gravity, i.e., under the action of small loads. In accordance with 

this, powder particles dispersed in a Jelly medium cannot shift under 

the action of gravity. However, the shear stress in the case of hydro¬ 

carbon Jellies is limited to extremely negligible forces which can 

only resist the shifting of a substance under the action of gravity, 

i.e., the stratification of the suspension. On application of loads 

measured in tens of fractions of an atmosphere, the system begins to 

flow and it passes from a Jelly into a sol. At rest, the sol may again 

turn into a gel. 

For the formation of metal suspensions in hydrocarbons, use can 

be made of the petroleum-product thickening methods which result in 

colloidal systems that correspond, in nature, to viscous sols (thick¬ 

ened with rubber, aluminum soaps), or gels-Jellies (thickened with 

sodium soaps). 

c) Preparation of suspensions 

From 1947 through 1957# investigations were being carried on in 

the USA on fuel suspensions for Jet engines, and the future utilization 

of such suspensions in ZhRD [liquid rocket engines] operating on flu¬ 

orine [51] is not excluded. 

Fuel suspensions are obtained by the dispersion of fine magnesium 
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Fig. 59* Behavior of ideal 
(Newtonian) fluid and thixo¬ 
tropic system on application 
of force. 1) Shear rate; 2) 
shear stress. 

or boron powders in such aviation kerosenes as JP-3, JP-4, or JP-5, in 

quantities up to 50-60#. The stabilization of these powders in the sus¬ 

pended state is achieved by gelatinizing and surface-active additives. 

The former include soaps or high-molecular compounds; the latter in¬ 

clude alcohols and acids. The quantity of metal which can be in sus¬ 

pension, and its properties, are determined by the shape and the dimen¬ 

sions ol the particles, their dimensional distribution, and the compo¬ 

sition of the hydrocarbon medium. 

Fuel suspensions do not have the properties of Newtonian fluids, 

i.e., their flow rates are not directly proportional to the acting 

iorce. The physical parameters of these suspensions are determined by 

means of viscosimeters of various types. To determine the relationship 

between the shear rate or the rotation of the viscosimeter spindle and 

ihe shear stress or the motive force for a wide range of shear rates, 

an automatic self-recording viscosimeter was used. 

Figure 59 shows graphs which indicate the various types of flows, 

and the a graph is for a Newtonian fluid, and the b graph shows the 

properties of suspensions. The arrows indicate that the curves were 

Initially obtained by the continuous increase of shear stress (ascend¬ 

ing curve), and then by the continuous reduction of the shear stress 

(descending curve). The shear rate for the substances exhibiting New- 
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tonian properties changes linearly with a change in shear stress, and 

viscosity is proportional to the inverse of the slope of the curve 

(curve A). In the case of thixotropic materials, it is necessary to 

apply a certain force - a shear stress - before the rate of shift be¬ 

comes a linear function of the shear stress (b). The magnitude of the 

initial force is determined by the segment formed from the intersec¬ 

tion of the extrapolated line segment and the axis of the shear stress. 

The rate of shear for thixotropic systems increases nonlinearly with 

shear stress (b). If the shear stress required to produce a given rate 

of shear diminishes in direct proportion to the duration of its ef¬ 

fect, the material is thixotropic. Low apparent viscosity and a low 

value for the initial shear stress of the suspension facilitate the 

pumping of this suspension by means of pumps. At the same time, high 

viscosity, high initial shear stress, and thixotropicity prevent the 

settling out of the suspended particles as deposits. 

Deposition stability is determined from the sedimentation of the 

particles of the suspension in 50-roillimeter graduated cylinders at a 

temperature of 30°. The degree of sedimentation is expressed by a co¬ 

efficient that has been determined in the form of a ratio between the 

height of the sedimentary layer and the initial height of the suspen¬ 

sion in the cylinder. 

The sedimentation process was also observed in large containers. 

The relative lightness from which a deposited suspension could 

again be brought into a dispersed state was estimated in a number of 

cases by means of shaking a cylinder with the suspension. In order to 

study the sedimentation process, the particle shapes, and the process 

of particle agglomeration, as well as to develop a method of estimating 

the concentration of metal in the suspension, a study was undertaken 

of the dielectric properties of boron and magnesium in a suspension in 



Pig. 60. Viscosity of boron 
suspensions of various concen¬ 
trations in aviation kerosene. 
1) 50# boron, by weight; 2) 55# 
boron, by weight; 3) 60# boron, 
by weight; A) apparent viscos¬ 
ity after Brukfil'd [sic], cen- 
tipoises; B) concentration of 
aluminum octóate, # by weight. 

mineral oil. 

In the preparation of boron suspensions, use was made of boron 

powders that were obtained: 1) by the reduction of boron anhydride with 

magnesium or 2) by an electrochemical method. 

In the first case, a powder containing from 87 to 91# free boron 

with an admixture of boron and magnesium oxide is obtained. The average 

particle dimension varies between 0.6 and 1.4 [i; as electron photomic¬ 

rographs show, particles vary in shape. The boron obtained by means of 

an electrochemical process contained 97$ elementary boron and the av¬ 

erage particle dimension was less than 1 p,. 

The suspensions were prepared by the dispersion of a high-disper¬ 

sion boron powder in aviation kerosene with the addition of a gelatin¬ 

izing admixture - aluminum octoate - which is obtained through the in¬ 

teraction of 2-ethylhexanoic acid with aluminum chloride. It is assumed 
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that in a number of cases acetylene black, silica aerogel, and a num¬ 

ber of bentonites can replace the silica aerogel [sic]. The suspension 

Is prepared at room temperature in the following manner. The thicken¬ 

ing reagents are carefully mixed with the hydrocarbon combustibles and 

then the following metals are introduced into this medium: magnesium, 

aluminum, or a boron powder. The mixing is carried out by means of a 

high-speed agitator. To increase the fluidity of the suspension, sur¬ 

face-active additives in quantities from 0.5 to 4.4# are added to the 

suspension, and the gélatinisation additives are included in quantities 

ranging from 0.2 to 0.4#. The viscosity of the suspension containing 

50-60# boron powder changes from 1500 to 100,000 centipoises. Figure 60 

shows the effect of additive concentration on apparent viscosity of a 

boron suspension in aviation kerosene (JP-5); with an increase in the 

boron concentration above 60#, the viscosity increases to a point at 

which it becomes difficult to use the suspension. 

In the preparation of magnesium suspensions, the work was carried 

out with a magnesium powder exhibiting particle dimensions of 13-24 n, 

and contained more than 94# elementary magnesium; however, these mag-, 

nesium suspensions do not burn sufficiently well. In this connection, 

a method was developed for the preparation of finely dispersed mag¬ 

nesium powders, said method based on the cooling of magnesium vapors 

(magnesium vaporizes at 1090°) with kerosene vapors, and in this case 

we obtain simultaneously a suspension of pyrophoric magnesium in hydro¬ 

carbon. In this case, magnesium particles having dimensions of the or¬ 

der of 0.2 p, are formed. 

Storage stability is of outstanding importance from the standpoint 

of the practical utilization of the suspension. 

In the case of suspensions thickened with aluminum octoate, the 

gel structure of the suspension is impaired during storage. 
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Pig. 6l. Change in apparent viscosity 
and shear stress as a result of the ad¬ 
dition of a 50^-magnesiujn suspension of 
a surface-active additive. 1) Apparent 
viscosity after Brukfil'd [sic], centi- 
poises; 2) plastic viscosity, centi- 

poises; 3) shear stress, dyn/cm2; 4) 
concentration of polyoxyethylenesorbitol- 
tetraoleate, %. 

The boron settles out with time, forming a thick deposit which is 

not easily dispersed. The destruction of the suspension as a result of 

the settling out of the boron or aluminum is accompanied by a drop in 

viscosity. The introduction of more than 0.4# aluminum octoate is pos¬ 

sible only if the boron content does not exceed 50#. 

The suspension obtained by the vaporization of magnesium yields 

systems of high dispersion with an average particle dimension of 2 p,. 

With a magnesium com,ent of 5O-6O#, these suspensions are like inviscid 

pastes. In order to obtain a liquid suspension from such a paste, the 

suspension must be agitated together with surface-active additives, 

and then passed through a colloidal crusher. 

It turned out during the investigation of various surface-active 
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substances that the most appropriate compounds are those which contain 

simultaneously the hydroxyl group in combination with the ester or 

polyoxyethylene group. It is assumed that the effectiveness of these 

additives can be explained by the fact that they provide for maximum 

interaction between the hydrocarbon medium and the surface of the dis¬ 

persed powder. 

Figure 61 shows how apparent viscosity and shear stress of a mag¬ 

nesium suspension change with an increase in the content of surface- 

active additives to 5-6#. Experimental data indicate that suspensions 

containing 50# magnesium with an average particle dimension of 1.5 p. 

and 1# of a surface-active additive are quite liquid. Completely usable 

suspensions, in terms of fluidity, can be prepared in the same way, 

said suspensions containing 55-60# magnesium. Suspensions prepared in 

this manner exhibit a tendency to stratification after having been 

stored for a period of one month. 

In using magnesium particles with an average dimension in excess 

of 4 p. for the preparation of the suspensions, the hydrocarbon medium 

must be thickened with gelatinizers. Aluminum octoate, in quantities 

ranging from 0.6 to 1.2#, is used as the gelatinizer for magnesium as 

well as boron suspensions. The gelatlnization of the suspensions is 

carried out by careful mixing, together with the gelatinizer, lor sev¬ 

eral hours at an elevated temperature of 30-40°. 

The magnesium suspensions thickened with aluminum octoate, strat¬ 

ify and change in viscosity during storage. 

This is how the preparation and stabilization of suspensions con¬ 

taining 50# boron or magnesium is carried out, and this applies equally 

to the jet fuels JP-4 or JP-5 with stabilizers. 

8. Utilization of Fuel Suspensions in Air-Reaction Engines 

In connection with the ever-increasing requirements calling for 
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ever higher characteristics in fuels for air-reaction engines insofar 

as this pertains to an increase in thrust, and the efficiency and sta¬ 

bility of combustion, much theoretical and experimental work has been 

done on the ignition of suspensions in air-reaction engines. 

Suspensions of metals in hydrocarbon combustibles (fuels) show 

advantages over conventional aviation kerosenes as a result of their 

higher heats of combustion and combustion stability. 

The utilization of special fuels for air-reaction engines is ex¬ 

pedient in the case of special engines intended for high-speed flights, 

the takeoff of heavy aircraft, or for the acceleration of air-reaction 

engines in the case of rockets within the limits of the atmosphere. 

For example, for the acceleration of cosmic rockets within the 

limits of the atmosphere, powerful turbojet and ramjet engines are 

being developed. 

The acceleration of a rocket weighing several hundred thousand 

tons is accomplished by means of a guide-rail track some 20-30 km long, 

and powerful turbojet engines are used to develop speeds of up to 400- 

600 m/sec, after which the ramjet engines, which function to altitudes 

of 15-20 km, are actuated; at these altitudes, the rocket engines take 

over. 

Elements such as boron and beryllium are of Interest for air- 

reaction engines because on burning they release a greater quantity of 

heat than kerosene (more than 10,000 kcal/kg). 

Great flight range can be achieved with such fuels. 

On the other hand, interest is also expressed in elements which, 

although liberating a smaller quantity of heat or combustion than kero¬ 

sene, liberate more heat per 1 kg of air than is required for the com¬ 

bustion process. In a VRD [ramjet] air is the working fluid. 

Greater engine thrust can be obtained through the combustion of 
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TABLE 69 
Heat of Combustion of' Certain Fuels 

1 Tommm 4 k*»aI*i 

7 Kcpocmi .... 
8 Amomiihiiü . gnepiuiJiHA... . 

Bop. 
11 JlHTIlfl. 
12 Manuifi ... . 
13 nciiiaöopaii... 

Gil'Iin 
AI 
Be 
B 
Li 
M« 

Bill. 

10300 
7 <50 

1C210 
1A100 
lo:io 
5050 

16300 

Tciuort rope«»« 

5 KMiti 6 KKOilU aouyxa 

8200 
20700 
30400 
33400 
5560 

10420 
10300 

720 
1040 
2130 
1480 
2070 
2 000 
1250 

l) Fuel; 2) formula; 3) heat of combustion; 
4 kcal/kg; 5) kcal/liter; 6) kcal/kg of air; 
7) kerosene; o) aluminum; 9) beryllium; 10) 
boron; 11) lithium; 12) magnesium; 13) penta- 
borane. 

Fig. 62. Takeoff characteristics of a turbojet bomber 
over a 3-meter obstacle. 1) 60$-magnesium suspen¬ 
sion in the afterburner + Injection of water; 2) 
60^-magnesium suspension in afterburner; 3) conven¬ 
tional fuel in afterburner; 4) no increase in 
thrust due to augmentation in afterburner; A) take¬ 
off distance, m. 

such fuels, and such fuels are also suitable for acceleration of VRD. 

For example, for the combustion of 1 kg of kerosene, 16 kg of air 

are required; for the combustion of 1 kg of magnesium, only 2.2 kg of 

air are required. 

In addition to the above, the heat of combustion per unit fuel 

volume is also important when the tank capacity of the engine is sig¬ 

nificant. 
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Table 69 presents the heats of combustion for several fuels. 

In connection with the above, ramjet engines using magnesium can 

develop a thrust greater by a factor of four than engines using kero¬ 

sene, given equal engine cross sections. 

Figure 62 presents figures demonstrating how the takeoff distance 

can be shortened for turbojet aircraft using magnesium suspensions. 

When the JP-4 fuel is used In an engine and for thrust augmenta¬ 

tion (afterburning), a bomber can take off in 4050 m, whereas with a 

60^-magnesium suspension, the takeoff distance is reduced to 2400 m. 

Figure 63 presents the relative value of missile flight range for 

ramjet engines operating on conventional JP-4 fuel, magnesium suspen¬ 

sions, as well as suspensions of boron and pentaborane. 

In connection with the above, it is clear why such interest has 

been expressed in the utilization of metal suspensions for VRD. 

Fig. 63. Relative flight ranges 
for missiles with ramjet en¬ 
gines. Initial altitude, 18 km; 
the M(ach) number is equal to 
3.2; trajectory in accordance 
with the Breguet formula [2]. 
A) Relative effective range. 

In order to clarify the possibilities of using suspensions in VRD, 

a tremendous experimental project was undertaken to study the combus¬ 

tion of suspensions in special experimental installations, model ram¬ 

jet engines, afterburners and, finally, in actual engines on a test 

stand and through flight tests of experimental aircraft [52], 
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Pig. 64. Theoretical character¬ 
istics for the combustion of a 
magnesium suspension. The num¬ 
erals on the curves Indicate 
the content of Mg in octene-1, 
in io, by weight. A) Temperature 
of combustion, °K; excess- 
combustible ratio; C) specific 
air impulse, kg*sec/kg of air; 
D) excess-air ratio. 

Below we present calculation characteristics of theoretically pos¬ 

sible fuel preparations for ramjet engines at pressures of 2 atm and 

an air temperature at the inlet of 310°K. 

Figure 64 presents the temperature of combustion and the specific 

air impulse for a hydrocarbon combustible (octene-1 and magnesium) as 

well as for suspensions of various compositions with magnesium, as 

functions of the excess-combustible ratio. 

With an increase in the magnesium compound in the suspension, the 

temperature of combustion and the specific air impulse increase. 

The specific air impulse as a function of the coefficient of ex¬ 

cess combustible for the case of aluminum and boron and their suspen- 

- 234 - 



sions is presented in Pigs. 65 and 66. 

The fuel-volume specific impulse obtained in the combustion of 1 kg 

of fuel has been plotted along the axis of ordinates, and the specific 

impulse per 1 kg of the air participating in the combustion and passing 

through the engine has been plotted along the axis of abscissas. 

Figure 67 shows the effect that pressure and the excess-combus¬ 

tible ratio have on the specific air impulse in the combustion of a 

50^-magnesium suspension. 

In addition to the theoretical calculations, many experimental in¬ 

vestigations were carried out on the combustion of suspensions in spe¬ 

cial test stands. 

After the preliminary tests, the suspensions were Ignited in a 

ramjet air-reaction engine having a diameter of 400 mm (Fig. 68). 

The completeness of the combustion of the magnesium suspension 

exceeded 90# over a wide range of excess-air ratios. With an excess- 

combustible ratio of 0.7, the combustion of the magnesium was almost 

complete, although the efficiency of combustion for the hydrocarbon 

medium begins to drop at this point. These results can be seen in Fig. 

69. 

The completeness of the combustion of the boron suspension as a 

function of the excess-combustible ratio was studied in a small cham¬ 

ber, 47 mm in diameter and 200 mm long, as well as in a chamber 1300 

mm long, under a pressure of 2.8 atm. 

The data obtained with the small chamber, with a 30# suspension 

of boron in JP-4 fuel (with boron purities of 86 and 97#) are presented 

in Fig. 70. 

The average particle dimension for the boron of 97# purity was 

0.7 mil. The completeness of boron combustion in a single specimen of 

the suspension (boron purity of 97#) amounted to 95#, whereas the com- 
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Pig. 65. Theoretical character¬ 
istics of the combustion of an 
aluminum suspension. The fig¬ 
ures on the curves indicate 
the A1 content in the octene-1, 
in $ by weight. 1) Temperature 
of combustion, °K; 2) excess 
combustion [sic - probably com¬ 
bustible] ratio; 3) specific 
air impulse, kg*sec/kg of air; 
4) excess-combustible ratio. 

pleteness of combustion was only 80$ in the case of the 86^-pure boron. 

In the larger chamber of the ramjet engine, the efficiency of com¬ 

bustion for 50# suspensions of boron did not exceed 80$. In this case, 

a boron powder of 87-91$ purity was used, and here the average par¬ 

ticle dimension was 1 (i. 

Successful flight tests of an aircraft with a ramjet engine were 

carried out on a fuel consisting of a 50$ suspension of magnesium. The 

suspension consisted of 50$ 0.6 and 1.5-rnicron magnesium in JP-4 avia- 
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Pig. 66. Theoretical character¬ 
istics for the combustion of 
boron and Its suspensions. The 
figures on the curves Indicate 
the content of boron In the 
octene-1 In % by weight, l) 
Temperature of combustion, °Kj 
2) excess-combustible ratio; 
3) specific air Impulse, 
kg*sec/kg of air; 4) excess- 
combustible ratio. 

tlon kerosene with an apparent viscosity of 7000 and 8000 centipoises. 

The flights of the experimental aircraft with the ramjet engine, as¬ 

sisted by means of rockets, proceeded successfully. 

Magnesium suspensions burned efficiently, but could develop 

greater thrust only in comparison with conventional hydrocarbons and 

fuels, but could not offer any greater flight range. 

Boron suspensions, without any special additives, did not burn 

suificlently completely and cannot be recommended for ramjet engines. 
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Pig. 67. Combustion character¬ 
istics for 50# magnesium sus¬ 
pensions at various pressures. 
1) Temperature of combustion, 
°K; 2) excess-combustible ra¬ 
tio; 3) pressure, atm; 4) spe¬ 
cific-air impulse, kg*sec/kg 
of air; 5) pressure, atm. 

For the pumping of suspensions from the tanks to the combustion 

chamber of the engine, special centrifugal pumps were designed. 

Air vaporization was employed in the injectors, in view of the 

high viscosity of the suspensions. 

The combustion stability of 50$ magnesium suspensions was very 

much greater than in the case of conventional fuels. For example, given 



Pig. 68. Ramjet engine, diameter 400 mm, used for 
the investigation of the combustion of boron fuels 
[2]. l) Air; 2) 400-milllmeter ramjet engine; 3) 
calorimeter; 4) thermocouple; 5) high-altitude ex¬ 
haust; 6) combustion chamber; 7) water Jet; 8) dif¬ 
fuser; 9) fuel; 10) igniter; ll) flame holder; 12) 
variable-area nozzle. 

Fig. 69. Effect of the excess-combus¬ 
tible ratio and the fuel-to-air ra¬ 
tio on the efficiency of the combus¬ 
tion of a suspension containing 50$ 
24-micron magnesium ln JP-3 fuel with 
0.8$ gelatinizing additive (l), and 
JP-3 fuel (2); 3) combustion effi¬ 
ciency. $; 4) excess-combustible ra¬ 

tio; 5) fuel-to-air ratio. 

equal excess-combustible ratios, flame detachment in the case of JP-4 

aviation kerosene takes place in an experimental engine at a velocity 

of 20 m/sec for the air stream, and in the case of the 50$ magnesium 

suspension, the flame detachment takes place at 30-32 m/sec. 
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Fig. 70. Combustion efficiency (com¬ 
pleteness of combustion) of JP-4 fuel 
and two 3<# boron suspensions pre¬ 
pared with JP-4 fuel. 1) JP-lj 2) 
97^-pure boron; 3) 86^-pure boron; 
4) combustion efficiency, 5) ex- 
cess-combustible ratio. 

Thus basically magnesium suspensions are proposed fpr acceleration 

systems for aircraft and possibly rockets, given the continued improve¬ 

ment of the feed systems; the problem of using boron suspensions was 

not resolved in the cited investigations in view of the inadequate 

completeness of combustion. 
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[Footnotes] 

Manu¬ 
script • 
page 
No. 

198 The cost of 1 kg of metallic beryllium in the USA is $130. 

210 At the same time, it was reported that the cost of 1 kg of 
of pentaborate [sic. ] in the USA in 1958 was $800. 

[List of Transliterated Symbols] 

Manu¬ 
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222 1 = log 
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Chapter 6 

COMPLETENESS OF FUEL COMBUSTION AND CARBON 
FORMATION IN AIR-BREATHING JET ENGINES 

1. COMPLETENESS OF JET-FUEL COMBUSTION 

The entire quantity of heat that corresponds to the fuel's heat¬ 

ing value is not liberated when fuel is burned in an engine. The 

reason for this consists in the formation of a certain quantity of 

carbon monoxide, deposition of carbon in the form of an elementary 

deposit, and the formation of a small quantity of pyrolysis produjo 

of the fuel (hydrocarbon gases). 

The ratio of the quantity of heat actually liberated on combus¬ 

tion of a unit weight of fuel, Qf, to the lower-limit heating value 

^ reflects the degree to which the heat is utilized in the engine. 

This ratio is known as the heat-evolution factor or the combustion 

efficiency. The heat-evolution factor r\z = Qf/Q^ The ratio Qf/^ 

expressed in percent is usually known as the completeness of com¬ 

bustion (cp) . 

¢=^-100. 

Under the engine's normal operating conditions, the complete¬ 

ness of combustion reaches 94-98*, but under unfavorable conditions 

(see below) It may drop to 75-80*, which is equivalent to a 20-25* 

heat loss. 

The combustion process of the fuel in an air-breathing jet en¬ 

gine takes place in the primary combust!on-chamber zone at a tempera- 
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ture of 1900-2200° with a quantity of air close to the quantity 

theoretically necessary. Then the products of combustion are diluted 

by an excess of air, with the result that the temperature of the 

gases has dropped to 750-850° (secondary zone) before arrival at 

the turbine. The necessity of lowering the gas temperature is 

associated with the limited high-temperature corrosion resistance 

of the turbine blades. The additional air also cools the components 

of the engine. As a result, the gases flowing from the nozzle of an 

air-breathing Jet engine contain a considerable excess of oxygen in 

addition to C02, HgO, and Ng. 

Some incompleteness of combustion is noted in practice even with 

an excess of air present. 

The ratio of the quantity of air supplied to the engine to the 

quantity theoretically necessary for combustion of fuel is known as 

the excess-air ratio. 

The completeness of combustion and the excess-air ratio may be 

determined from gas analysis of the combustion products, and if the 

excess-air ratio is known, the completeness of combustion is deter¬ 

mined from the other parameters that characterize the evolution of 

heat, e.g., the combustion temperature. In turbojet engines, the 

excess-air ratio is considerably greater than unity and comes to 

a = 4 to 6 in the basic operating modes. 

Let us consider as an example combustion of cyclohexane with an 

inadequate quantity of air (a = O.835), with the theoretically neces¬ 

sary quantity of air (a = 1) and with an excess of air (a = 4): 

C.H,, + 7VA + 28,2N2 - 3C0j + 3CO + 6H20 + 28,214, ^1 ^ 
C6HI2 + 90, + 34N, -» 6CO, + 6H,0 + 34N, ( 2 ) 

C,H12 + 360, + 135N, - 6CO, + 6H,0 + 270, + 135N, 
(3) 

Equations (1)-(3) have been written on the basis of the air 

composition 02 + 3-76 Ng. 
- 2^5 - 



'1 
As we have already noted, certain fuel losses (2-5^) take place 

as a result of incomplete combustion even with an excess of air. 

This can be accounted for by the fact that the combustion process is 

completed in a short time (in approximately I'lO'"“’ sec), and the 

fuel does not have time to burn completely. 

Applying Eqs. (2) and (l), let us find the completeness of com¬ 

bustion of cyclohexane from the composition of the combustion products. 

For this purpose, we must divide the quantity of heat evolved 

in incomplete combustion of cyclohexane by the quantity of heat that 

would be evolved in complete combustion: 

C0»¿-26.84 + C0i%M.4S + H,0K-57,84 mo 
‘P® 00,^-84.45 +HiO%;57.84 

where CO, COg, and HgO represent the composition of the combusMnn 

products in moles (on the basis of the combustion equation) or per¬ 

centages by volume found by gas analysis. In experimental determina¬ 

tion of combustion completeless on the basis of gas composition, the 

sum CO + COg in the combustion products corresponds to the quantity 

of COg corresponding to complete combustion. The quantity of water 

vapor is not determined experimentally, but computed from the chemi¬ 

cal formula or elementary composition of the fuel. 

According to Eq. (3), the completeness of combustion of cyclo¬ 

hexane is 77.8$; this corresponds to a heat-evolution factor of 

O.778 or to the evolution of 81OO kcal/kg in incomplete combustion. 

In air-breathing jet engines, the completeness of combustion 

depends on the chemical and fractional composition of the fuel. Here 

it is necessary to remember that when the combustion process is 

"well-organized," combustion may go to 95-98$ of completion, and in 

this case the influence of fuel composition will be unnoticeable, 

since all of the fuel will burn with evolution of the same quantity 

of heat. 
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However, the conditions under which fuels are used in engines 

are variable and not restricted to the basic mode. Combustion of the 

fuel in the engine may take place under complicated conditions in 

which the completeness of combustion amounts to 75-85^. Combustion 

at depressed pressures (below 0.8-1 atmosphere), combustion with 

large excesses of air cooling the combustion zone, combustion at low 

engine rpm's, etc., constitute complicated conditions. 

Under these conditions, completeness of combustion comes to de¬ 

pend on the chemical and fractional composition of the fuel. At first 

glance, it may appear that fuel composition exerts no influence, 

since the basic combustion process takes place at high speeds and 

temperatures from 1900 to 2200°, i.e., under conditions- under which 

the oxidation rate is so large that fuel composition cannot affect 

it. 

However, more detailed examination of the combustion process 

leads us to the contrary conclusion. 

The fuel-combustion process is a complex and multi-stage set of 

physical and chemical phenomena that unfold at various temperatures. 

The physical phenomena include atomization of the fuel, its vapori¬ 

zation, the formation of a vapor-and-air mixture and heating of the 

combustible mixture. The chemical phenomena include the oxidation re¬ 

actions of the fuel in the preignition zone, with the result that 

intermediate combustion products - various oxygen-containing compounds 

- are formed. 

The next stage is that of self-ignition or firing of the com¬ 

bustible fuel-air mixture by the heated products of combustion. It 

includes a sharp increase in the rates of the chemical reactions to 

values characteristic for the formation of the ultimate combustion 

products. The more complex the fuel composition, the more probable 
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are preignition processes and the more important will be the part 

that they take in combustion. Thus, for example, in combustion of 

pentane, the reactions of cracking and low-temperature oxidation are 

less probable in the preignition zone than in the combustion of, for 

example, hexadecane. 

At moderate temperatures from 100 to 300 , hexadecane undergoes 

considerable oxidation at a higher rate than does pentane, and is 

also much more easily cracked. If combustion develops in advance of 

the flame front through self-ignition of microvolumes of fuel with 

air, it will go farther toward completion with paraffinic hydrocar¬ 

bons than with aromatic hydrocarbons, since paraffinic hydrocarbons 

have lower self-ignition points. However, the'role taken by the pre¬ 

ignition processes and intermediate products in combustion of hydro¬ 

carbon fuels in air-breathing Jet engines is unknown. It would appear 

that the importance of the chemical composition of the fuel and 

various minor additives reduces to stimulation of the preignition 

processes, i.e., stimulation of reactions in a relatively low-tempera¬ 

ture region (below the combustion temperature). It may be found that 

as a result of poor mixing or low pressure, such processes in the 

preignition zone as the oxidation, self-ignition, and ignition re¬ 

actions of the vapor-air combustible mixture will be protracted and, 

consequently, this will be the slowest stage, and one that retards 

the process as a whole. In this case, combustion of the fuel will 

depend to a considerable degree on the chemical composition of the 

fuel (since reactions in the preignition zone, which depend on fuel 

and additive composition) will acquire greater significance, and the 

Influence of additives that stimulate the initial stages of combus¬ 

tion will also be noticeable. 

It would also be of interest to take completeness of combustion 
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into account in the light of the fact that the specific fuel con¬ 

sumption rises when it is not completely burned and, consequently, 

the flight range of the aircraft is shortened. The specific fuel con¬ 

sumption for an air-breathing Jet engine may be characterized by 

the following equation as a function of heating value and complete¬ 

ness of combustion (See Chapter l): 

where Q is the heating value, gt is the ratio of fuel to air weight, 

n is the heat-evolution factor, v is the flight speed and g is the 
•z — — 

acceleration of gravity. 

Accordingly, the specific consumption of a fuel with a heating 

value of 10,250 kcal/kg and the flight range vary as functions of the 

completeness of combustion, as follows: 

1) 
íImiioti 
cropaiiH* 

1,00 
0,95 
0,00 

2) 
VjlCJihiiwn pacxoA 
IMUIIID*. Kt • UC 

Nt « rum 

ClIllMdilc ' nojlliol 
AaabiiocTx cropauHR 
noiicTa, % 

2) 
VACJibifuA pacxoa 
TOIMMM, Kl I lac 

HR K* TflrM 

c 3) 
CiiiixtcHRe 
AIXbllOCTM 
nojiera, % 

1,0 — 0,85 1,18 

1,05 5 0,80 1,20 

1,11 11 0.75 1,33 

18 
20 
33 

1) Completeness of combustion; 2) specific fuel consumption, kg per 
hour per kg of thrust; 3) loss in range of flight, #. 

Apart from the design features of the engine, completeness of 

combustion depends on the pressure at which the process occurs. Com¬ 

bustion completeness drops considerably at pressures below 1 atmosphere. 

The pressure at which combustion of fuel occurs depends on the 

degree to which the air is compressed by the turbojet's compressor, 

on altitude, and on flight speed. 

At a flight speed of 750-800 km/hr, the combustion-chamber pres¬ 

sure is determined by the pressure of the surrounding atmosphere and 

the compression of the air by the compressor (Table TO). A 
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TABLE 70 

Air Pressure and Pressure in Chamber of Turbojet Engine at Different 
Altitudes (without taking velocity head into consideration) 

Bucora iiljj y pot* 
Neu nop*» M q 

2J AiMcftN« louyxa 
XUmcmmc (am*) • Kincpc Aurarc*« npw crencNN 
^ J CMaTMR . 

) mm pr. it. 4) àmu t 1 « ’10 

3000 

5 000 
10000 

11000 

12000 

13000 

15 000 

16000 

20000 

520 

405 

198 
169 

145 
124 

91 
77 

41. 

0,690 

0,530 

0,260 
0,222 

0,191 
0,162 

0,120 
0,110 

0,0510 

2,75 

2,10 

1,01 
0,89 
0,76 

0,65 

0,48 

0,44 

0,21 

4,10 

3,20 

1,50 

1,32 

1.14 
0,97 

0,72 

0,66 

0,320 

6.90 

5,30 
2,60 
2,22 

1.91 
1,62 

1,20 

•1,10 
0,54 

1) Altitude above sea level, m; 2) air pressure; 3) mm Hg; 4) atmos¬ 
pheres; 5) pressure (atmospheres) in engine chamber at compression 
ratio of. 

At flight speeds above 1000 km/hr, the air is precompressed by 

the velocity head. 

In this case, the pressure value may be determined by the formula 

k 

P = Po(l +0,2^1)4-1 • 

where M is the Mach number (which is equal to unity at the speed of 

TABLE 71 

Pressure of Decelerated Air Flow in Ramjet Engine as a Function of 
FHsjht Altitude and Speed 

Bucora wax 
ypoiKCM Hopa, 

2) .AaMCHHe (am*) laropuomeNHoro noroKi >03Ayxa npn aMt/ie M *. 

MmQ M = 1 M - 1,6 M -2 M a 3 

10 

15 
20 

25 

0,270 

0,120 

0,054 

0,030 

0,51 
0,23 

0,11 
0,05 

0,99 
0,43 
0,20 

0,09 

2,10 

0,96 
0,22 

0,20 

9,90 

4,50 
2,05 

0,93 

*M is the Mach number. This number is used to characterize speed. 
At M = 1, the speed thus characterized is equal to that of sound 
(~ 1200 km/hr). 

1) Altitude above sea level, km; 2) pressure (atmospheres) of de¬ 
celerated air flow at Mach* number of. 

sound, 330 m/sec), k/(k _ 1) is 3-5 for air. At flight speeds of 1 to 

2 times the speed of sound, we observe considerable precompression of 
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the air; this Is known as decelerated-flow pressure (Table 71). 

TABLE 72 

Completeness of Combustion for Various Fuels in 
Stationary Testing Under Conditions Equivalent to 
Flight Conditions [1] 

¡i 
7} 

1) 
T0fMN»0 

7]— 
nptAMM IU> 
NIIMNH«, *C ropcHM«, 

K 

-4T" Buxcncime 
Tcnna, 
kkoíJkí 

AbmbuhohhuA ôeioiiH. 53-174 
60-249 
148-264 

85 
83,5 

■83 

8900 
8700 
8500 

Tomiibo umpoKoro 0paKUHOHiioro cociasa 
AbIIBUHOHNUA KCpOCHH. 

l) Fuel; 2) boiling range, °C; 3) completeness of 
combustion, 4) heat evolved, kcal/kg; 5) avia¬ 
tion gasolines; 6) broad-fraction fuel; 7) aviation 
kerosene. 

TABLE 73 

Completeness of Fuel Combustion at High 
Altitude as a Function of Ratio of Air 
to Fuel and Chemical Composition of Fuel 
[1, 2] 

1) 
Toimhdo 

2) 
rpynnoDoA cocraa, % 

4 ) AoiiamioiiHuA KcpocHH . .tjUpoManmccKHe — 
; io.« 

7)napa<j>iiHbi —41,4 

8 jKoMuciiTpax napaÿHHoaux 
9) yracBOÄopoAOD 

K. K. 265° 

namora ropcHMa . 
(%) npa OTNOUICNKN X ) 
aoaayx : ronauio ^ ' 

40 

84 

11 ¡¡KoHueiirpai apoMarnMC-1 ^OMaiHMCCKiie — 
eaux yrjioaoAopoAOB L 75,2 

H. K. 166° ^^¢70814-11,4 
K. K. 253* 7 Jlapa^Hbi -13,4 

83,5 

to 

81,5 

84 

i§) 82.5 77 

1) Fuel; 2) group composition, 3) complete¬ 
ness of combustion {%) at air:fuel ratio of; 
4) aviation kerosene; 5) aromatic; 6) naphthenes; 
7) paraffines; 8) paraffinic-hydrocarbon con¬ 
centrate; 9) initial boiling 159°; 10) end of 
boiling 265°; 11) aromatic-hydrocarbon concen¬ 
trate; 12) initial boiling l66°; 13) end of 
boiling 253°. 

The heat loss due to incomplete combustion' depends on where com- 
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bustion takes place - in the turbojet-engine chamber or in the 

afterburner — and on the degree to which the air is compressed 

in the engine. 

In ramjet engines, compression of the air is effected only by 

the velocity head, so that at flight speeds of the order of 2400- 

3600 km/hr at a 25-km altitude, the pressure in the engine will be 

lower than 1 atmosphere. 

When an additional quantity of fuel is burned in the after¬ 

burners of a turbojet engine at flight speeds of 1200-180O km/hr, 

the combustion process at altitudes of 12 to 20 km apparently always 

takes place at depressed pressures, and considerable incompleteness 

of combustion may be expected in these cases. 

Let us examine experimental data on the completeness of combus¬ 

tion for various fuels. 

The completeness of fuel combustion is shown in Table J2 as a 

function of fractional composition. 

As noted above, completeness of combustion depends on the quan¬ 

tity of air passing through the engine. 

Table 73 shows the completeness of fuel combustion at high alti¬ 

tude as a function of the chemical nature of the fuel and the excess- 

air ratio. 

Under favorable conditions, the difference in combustion com¬ 

pleteness between paraffinic and aromatic hydrocarbons virtually 

vanishes (air:fuel ratio 40, a = 2.5). 

With large air excesses (air:fuel ratio 80 to 100), at which 

considerable cooling of the combustion zone apparently takes place, 

we observe a drop in completeness of combustion, particularly with 

aromatic hydrocarbons [3, 4]. 

Figures 71 and 72 show the influence of chemical composition and 
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engine operating inode (air:fuel ratio) on the completeness of fuel 

combustion at a combustion-chamber pressure of 1.3 atmospheres. At 

an air:fuel ratio of 60 {a ~ fuels burn to about 98# of 

completion. However, under less favorable conditions (a - 8), the 

completeness of fuel combustion drops off, and does so most sharply 

in the aromatic hydrocarbons. 

Figure 73 shows the effectiveness of combustion as a function uf 

fuel fractional composition for various engine operating modes. As 

we have already noted, completeness of combustion shows virtually no 

dependence on fuel fractional composition under favorable conditions, 

but with large air excesses (a = 4 to 8), differences appear in the 

combustion efficiency, which is highest for the light fuels. 

The heat-evolution factor in combustion of various fuels under 

high-altitude conditions is shown in Fig. 74 [5] as a function of 

fuel chemical composition. In plotting the diagram, the efficiency 

of heat evolution for standard fuel was taken as 100. 

We observe the greatest amount of evolved heat per anit weight 

on combustion of fuels under high-altitude conditions in the paraffinic 

hydrocarbons, and the highest figure per unit volume in the aromatic 

hydrocarbons, although these are distinguished by lower completeness 

of combustion. 

Normally, the fuel is fed into the combustion chamber in liquid 

form, where it is atomized by centrifugal nozzles, mixed with air, 

and ignited. Combustion chambers for burning prevaporized fuel have 

recently been developed.* In vaporizing-type chambers, completeness 

of combustion is also a function of fuel chemical composition [6], 

The variation of fuel-combustion efficiency for fuels of various 

chemical compositions is shown in Fig. 75 as a function of air:fuel 

ratio in the chamber with vaporization of the fuel. 
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In 1954, a paper by Sharp [6] devoted detailed consideration to 

the influence of the chemical and fractional composition of the fuel 

on the combustion-chamber characteristics as regards completeness of 

combustion and carbon formation, and to the limits within which it 

is possible to reduce the influence of fuel type by improving the 

combustion chamber. 

The characteristics of fuels F and E, which were used in the 

investigations, are presented in Table 74. 

TABLE ?4 

Characterization of Tested Fuels E and F 

r 
C 

\ 4>paKKuoHiiuA eocrai, *C T) 
naorwocîk 

5) 
Bl3KOCT)k. 

ccm 

Cowpwa* 
IIHC npo* 
naiimc- 
CKHK.% 10% «0% OOttj K. K. 

Aon.nmo E. 
XoiUlllDO P. 

188 
87 

206* 
172* 

222* 
103* 

2G4* 
215* 

309* 
236* 

0,87 
0,78 

2,2 
0,87 

23 
10 

l) Fractional composition, °Cj 2) initial boiling; 3) end of boiling 
4) density: 5) viscosity, centistokes; 6) aromatic-hydrocarbon con¬ 
tent, 7) fuel E; 8) fuel F. 
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Fig. 71. Influence of chemical 
composition of fuel and operat¬ 
ing mode of engine (air:fuel 
ratio) on completeness of com¬ 
bustion; 1) Technical isooctane, 
b.p. 72-94°; 2) technical iso¬ 
octane with b.p. 96-109°; 3) iso¬ 
decane with b.p. 164-198°; 4) 
aviation kerosene with b.p. I5I- 
273°. A) Completeness of combus¬ 
tion, B) air:fuel ratio. 

Fig. 72. Influence of chemical 
composition of fuel and engine 
operating mode on completeness 
of combustion, l) Paraffinic; 
2) standard; 3) naphthenic; 
4) aromatic. A) Completeness 
of combustion, $; B) air:fuel 
ratio. 
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Fig. 73. Efficiency of fuel combustion as i 
function of fractional composition at in¬ 
coming-air pressure of 0.57 atmosphere and 
temperature of 125°. 1) Broad-fraction fuel; 
2) mixture of 50# gasoil and 50# gasoline; 
3) gasoline; 4) aviation kerosene; 5) gasoil. 
A) Combustion completeness factor (from ther¬ 
mal balance), #; B) air:fuel ratio. 

Fig. 74. Heat-evolution factor in combustion 
of various fuels under high-altitude conditions, 
l) Standard RT-2978; 2) naphthenic; 3) paraffinic; 
4) aromatic. A) Efficiency of heat evolution; 
B) altitude, km. 

Fig. 75. Influence of chemical nature of fuel and 
air:fuel ratio on completeness of combustion in 
vaporizer-type chamber at air pressure of 0.63 atmos¬ 
phere and temperature of 60°. 1) Cyclohexane; 
2! isopropylbenzene; 3) benzene; 4) xylene; 5) toluene. 
A) Combustion completeness factor based on COp, #; 
B) air:fuel ratio. ¿ 
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Pig. 76. Combustlon-completenes 
ratio of fuel as a function of 
engine rpm's at sea level. 1) 
Fuel F; 2) fuel E. A) Combus¬ 
tion-completeness ratio based 
on C02, B) rpm. nozzle type on combustion-com¬ 

pleteness factor at pressure of 
0.8 atmosphere and air tempera¬ 
ture of 125°. 1, 2, 3) Various 
types of nozzles; A) Combustion- 
completeness ratio based on C0p, 
B) entry temperature of fuel, 2 
°C; C) kinematic viscosity of 
fuel at entry into nozzle, centi- 
stokes. 

The influence of the chemical 

composition and volatility of the 

fuel is manifested chiefly in un- 
! 

favorable engine operating modes. This 

Fig. 78. Change in combustion- is illustrated by Fig. 76, which shows 
completeness factor in engine 

î?0^216 c^amber at various completeness of fuel combustion (char- 
altitudes. 1) Engine; 2) cham- 
î:er, augmentation; 3) cham- acterized by ratio of C0^ in combus- 
ber, 17$ augmentation; A) Com- 2 
bustion-completeness ratio, tion products to theoretical quantity 
B) altitude, kilometers. 

of COr,) as a function of engine rpm's 

between 4000 and 16,000. At normal rpm's (10,000-16,000), the fuels 

were equivalent in completeness of combustion. At lew rpm's, i.e., 
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with reduced air and fuel flow rates and pressures, fuels having 

high volatility and low aeromatic-hydrocarbon content give consider¬ 

ably higher completeness of combustion. Thus, fuel E (density O.87), 

which contained 23# of aromatic hydrocarbons, burned to 85# of com¬ 

pletion with the engine turning at 60OO rpm, while fuel P (density 

O.78), which contained 10.6# of aromatic hydrocarbons, burned to 

92.5# of completion. 

The relationship between completeness of fuel combustion and 

chemical composition is manifested with particular distinctness as 

the air excess is increased, but these differences can be reduced 

by improving atomization. 

The viscosity of the fuel influences its atomization and the 

quality of mixture formation, which, in turn, are reflected in the 

completeness of combustion. However, this effect depends on the 

elegance with which the process of atomization and mixing the fuel 

with air is set up (Fig. 77)- 

Highly interesting data on combustion of fuels in afterburners 

[7] were published in 1955- 

The afterburner is an elongated jet-engine nozzle in which a 

supplementary quantity of fuel is burned. This is made possible by 

virtue of the fact that the combustion products entering the jet 

nozzle after the turbine have a high temperature (5OO-60O0) and a 

considerable oxygen excess, since the combustion process in the en¬ 

gine chamber proceeds at 4-6 a. 

The beginning of development of afterburners to increase the 

thrust of turbojet engines dates from the period from 1949-1950. 

Modern afterburners are used for the following purposes: 

1) to assist takeoff of heavy bombers from the ground; 

2) to increase the speed of interceptors. 
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The afterburner pressure depends on the altitude and speed of 

flight. At subsonic speeds and high altitudes, the pressure in the 

afterburner is low and the range of stable combustion is narrow. 

An afterburner can be used to increase the thrust developed by 

the engine, but the specific fuel consumption rises considerably when 

this is done. This will be evident from the following data: 

thrust developed by engine at surface, kg.7>700 

fuel consumption, liters per hour.9,350 

specific fuel consumption, liters/hour-kg. 1.22 

thrust with afterburner cut in, kg.10,900 

afterburner thrust, kg.3,200 

fuel consumption with afterburner in operation, 
liters/hour.  19,500 

fuel consumption in afterburner, liters/hour.10,195 

specific fuel consumption, liters/hour’kg. . 3.18 

At flight speeds below l800 km/hr, the fuel consumption increases 

to 45,460 liters/hr with the afterburner operating. 

Experimental data on the performance of engines with after¬ 

burners under high-altitude conditions are of great importance, but 

it is very difficult to secure them. 

Normally, the tests are carried out in wind tunnels, on flying 

"laboratory" aircraft, or in ordinary aircraft. 

Figure 78 shows the variation of the fuel-combustion completeness 

factor under flight conditions in an engine equipped with an after¬ 

burner . 

At an altitude of l6 km the combustion-completeness factor in 

the afterburner is 75^- 

At high altitudes, a major part of the thrust is produced in the 

afterburner, which functions as a ramjet engine, while the turbojet 
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engine is essentially an appendage to it [7]. 

Apart /from investigation of fuel-combustion completeness under 
y /1 

various conditions of application in full-sized engines and models, 
, / 

study of this problem on small laboratory instruments is of interest 

in the first stage of research. 1 

The use of laboratory methods with the object of determining 

the characteristics of a fuel is advisable, since it enables us to 

work with small quantities of fuel and individual hydrocarbons that 

are not available for testing on large scales. 

The author developed [8] a special laboratory apparatus with a 

ramjet-type combustion chamber (Fig. 79) for study of combustion 

completeness in individual hydrocarbons. 

The chamber consists of a cylindrical section open at both ends. 

Air-atomized fuel is fed into the lower part, which is 70 mm in 

diameter and 200 mm long, at a rate of about 1 g/sec. The fuel, which 

has been mixed with air, is ignited by an electric spark (or by a 

special miniature burner) and burns. The combustion products issue 

from the top, nozzle part of the chamber, which is 30 mm in diameter. 

Ignition of the fuel sets up an intensive flow of air, in an excess 

of which (a = I.38) combustion of the fuel takes place. The complete¬ 

ness of combustion is determined from the composition of the gas 

tapped from the center section of the chamber through a special tube 

into a vacuum burette. 

The completeness of fuel combustion is determined by gas analysis 

from the quantity of CO and COg that has formed (it is assumed that 

the hydrogen of the fuel has burned to form water). Special gas analy¬ 

zers -that make it possible to determine CO and C02 in concentrations 

to hundredths of a percent are used for analysis of the combustion 

products, which are diluted with a large quantity of air. 
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o^relatlw^Lff1 b t?ry c0mbU3fci°n chamber for study 
tlon In^ndi0?^1^?"!33 of con,bustion and carbon forma- 

individual hydrocarbons and fuels. 1) Cvlindrical 
section of combustion chamber; 2) nozzle section of mm 

5)5 MfhoV alf n°?2l¿; containe^wlth^uel;1" b; stand, 6) hole for tapping gas. A) Nitrogen. 

The combustion completeness of the fuels was studied in both 

the atomized and vaporized forms. 

When the fuel is burned in vaporized form, the influence of 

cmh physical factors as atomization and vaporization is excluded, 

and the part taken by the fuel's chemical structure is more apparent 

Table 75 lists combustion-completeness figures for individual 

hydrocarbons. 

The completeness of combustion of vaporized fuels is somewhat 

higher than that of atomized fuels. Naturally, this difference is 

related to a certain combustion-chamber design, since with clean 

combustion - to 97-98^ of completion - it is not observed. In principle 

however, the vaporized-fuel combustion experiments indicate an in¬ 

fluence of the fuel's chemical composition on the combustion process. 
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Figure 80 shows the completeness of combustion of kerosene- 

type fuels as a function of aromatic-hydrocarbon content and the 

excess-air ratio (a = I.38 and 3.^). With a = 3.^> combustion of the 

fuel was effected in an elongated combustion chamber without con¬ 

striction of the nozzle section. The completeness of combustion de¬ 

creases consistently as the quantity of aeromatic hydrocarbons is 

increased [8]. 

TABLE 75 
Heat of Combustion of Individual Hydrocarbons 
in Atomized and Vaporized States in Laboratory 
Combustion Chamber [8] 

pacnu/tciiuot Nenn pen 1100 
: ) TocMimo |¿l Aron/iiiDo 

no/inora ropcmiii, 2) 

80 
78 
76 
70 
72.5 
71 • 
f>C 
76 

82.5 
81.5 
70.3 
73.8 
74.3 
7/1 
68.3 
79.8 

D Vr/icnoAopoA 

5)IcnTAH . . . 
j UiiKAorcKcaii 

I UlIXAOrCKCCH 

Bchsoa . . 
9 HaonponiiAöcHaoA 
10 TcrpafliiH 
11' .McTIIAIia(|lTaAHH 
12)JIeKaAHH 

l| Hydrocarbon; 2) completeness of combustion, 
3) atomized fuel; 4) vaporized fuel; 5) heptane; 
6) cyclohexane; 7) cyclohexene; 8) benzene; 9) iso¬ 
propylbenzene; 10) tetralin; 11) methylnaphthalene; 
12) decalin. 

Thus, the completeness of combustion increases in the following 

series of hydrocarbons as a function of chemical composition: 

aromatic ^ aromatic 
bicyclic ^ monocyclic 

aromatic 
< monocyclic with < 

side chains 

. naphthenic 
^ bicyclic < cycloolefins < monocyclic naphthenes 

< paraffins 

This applies for fuels that enter the combustion chamber in the 

atomized state or in the form of vapor. 

It should be remembered, however, that completeness of combustion 

depends not only on the chemical, but also on the fractional composi- 
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Pig. 80. Variation of combustion completeness 
as a function of aromatic-hydrocarbon con¬ 
tent in kerosene-type fuels for two excess- 
air ratios, l) Completeness of combustion,#; 
2) aromatic-hydrocarbon content, #. 

tion or on the boiling point of the individual hydrocarbons. Hence 

a distinct influence of the hydrocarbons of various series is ob¬ 

served only in fuels with closely similar fractional compositions. 

to 

Fig. 8l. Schematic diagram of miniature single¬ 
chamber apparatus. 1) Receiver; 2) electric air 
preheater; 3) miniature combustion chamber; 4) 
starting magneto; 5) fuel receiver; 6) fuel pump; 
7) fuel booster pump; 8) fuel filters; 9) spot 
samplers; 10) fuel tanks. 
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In concluding our discussion of the combustion-completeness 

problem, however, we should note that the research material published 

on this topic is as yet inadequate to form a basis for judging the 

degree to which incomplete combustion will lower the efficiency 

of the engines under all conditions of application of the fuel. 

However, there is no question that when the completeness of 

combustion diminishes, the specific fuel consumption increases and 

the flight range decreases. 

Increasing the completeness of fuel combustion by manipulating 

various factors under high-altitude conditions (in cases where com¬ 

pleteness is below 95-97$) makes it possible to increase flight range, 

since an increase in combustion completeness is essentially equiva¬ 

lent to an increase in heating value. 

There are no sufficiently detailed data available on complete¬ 

ness of fuel combustion in turbojet and ramjet engines under various 

conditions of application. This question requires clarification in 

each specific case. 

The completeness of aviation-fuel combustion has been studied 

in detail by Soviet investigators using stationary test apparatus. 

A schematic diagram of a scaled-down single-chamber apparatus for 

investigation of combustion completeness is shown in Fig. 8l. The 

chamber of the apparatus simulates the fuel-combustion process as it 

takes place under real conditions [9]* 

The completeness of fuel combustion was evaluated by recording 

curves of the heat-evolution factor as a function of combustible- 

mixture composition with an air flow rate of 0.25 kg/sec at an air 

temperature of 60°. 

The heat-evolution factor is computed by the formula 

Cptz(Gb+Gm)-CptGb 

Cm — H„ 

- 263 - 



Pig. 82. Combustion-completeness 
curves for fuels of various frac¬ 
tional compositions as recorded 
in scaled-down combustion chamber. 
1) B-70; 2) TS-1; 3) diesel; 4) 
kerosene A. 

Pig. 83. Combustion-completeness 
characteristics for T-l Fuel in 
VK-1 combustion chamber at 
various altitudes. 1) At surface. 

Pig. 84. Influence of chemical composition and 
structure of hydrocarbons on length of combus¬ 
tion flame. 1) Isooctane; 2) cyclohexane; 3) 
toluene; 4) benzene. 
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where ti is the heat-evolution factor, C t is the heat content of 
z P Z 

the combustion products, tz is the average temperature of the gases 

at the exit from the combustion chamber, Cpt is the heat content of 

the air at entry into the combustion chamber, t is the air tempera¬ 

ture at the entry into the combustion chamber, Gu and G are the * d m 
air and fuel flow rates. 

The average temperature of the gases (°K) at the combustion- 

chamber exit is 

where t¿ is the local temperature in °C and n is the number of points 

of the chamber. 

The completeness of combustion n determined by this method as z 

a function of fuel fractional composition and excess-air ratio a 

is shown in Pig. 82. The lighter the fractional composition, the 

higher will be the completeness of combustion. 

A description of the completeness of combustion of T-l fuel in 

the full-sized VK-1 turbojet chamber is shown in Pig. 83 for various 

altitudes. 

A considerable drop in combustion completeness is observed at 

altitudes above 14 km. 

The length of the combustion-products flame and the projection 

of this flame from the chamber represent a characteristic of complete¬ 

ness and stability of combustion as a function of fuel chemical com¬ 

position (Fig. 84). 

2. FORMATION OP CARBON IN COMBUSTION OP JET FUELS 

In the combustion of hydrocarbon fuels, we observe deposition of 

disperse particles of carboniferous matter whose composition is close 

to that of carbon. The solid particles formed during combustion - 
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apparently as a result of pyrolysis of the fuel to coke _ are carried 

away with the combustion products and may be visible in the form of 

smoke at high concentrations. Some of the coking products are deposited 

on the combustion-chamber surfaces, turbine blades, and other com¬ 

ponents. Carbon formation depends primarily on the conditions under 

which the fuel burns and its chemical composition, and particularly 

on the carbon and hydrogen contents. Further, carbon formation depends 

on a number of other factors: 

Fig. 85. Zones of carbon deposition in combustion chamber 
of turbojet engine. 

1) the degree to which the fuel is atomized, which determines 

the conditions under which the combustible vapors are mixed with air; 

2) the design of the combustion chamber; 

3) the temperatures of the fuel and the air; 

4) the surface tension and viscosity of the fuel; 

5) the elementary composition of the fuel (content of aromatic 

hydrocarbons); 

6) the excess-air ratio and the pressure at which combustion 

takes place. 

In combustion of jet fuels, the carbon formed may be deposited 

on the nozzle or around the nozzle, and this may, in turn, result in 
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Ba change in the shape of the atomized 

spray; this will cause further carbon 

formation and a drop in combustion 

efficiency (Pigs. 85, 86). 

Carbon-scale deposits on the 

fire tubes of the combustion chamber 

and distortion of the atomized jet 
Pig. 86. Formation of carbon , - 
scale on nozzle bell of turbo- may result in local overheating, and, 
jet combustion chamber under 
test-stand conditions. as a consequence of this, in deforma¬ 

tion, cracking, and burnout of the 

combustion chamber. The carbon particles may progressively erode 

the turbine blades. 

Carbon-scale formation is insignificant in contemporary engines, 

and it can be reduced to a minimum or virtually eliminated when the 

combustion process is well organized. Considerable attention is being 

4 

5 

Fig. 87. Combustion chamber of laboratory test-stand air- 
breathing jet engine. 1) Shell of 75-millimeter quartz 
tubing; 2) 50-millimeter combustion chamber; 3) 12- 
millimeter nozzle; 4) quartz exhaust pipe; 5) air supply 
pressure 3 atmospheres, temperature 120°; 6) fuel nozzle-* 
7) ignition; 8) thermocouples. 

devoted to the carbon-scaling problem in connection with the use of 

fuels based on cracking products and the wide variety of engine de¬ 

signs in use. Below we shall consider the influence of fuel chemical 

composition on its tendency to form carbon deposits under comparable 
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experimental conditions. 

Several research reports on scale formation by fuels as a func¬ 

tion of their fractional and chemical composition have been published 

in the literature. 

An Interesting investigation in this direction was carried out 

by Ye. Starkman et al. [9] using a small laboratory-type combustion 

chamber. Figure 87 shows the working principle of this chamber. 

The purpose of the investigations was to ascertain the influence 

of fuel chemical composition on the tendency of the fuel to carbon- 

scale formation. The following conditions were used in the tests: 

Fuel feed, kg/hr.2.12 

Air supply, kg/hr.127 . 

Air:fuel ratio.60:1 

Duration of experiment, min.15 
1 

Fuel-feed pressure, atmospheres.10.3 

Air-feed pressure, atmospheres.2.8 

Duration of experiment, min.15 

Temperature of gases at nozzle exit, °C 650 

The proportions by weight of air and fuel were varied from 60:1 

to 75:1 and then to 120:1. 

The combustion chamber was a sleeve 350 mm long with an outside 

diameter of 50 mm and a 1.6-mm wall thickness. Two hundred forty 

air holes 3-2 mm in diameter were made in the chamber surface. To 

permit observation of the combustion process, the chamber was placed 

inside a tube made from heat-resistant glass and 75 mm in diameter. 

The combustion chamber was weighed before and after the experiment 

and the amount of scale that had been deposited during the experiment 

was determined. 

Table 76 presents data on the quantity of scale deposited on com- 
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bustlon of various fuels and hydrocarbons. It depends on the chemical 

composition of the fuel (C/H ratio and volatility). 

TABLE 76 

Scale Deposition in Chamber of Air-Breathing 
Jet Engine During Combustion of Various Fuels 
and Hydrocarbons. Air:fuel ratio 60:1; dura¬ 
tion of experiment 15 minutes. 

1) 
Toimudo 

ADiiamioHiiufl Cchsmh 

KopociiH. 

TcKcaii. 

9) 
10 
11 
12 

reman . . •. 
HaooKTau . . 

Maodcxaii . . 
UiiK.ioreKcan 

UllK.IOnCHTaH 

Bciooa . , , Ï1 
Toayofl 

igJKyMtwi . . . . 
17)AeKa^iui . . . 
lo Jícipaami . . . 

jMcTitJiiiaijjTaviim 

T. xun. 
•C 

IT 
Otho* 
UICIIMC 
C/H 

TfT 
Otjiomchh« 
Marapa, a 

G2 
173 

GS 

<J8 
10Û 
201 
80 

50 

80 

110 
154 

194 

207 

243 

6,8 
6,2 
6,0 

5,3 

5,3 

5,5 

6,0 
6,0 

12,0 
10,5 

9,0 

6,G 
10,0 
13,2 

0,19 

0,83 

Q)i caxanit* 
TCJIbHOC 

0,43 
0,28 

1.64 

1,15 

1,71 

1.65 

2,3G 

2,79 

l) Fuel; 2) b.p., °C; 3) C/H ratio; 4) scale 
deposited, g; 5) aviation gasoline; 6) kero¬ 
sene; 7) hexane; 8) insignificant; 9) heptane; 
10) isooctane; 11) isodecane; 12) cyclohexane; 
15) cyclopentane; 14) benzene; 15) toluene; 
16) cumene; 17) decalin; l8) tetralin; 19) 
met hylnaphthalene. 

Carbon-scale formation depends on the boiling point of the hydro¬ 

carbon and its carbon content. The greatest tendency toward scaling 

is exhibited by the aromatic hydrocarbons, a lesser tendency by the 

naphthenes and the least by the paraffinic hydrocarbons. The tendency 

to carbon-scale formation can be represented by the following series: 

aromatic hydrocarbon > aromatic hydrocarbons with side chains > 

> naphthenes > olefins > paraffinic hydrocarbons. 

Petroleum products occupy positions in this series in accordance 

with their group composition. However, scale formation is not an addi¬ 

tive property. 
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An empirical equation linking the tendency of fuels to carbon 

scaling with the C/H ratio and boiling point of the hydrocarbons 

(and for petroleum products with their 10$ distillation temperature) 

has been derived on the basis of experimental investigations: 

where kg, k^, k^, and k^ are coefficients. 

For the experimental chamber, this empirical equation assumes 

the following form with numerical coefficients: 

where T is the temperature (°F). 

Such empirical equations cannot be used to predict scaling in 

all cases, but they are suitable for comparative evaluation of the 

influence of fuel composition on scaling on the basis of C/H ratio 

and boiling point or fractional composition. 

The density of a fuel is related 

to its composition and boiling point, 

so that there is a relationship be¬ 

tween scaling and fuel density. This 

relationship is presented in Fig. 88 

in accordance with experimental data. 

Fuels with high densities possess 

stronger tendencies to scale formation. 

The design of the combustion cham¬ 

ber, the temperature of the air fed 

into it, and the pressure under which 

combustion takes place exert an important influence on carbon-scale 

formation. 

Fig. 88. Influence of fuel 
density on carbon-scale de¬ 
position in chamber of air- 
breathing jet engine, l) 
Carbon deposit, g; 2) density. 
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Scaling diminishes as the air temperature and the pressure at 

which combustion takes place In the chamber are raised. It is inten¬ 

sified as the airtfuel ratio diminishes. 

In a one-hour scale-formation experiment with an air-to-fuel 

ratio of 50:1, using the chamber of an aviation engine under static¬ 

testing conditions, it was noted that the scaling is approximately 

directly proportional to the content of aromatic hydrocarbons in the 

fuel (Pig. 89). Thus, in tests of two aviation-kerosene specimens 

(of closely similar fractional compositions) containing 10 and 20# 

of aromatic hydrocarbons, the latter kerosene forms twice as much 

scale as the former. Scaling also increases with increasing boiling 

point of the fuel (Pig. 90). Aromatic hydrocarbons, which appear in 

fractions boiling above 200°, produce the heaviest scaling. 

ß 5 W 15 20 7.5 
2) Coùepxawue apoMamvecKu/ yzneOoôopuúaO, % 

Fig. 89. Influence of aro¬ 
matic hydrocarbon content in 
aviation fuel on scale deposit 
(in relative units), l) Scale 
deposit; 2) aromatic-hydro¬ 
carbon content, #. 

Pig. 90. Influence of mean boiling 
point of fuel on scaling for two 
fuels containing 10 and 20# of 
aromatic hydrocarbons, l) Scaling 
(arbitrary units); 2) mean boiling 
point, °C. 

Several types of fuels with pre¬ 

dominant contents of various groups 

of hydrocarbons were also tested for scale deposition in the com¬ 

bustion chamber of a turbojet engine (Table 77). 
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TABLE 77 

Deposition of Scale in Chamber of Turbo¬ 
jet Engine as a Function of Fuel Group 
Composition 

1 V Toimiido 
' ' 

2) rpyuiioniifi eneran, % m— Otiiocii- 
TCJIbllOC 

liara potó* 
(Muouaiiite )rK#;rir,c,"5 jna pareil iiu 

IJADiiamioiiuufi xcpocmi 
0 ) ApoManmecKoc toiijihdo 

9)Ha<}iTCHODoe » 
IQ jnapai|>mionoc » 

19,4 
75,2 
1,4 
2,6 

39,2 
11,4 
51,9 . 
5,2 

41.4 
13.4 
46,7 
92,2 

100 
700 
70 

1 

1) Fuel: 2) group composition, %•, 3) aro¬ 
matic; 4) naphthenic; 5) paraffinic; 
6) relative scaling; 7) aviation kerosene; 
8) aromatic fuel; 9) naphthenic fuel; 
10) paraffinic fuel. 

The data of Table 77 should be regarded as characterizing the 

tendency of fuels of different group compositions to form scale. 

The quantity of scale deposited depends on the mass of fuel 

burned during the test, but it is not the same for fuels of different 

natures. Figure 91 shows the quantity of scale deposited on the walls 

of the experimental combustion chamber as a function of the quantity 

of fuel burned and its nature [10], 

Catalytic-cracking gasoil shows a higher level of scaling than 

direct-distillation kerosene; this becomes particularly marked in long 

experiments. 

An interesting relationship was noted between the scaling ten¬ 

dency of the fuels in a jet-engine chamber and their ability to burn 

in air on the wick of a diffusion burner with liberation of carbon. 

In this case, the technique of evaluating the quality of illuminating 

kerosenes and the hydrocarbons that form them reduces to determina¬ 

tion of the maximum smokeless-flame height [11], The working principle 

of such a device is shown in Fig. 92. 

Thus, we observe the following relationship between aromatic 
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Pig. 91. Influence of nature of fuel on carbon 
deposition (in relative units) in experimental 
combustion chamber. 1) Catalytic-cracking gasoil 
(contains 32# of aromatic hydrocarbons); 2) kero¬ 
sene (contains 15# of aromatic hydrocarbons); 
A) deposition of scale; B) test time, hours. 

hydrocarbon content and maximum smokeless-flame height for the kero¬ 

senes [12]. 

Aromatic-hydrocarbon content, # 10 l8 22 28 

Maximum smokeless-flame height, mm 23 19 14 12 

A characterization of the tendency of fuels to scaling on the 

basis of the smokeless-flame height has recently appeared in the tech¬ 

nical specifications for turbojet fuels such as JP-5. 

The influence of the chemical structure of the hydrocarbons and 

the number of carbon atoms in the molecule on the maximum rate of fuel 

consumption on a burner wick without smoking is shown in Pig. 93 [13]. 

Other laboratory methods for characterizing the tendency of 

fuels to scaling are also of interest. 

The author investigated carbon-scaling by fuels using the labora¬ 

tory combustion chamber the working principle of which has already 

been described. 
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During combustion of 2-3 g of fuel, the carbon liberated was 

deposited on the nozzle section of the combustion chamber, which was 

then weighed on an analytical balance to within 0.1 mg, and the quan¬ 

tity of deposit formed was reduced to 1 kg of fuel burned. This method 

of evaluating scale formation is distinguished by high accuracy and 

good reproducibility. 

As determined by this method, the scaling values for hydro¬ 

carbons having approximately the same boiling point are as follows [8]: 

mg/g 
benzene . 2.80 
cyclohexane .0.70 
cyclohexene . 1*30 
heptane .. ” q!4o 

Apart from its absolute value, scaling is also expressed in rela 

tive units, taking the scaling of benzene as unity (Table 78). 

The relative scaling values determined by the different methods 

agree well for the various hydrocarbons. 

The influence exerted on scaling by small amounts of fuel addi¬ 

tives was studied simultaneously. 

Ihe influence of certain additives - designated arbitrarily by 

A and B (1-2$) on scaling (in mg of deposit per 1 g of fuel burned) 

is shown in Pig. 94. Thus, the scaling of fuels with high aromatic 

hydrocarbon contents can be reduced by additives [8]. 

Data on the influence of additives on fuel combustion in gas 

turbines are extremely scanty. 

Thus, in the middle of 1953, a report [14, 15] appeared on the 

possibility of raising the combustion efficiency of fuels with high 

aromatic-hydrocarbon and sulfur-compound contents by the use of 

peroxide and nitrate additives to the fuel. Hydrocarbon hydroperoxides 

added to the fuel in quantities from 0.1 to 5$ were suggested as addi¬ 

tives . 
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Fig. 92. Burner for defi- Fig. 93. Influence of chemical structure 
nition of tendency of of hydrocarbons and number of carbon 
fuels to scale by smoking atoms in molecule on maximum fuel con- 
criterion. 1) Fuel; 2) sumption rate on lamp wick without 
wick; 3) air influx; 4) smoking. 1) Maximum fuel consumption 
combustion chamber; 5) rate without smoking; g/sec; 2) normal 
flame-height measurement; paraffins: 3) isoparaffins; 4) iso- 
6) scale; 7) lamp chimney. butane; 5) 2.2-dimethylpropane; 6) cyclo¬ 

paraffins; 7) 1-olefins; 8) methylcyclo- 
pentane; 9) cycloolefins; 10) 1-alkynes; 
11) 1,3-butadiene; 12) 2-butene; 13) iso¬ 
butene; 14) 2,5-dimethylhexadiene; 15) 
aromatic hydrocarbons; 16) number of 
carbon atoms. 

Thus, 52.6 g of deposit were obtained in tests of an experimental 

fuel sample containing 99$ of aromatic hydrocarbons, while after 

addition of 2$ of cumene hydroperoxide, only 19.9 g of scale was 

formed, i.e., scaling had been reduced by more than half [14]. 

It has also been suggested that ammonium nitrate be used to raise 

the combustion efficiency of gas-turbine fuels. Aqueous solutions 

of ammonium nitrate are injected into the combustion chambers of com¬ 

mercial gas turbines for this purpose [15], 

- 275 - 



Pig. 9^. Variation of scaling as a function of 
aromatic-hydrocarbon content in fuel and addi¬ 
tives to fuel. 1) Without additives; 2) additive 
A; 3) additive B. a) Scaling, mg/g; b) aromatic- 
hydrocarbon content, 

TABLE ?8 

Comparative Data on Relative Scale Formation 

5) 

6) 

-2) 

2 J rop»MCC 

Otiiociitcai.iioc ii.irapooftp.iAonaiiuc 

jaôopaTApiian 
3JKÍMCP.1 |«1 

, juiinurjib 
¿¡¿'ItpKM.iiia |9| 

Bcii3o;i. 

UllK.WCKCail. 

WsooKTaii. 
IÍ3onponi<.iCcii30Ji. 

1.0 
0,23 

’ 0,07 
1,04 
0,6 
1,1 

1,0 
0,3 

1,01 
0,52 
1,00 

Kepocim. 
jlH3CJll»IIOC Toiuinno. 

1) Combustible; 2) relative çcale formation; 
3) laboratory chamber [8]j 4; Starkman engine 
[9]j 5) benzene; 6) cyclohexane; 7) isooctane 
0) isopropylbenzene; 9) kerosene; 10) diesel 
fuel. 

) 

) 

Like the completeness of fuel combustion, scaling depends on 

the chanical and fractional compositions of the fuel. Optimum engine 

designs and operating modes in which these phenomena may not appear 

or will be reduced to a minimum can be found. Even then, however, it 

is necessary to reckon with Incomplete combustion and scaling if it 

becomes necessary to use lower-quality fuel, and on transition to 

stressed engine-operating conditions [l6]. 
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Manu¬ 
script [Footnotes] 
Page 
No. 

253 *At high flight speeds (2400-3000 km/hr), the fuel tanks 

may be heated to 120-200°, and some of the fuel may 

vaporize and enter the engine in vapor form. 

Manu¬ 
script [List of Transliterated Symbols] 
Page 
No. 

244 $ = f = fakticheskiy - actual 

244 h = n = nizshiy = lower-limit 

249 = ud = udel'nyy = specific 

249 t = t = topllvo = fuel 
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Chapter 7 

IGNITION PROPERTIES OP REACTION FUELS 

1. General Data 

The ignition of the vapors of a vaporized fuel at atmospheric 

pressure is accomplished easily by means of an electric spark plug. To 

start turbojet engines, aviation gasoline is employed, because it pro¬ 

vides for good ignition under all operating temperature conditions, 

including temperatures as low as -50°. Apparently, fuels of expanded 

fractional composition can be employed for the starting of engines, 

since they contain gasoline fractions. A fuel of the aviation-kerosene 

type does not provide for reliable starting at temperatures of the or¬ 

der of -30-40°, although a fuel of this type, at standard temperature, 

ignites well. 

However, the starting of turbojet engines at altitudes above 10 

km, at a temperature of below -55° for the ambient medium, and at re¬ 

duced pressures, involves considerable difficulties in view of the 

fact that unde]; such conditions hydrocarbon fuels are considerably 

harder to ignite and the initial combustion is somewhat too sluggish 

and does not exhibit adequate intensity to ignite the basic fuel. The 

starting of a turbojet engine prior to flight is carried out on the 

ground, i.e., under favorable conditions. However, it may become nec¬ 

essary to restart an engine during flight; this may occur, for example, 

in the case of flameout or the forced stoppage of an engine; and it 

may also occur in the case in which only a part of the engines of a 

multiengine turbojet aircraft are functioning and it becomes necessary 
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at a specific instant of time under high-altitude flight conditions to 

start the remaining engines. 

Thus the study of the relationship between the composition of 

fuels and their ignition and starting characteristics, as well as the 

possible development of special starter fuels for specific applica¬ 

tions, are matters of great urgency. 

In the case of turbojet engines, by "starting characteristics" of 

a fuel we mean the capacity of a fuel to be ignited by means of an 

electric spark plug in the starter injector and the possibility of 

bringing the engine to its operational regime by means of the fuel 

which is used .for starting purposes (the fuel may be a starter or basic 

fuel), in this case, the starter fuel must provide for sufficiently 

stable and intensive combustion after ignition in order to ensure the 

ignition of the basic fuel portion. Thus the following requirements 

could be imposed on a TRD [turbojet engine] fuel: 

a) the capacity to ignite at altitudes of 10-25 km at pressures 

of 0.05-0.25 atm and at temperatures above —55°; 

b) the capacity to burn stably at pressures of 0.05-0.25 atm; 

c) combustion'intensity at pressures of 0.05-0.25 atm, adequate 

to ensure the Ignition of the basic fuel. 

Some of these requirements can probably be resolved by physico- 

mechanical means (fuel vaporization, mixing). But all other conditions 

being equal, the chemical nature of the fuel will determine whether or 

not these above-mentioned requirements are satisfied. 

The starting properties of a fuel are determined by a complex of 

physicochemical phenomena. The possibility of igniting fuel vapors in 

a mixture with air is determined by: 

1) the concentration limits of fuel ignition in air; 

2) the minimum fuel-air-mixture pressure at which ignition is pos- 
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sitie; 

3) the minimum energy required for the ignition of the combus¬ 

tible mixture (the energy of the electric spark); 

4) the temperature required for the self-ignition of the fuel 

vapors mixed with air; 

5) ignition lag; 

6) the possibility of propagating the flame through the combus¬ 

tible mixture; 

7) the degree of fuel vaporization; 

8) fuel volatility; 

9) temperature conditions and the velocity of the air. 

In addition, ignition is determined by a number of other physical 

and chemical factors, as well as the construction and power of the ig¬ 

nition source. 

The role of the ignition processes is not restricted to the in¬ 

itial instants of engine ignition, but exerts an effect throughout the 

entire fuel-burning regime. The fuel-burning process involves the en¬ 

tire period of time from the instant of ignition to the formation of 

the final products of combustion. It is for this reason that fuel ig¬ 

nition is regarded as one of the stages of burning. 

2. Ignition Limits [1-5] 

The ignition of fuel vapors by means of an electric spark is a 

complex physicochemical process which, as is well known, is character¬ 

ized by the concentration limits of fuel ignition which are functions 

of the chemical composition of the fuel. For example, for a number of 

substances these limits have the following values [1] (in terms of the 

weight ratio between air and fuel): 
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Rich Lean 
mixture mixture 

Heptane. 4.5 27.4 

Cyclohexane. 3*9 24.5 

Benzene. 5*2 25 

Ethylene. 5*3 55 

Aviation kerosene. 5 25 

The stoichiometric ratio of the combustible (fuel) mixture, i.e., 

air-to-fuel, is approximately equal to 15. The widest ignition limits 

are observed in the case of compounds that are unsaturated in nature - 

ethylene and acetylene. Paraffinic, naphthenic and aromatic hydrocar¬ 

bons, as well as olefins, boiling over within the same range as the 

gasolines, exhibit a narrow Ignition range (close ignition limits). 

In a turbine, the fuel mixture ratio (taking into consideration 

the secondary air), in the opinion of many authors, may range from 50:1 

to 100:1 and higher. However, in the combustion chamber and in the 

starter injector these ratios are close to the stoichiometric, although 

we can assume that even here deviations are possible, depending on the 

quantity of secondary air. 

The limits of ignition change as a function of the power of the 

pnark pulse, the temperature of the air-vapor mixture, and the pres¬ 

sure under which the mixture is kept. 

Figure 95 shows the ignition limits for the vapors of three com¬ 

bustibles as a function of the excess-air ratio and pressure [2]. 

Acetylene and propylene oxide ignite at comparatively lower pres¬ 

sures and within a wider range of concentrations than do the paraf¬ 

finic hydrocarbons. 

The effect of the molecular weight of the paraffinic hydrocarbons 

C-^-C^ on the ignition limits at low pressures is shown in Figs. 96 and 

97- The ignition range expands with an increase in the molecular weight 
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Fig. 95. Limits of ignition by means 
of electrical spark for various com¬ 
bustibles at low pressures. 1] Ace¬ 
tylene; 2) propylene oxide; 3) iso¬ 
pentane; A) pressure, mm Hg. The ex- 
cess-air ratio has been plotted along 
the axis of abscissas. 

of the hydrocarbons. A study has also been undertaken of the effect 

that a normal and branched chain has on the ignition range; it turned 

out that the ignition range for n. paraffins and isoparaffins is vir¬ 

tually identical. 

3. Minimum Critical Ignition Energy 

In addition to the concentration ignition limits, the cape 'ty of 

the combustible mixture to ignite is characterized by the minimum en¬ 

ergy of the electric spark which produces the ignition. Not every 

spark, in ’mping through the combustible mixture, causes the ignition 

of the mixture, although the temperature of such a spark attains thou¬ 

sands of degrees. A certain minimum spark-discharge energy is required 

in order for ignition to take place and to produce a self-propagating 

combustion reaction; this minimum energy is a function of the chemical 

composition of the fuel as well as of temperature and pressure. The 

energy of the spark discharge is generally expressed in millljoules. 
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Figure 98 shows the effect of tenperature and pressure on the minimum 

ignition energy of an electric spark in the case of propane-air mix¬ 

tures. The minimum spark energy for ignition, when pressure is reduced 

from 1 to 0.2 atm, increases by a factor of almost ten. 

The magnitude of the critical ignition energy for a spark employed 

to ignite mixtures of various compositions ranging from methane to hep¬ 

tane, at atmospheric pressure, is presented in Fig. 99. The higher hy- 

drocarbons (between and Cj) yield a wider ignition range for lower 

critical spark energies [3, 4], 

Fig. 96. Effect of molecular weight of 
hydrocarbons on ignition range. 1) Methane; 
2) ethane; 3) propane; 4) butane; 5) pen¬ 
tane; 6) hexane. A) Maximum pressure, 
mm Hg; B) percentage ratio to stoichio¬ 
metric composition. 

The minimum spark energy required for the ignition of unsaturated 

compounds is lower than that required for saturated compounds and is a 

function of the degree of saturation. Figure 100 shows the magnitudes 

of this energy for various stoichiometric mixture ratios, and Fig. 101 

shows the magnitude of energy for various hydrocarbons containing 
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Fig. 97. Effect of molecular weight of hydrocarbons 
on Ignition range. 1) Methane; 2) ethane; 3) 2,2- 
dime thy Ipropane; 4) butane; 5) pentane; 6) 2-meth- 
ylpentane; 7) hexane; 8) heptane. A) Maximum pres¬ 
sure, mm Hg; B) percentage ratio to stoichiometric 
composition. 

Fig. 98. Effect of temperature 
and pressure on critical igni¬ 
tion energv for a propane-air 
mixture. 1) Critical ignition 
energy, millijoules; 2J tempera¬ 
ture, at 1 atm, °K; 3) pres¬ 
sure, at 23°, atm. 
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Pig. 99. Effect of molecular weight and com¬ 
position of mixture on critical ignition 
energy produced by electric spark, l) Methane; 
2) ethane; 3) butane; 4) heptane. A) Critical 
ignition energy, millijoules; B) ratio to 
stoichiometric composition. 

double and triple bonds, as well as for hydrocarbons having carbon 

atoms of various skeletal structures. 

The minimum ignition energy for hydrocarbons characterizes not 

only the ability of the hydrocarbons to ignite, but the behavior of 

the hydrocarbons during the operating regime, and this will be shown 

in the following chapter. 

4. Self-Ignition Temperature 

The self-ignition temperature is that temperature at which the 

self ignition of a mixture of fuel vapors with air takes place without 

contact with an open flame. The conditions of self ignition are asso¬ 

ciated with the liberation of heat in a preflame reaction (for the 

left-hand part of the equation, see below) and the removal of heat to 

the ambient medium (for the right-hand part of the equation, see page 

372): 

_ 
y.A‘Ln e M ><x[Tl — Tt)F. 

Thus the self-ignition temperature is not a physical constant but 

a function of the conditions of the experiment: of the volume and sur- 
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face of the reaction vessel, of pressure, the conditions of heat trans¬ 

fer, etc. 

We may expect that the lower the self-ignition temperatui’e for 

the vapor fuels mixed with air, the more rapid the onset of the self- 

ignltion process for the mixture. 

Fig. 100. Effect of degree of 
hydrocarbon saturation on crit¬ 
ical electric-spark ignition 
energy for combustible mixture. 
1) Ethane; 2) ethylene; 3) 
acetylene. A) Critical ignition 
energy, millijoules; B) ratio 
to stoichiometric composition. 

Fig. 101. Effect of chain branch¬ 
ing on critical ignition energy, 
o) 2,2-Dimethylbutane; □) hex¬ 
ane; a) pressure, 100 mm Hg; 
b) pressure, 200 mm Hg. l) Crit¬ 
ical ignition energy, milli- 
joules; 2) ratio to stoichio¬ 
metric composition. 

Ignition by means of an open flame is different from self ignition, 
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Pig. 102. Device for determination of self- 
ignition temperature, a) Quartz flask, in 
which the test is carried out; b, c, d) ther¬ 
mocouples; p) furnace; f, g) electric heat¬ 
ers; e, h, and i) covers; o and n) supports; 
r and s) heat insulation; v) shell; q) fur¬ 
nace support; t and u) contacts. 

because in the case of contact with an open flame there is transfer of 

heat and of the active centers from the temperature zones between I500 

and 3000°. However, a common denominator for self ignition and contact 

ignition is the presence and development of preflame reactions, no mat¬ 

ter that they last but extremely short periods of time. 

In connection with the extensive use of hydrocarbon fuels in en¬ 

gines in which ignition is accomplished by compression, a rather large 

number of investigations have been devoted to a study of the tempera¬ 

ture of hydrocarbon self-ignition as a function of structure. The self- 

ignition temperature for diesel fuels determines their most important 

characteristic - starting properties. For jet fuels, this characteris¬ 

tic is not completely clear, but it may be taken into consideration. 
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Pig. 103. Self-ignition lag as 
a function of temperature for 
heptane and decane. 1} n. hep¬ 
tane; 2) n. decane. A) tempera¬ 
ture of self ignition, °C; B) 
ignition lag, sec. 

Fig. 104. Minimum self-ignition tem¬ 
perature as a function of the struc¬ 
ture of paraffinic hydrocarbons. 1) 
Minimum self-ignition temperature, 
°C; 2) average length of carbon-atom 
chain. 

In one project, carried out in 1954 [4], the self-ignition tem¬ 

perature was determined in the device shown in Fig. 102. In principle, 
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TABLE 79 

Minimum Self-Ignition Temperatures 
and SeIf-Ignition Lags for Hydrocar¬ 
bons and Fuels in Air, at Atmospheric 
Pressure [4, 5] 

1 Btatccrao 

4Sr«H.. 
5h. Byraii. 
On. nciiTaii. 
7II. reKUH. 
Oh. fcnTiii. 
9h. OKT3H. 

10 h. Honan. 
llHaooKTaii. 
12 h. AcKaii. 
13 h. rcKcaieKaii .. 
l^UmuiorexcaH. 
15 Bciiaoji ... . '. 
lOTojiyan. 
17jm-Kchjkwi. 
loHaijiTaami. 
19a-McTiianai|)Taaiiii. 

1 AiiTpaucH. 
2lKcpociiu. 
22 Aaiiamioiiuufl úciiaiui 100/130 . 
23 PcaxTiiDiiuc Tonaiiaa: 

JP-1. 
JP-3. 
JP*4 .. 

?, CMiicp.irypa 
ciMOBocrua- 
M6MCIIMK, *C 

ep»WI uxcpK- 
KK C4MO»OCIMa- 
MMCMNR, CM. 

515 
405 

• 287 
234 
223 
220 
200 
418 
208 
205 
200 
502 
530 
528 
520 
529 
540 
229 
440 

228 
238 
242 

10 
6 
10 
57 

101 
132 
130 
27 

124 
141 
200 
32 
72 
01 
18 
23 
17 

210 

120 
187 
185 

1) Substance; 2) self-ignition tem¬ 
perature, °C; 3) self-ignttion lag, 
sec; 4) ethane; 5) n. butane; 6) n. 
pentane; 7) n> hexane; 8) n. heptane; 
9) n. octane; 10) n. nonane; 11) iso¬ 
octane; 12) n. decane; 13) n. hexa- 

14) cyclohexane; Í57 benzene; 
16) toluene; 17) m-xylene; 18) naph¬ 
thalene; 19) a-methylnaphthalene; 
20) anthracene; 21) kerosene; 22) 
aviation gasoline IOO/13O; 23) jet 
fuels. 

a 

the method Involves the Introduction of 1 ml of the substance being 

investigated into a special quartz vessel heated to a certain tempera¬ 

ture by means of a special furnace, and the recording of the self- 

ignition lag. The relationship between the temperature and the magni¬ 

tude of the self-ignition lag corresponding to this temperature for n. 

heptane and n. decane in air at atmospheric pressure is shown in Fig. ® 
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103. Por heptane the minimum self-ignition lag corresponds to 223° 

with an induction period of 101 seconds, and self ignition takes place 

at 370° with a lag that is faster than the eye (about 0.1 sec). This 

temperature corresponds to a higher self-ignition temperature. 

Figure 104 presents the lower self-ignition temperature for 

paraffinic hydrocarbons as a function of the number of carbon atoms 

and structure. 

Fig. 105. Effect of pressure 
on minimum self-ignition tem¬ 
perature for jet fuel JP-4. 1) 
Minimum self-ignition tempera¬ 
ture, °C; 2) absolute pressure, 
mm Hg. 

The lower self-ignition temperature for paraffinic hydrocarbons 

in air diminishes as molecular weight increases. In this connection, 

there is an analogy between the change in the critical electric-spark 

ignition energy and the concentration ignition range which expands 

from methane to heptane. 

Isoparaffins have higher self-ignition temperatures in comparison 

with normal paraffins of the same molecular weight [5]. 

Table 79 presents the self-ignition temperatures for a number of 

hydrocarbons. 

Pressure also has a substantial effect on the minimum self- 
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TABLE 80 

Minimum Self-Ignition Temperature 
for Fuels (°C) in Air as a Function 
of Pressure [4] 

1 
2 

Tonjuto 

AMiamiomiue Toaiima. 

6 

l 

.. 

.. 
JP-I. 

Abiiiuiiohiiuh 6cii3Hii 100/130 . . . 
h. flcKaii. 
h. .. 
II. fcKcaii.% • • • 

AlMCNMa 
370 mm 

3 
U7 MM 

/M 
440 
402 
553 
458 
405 
407 

242 
238 
228 
440 
208 
220 
234 

1) Fuel; 2) pressure, 370 mm; 3) 
pressure, 7^2 mm; 4) aviation fuels; 
5) aviation gasoline IOO/13O; 6) n. 
decane; 7) n* octane; 8) n. hexane. 

ignition temperature, as was demonstrated in Reference [4]. 

Figure 105 shows the effect of air pressure on the minimum self¬ 

ignition temperature of the JP-4 turbojet fuel. With a drop in pres¬ 

sure by a factor of approximately three, the self-ignition tempera¬ 

ture increased by a factor of two. 

Table 80 shows the effect of pressure on the self-ignition tem- 

pcrature of a number of fuels. 

In all fuels, the self-ignition temperature increases as pres¬ 

sure diminishes. However, this change depends on the nature of the 

fuel and is most pronounced in the case of heavy fuels. 

Figure 106 shows the change in the self-ignition temperature of a 

number of combustibles at atmospheric pressure as a function of chem¬ 

ical composition for various induction periods. In oxygen the same 

quantitative relationships for the self-ignition temperature are ob¬ 

served as in the case of air. 

The fuel ignition process which takes place under the action of 

high temperatures can be characterized by a self-ignition lag for a 
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given temperature and pressure (Fig. 107). The self-ignition lags for 

various hydrocarbons are determined in a bomb at a temperature of 5820 

and a pressure of 21.4 atm. The self-ignition lags under these condi¬ 

tions increase for a number of n. paraffins, olefins, and naphthenes 

[3]. 

Fig. 106. Self-ignition temperature 
and lag for a number of hydrocarbons 
in air. l) Benzene; 2) toluene; 3) 
o-xylene; 4) 1,2,3-trimethylbenzene 
Themimellitol); 5) l-ethyl-2,4-di- 
methylbenzene; 6) l-ethyl-2,3-di¬ 
me thy Ibenzene; 7) methylcyclohexane; 
8) 1,1,3-trimethylcyclopentane; 9) 
trans-l,3-dimethylcyclohexane; 10) 
ethylcyclohexane; 11) n. propylcyclo- 
pentane; 12) n. heptane; I3) n. oc¬ 
tane; 14) n. "Secane; 15) n. dodecane; 
16) n. tetradecane. A) SeTf-ignition 
temperature, °C; B) ignition lag, sec. 

The self-ignition lags for aromatic and paraffinic hydrocarbons, 

as well as for diesel fuel in a bomb, are presented in Fig. IO8 for 

various temperatures. The self-ignition lags for diesel and jet fuels 
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in a temperature range from 455 to 570° lie between the ignition lags 

for paraffinic and aromatic hydrocarbons: the smallest self-ignition 

lags pertain to the paraffinic hydrocarbons and the greatest pertain 

to the aromatic hydrocarbons. 

Thus the ignition of a mixture of fuel vapors with air is charac¬ 

terized by a series of parameters such as: the concentration ignition 

range at atmospheric pressure, the concentration ignition range at re¬ 

duced pressures, the minimum critical energy of the spark discharge 

required for the Ignition of the vapor-air mixture, the self-ignition 

temperature, the self-ignition lag, etc. 

These parameters are determined by the chemical properties which 

are most favorable in the case of paraffinic hydrocarbons with great 

molecular weight. A wide ignition range is exhibited by the lower 

highly unsaturated hydrocarbons. 

The investigations carried out on the hypergolic properties of 

kerosene drops in a stream of air heated to a high temperature are ex¬ 

tremely interesting [6], With an increased temperature between 850 to 

950° the self-ignition lag for a 55-P- drop diminishes by a factor of 

approximately five. The dimensions of the drops also affect the self¬ 

ignition properties. For example, 140-^ drops self-ignite at 970° with 

a lag that is 30% greater than for drops having dimensions of 55 \x. 

The total burning time for the fuel drops in the stream of air is com¬ 

posed of the ignition lag and the burning time. Figure I09 shows the 

change in ignition lag and burning time for kerosene drops having di¬ 

mensions of 70 |i at various temperatures. The time of the actual burn¬ 

ing process is greater by a factor of approximately 3-4 than the self¬ 

ignition lag. 

The pressure whose effect was investigated for a pressure range 

from 0.3 to 1.0 atm (Fig. 110) has a pronounced effect on the ignition 
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of kerosene drops. With a change in the pressure from 0.3 to 1.0 atm, 

the self-ignition lag at 900-1000° changes by a factor of approximately 

3. 

Fig. 107. Ignition lag for hy¬ 
drocarbons in a bomb at 5820 
and 21.1 atm. l) Ignition lag, 
sec; 2) number of carbon atoms; 
3I decalln; 4) cyclohexanes; 
5) dicyclohexyl; 6) a-olefins; 
7) n. paraffins. 

Under practical operating conditions, good fuel oxidizability may 

be extremely important. In the case of metal-organic fuels (compounds 

of aluminum and boron) start and combustion is possible to altitudes 

of 25-30 km, and in the case of hydrocarbon fuels — to 15-22 km [7]. 

The light hydrocarbons of aviation gasoline exhibit adequate 

vapor tension at temperatures of -40 to 60°. Therefore, aviation gaso¬ 

line provides for good engine starts under all temperature conditions. 

It is possible that the vapors of the hydrocarbons which have molecular 

weights that place them in the boiling range of kerosene (C]_o”ci6) 

must exhibit better Ignition characteristics than those in the boiling 

range of gasoline (C^-C^). But the conversion of the former into a 

vapor phase at the temperature of the ambient medium under high-alti- 
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Fig. 108. SeIf-Ignition lag for hy¬ 
drocarbons and fuels as a function 
of temperature, a) Pressure, 21.1 

kgf/crn2; 1) Isooctane; 2) n. octane; 
3] octadecene-1; 4) n. octadecane; 

b) pressure, 36.9 kgf/cm2; 1) aro¬ 
matic fraction of fuel; 2) diesel 
fraction; 3) paraffinic-naphthenic 
fraction. A) Ignition lag, sec; B) 
temperature, °C. 

tude conditions, with the required concentration, is difficult without 

heating of the combustible mixture. 

There is no doubt that the chemical nature of the fuel is ex¬ 

tremely important in the burning process, since this determines the 

ignition characteristics of the fuel vapors as they encounter the 

flame front. However, the following physical parameters are also im¬ 

portant here: fuel volatility, fuel vaporization and mixing; under cer¬ 

tain conditions these can be of greater significance than the chemical 

parameters. On the whole, the entire process is limited by the stage 

which takes place at the least relative rate. 

In the case of turbojet engines of conventional type, the start 

of an engine operating on petroleum fuels under ground and flight con¬ 

ditions to altitudes of 10 km is determined primarily by the following 

physicomechanical factors: fuel volatility and the degree of fuel 

vaporization. The latter is a function of viscosity and the surface 
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tension of the fuel, as well as of the vaporization system employed 

(the type of spray nozzles) and feed pressure. 

There are Indications in the literature that at a viscosity above 

15 centistokes good fuel vaporization into the engine is no longer as¬ 

sured. However, at low temperatures, a viscosity of up to 25 centi¬ 

stokes is technically permitted for a turbojet fuel. It has been es¬ 

tablished experimentally that gas oil having a viscosity of 15 centi¬ 

stokes (at 20°) fails completely to provide the required vaporization 

for starting at temperatures below -7°. However, kerosene with a vis¬ 

cosity of 3-4 centistokes (at 20°) continues to provide satisfactory 

vaporizations at temperatures of -40 and -60°. Gasolines provide good 

vaporization at all temperatures. 

Fig. 109. Effect of tempera¬ 
ture on self-ignition lag and 
burning time for drops of kero¬ 
sene having dimensions of 70 |i 
in a stream of heated air. 1) 
Self-ignition lag; 2) burning 
time; 3) total burning time. 
A) Time, milliseconds; B) air 
temperature, °C. 

The ease of engine start is a function of fuel volatility. Vola¬ 

tility and, consequently, ease of VKD start is characterized by the 

temperature at which 10$ of the fuel boils off. The 10$-distillation 

temperature for the majority of air-reaction-engine fuels such as kero- 
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Fig. 110. Effect of pressure on self- 
ignition lag for kerosene drops in a 
stream of heated air. a) Air temperature, 
1000°; b) air temperature, 900°. 1) Time, 
milliseconds; 2) pressure, atm. 

sene has a value of the order of 175-210°. The lower the 10^-distilla- 

tion temperature, the easier the start and the lower the feed pressure 

can be. 

For example, engine start was impossible with a gas oil having a 

boiling range between 240-365°, although the engine could operate on 

this fuel if it had been started in advance with kerosene. With heavier 

gas oil (boiling range 256-396°) the engine was completely incapable 

of operation. Gasoline-free petroleum with a boiling range of 207-400° 

could be used in an engine if it were first started with kerosene. 

However, in this case unstable engine operation was observed through¬ 

out the entire velocity range [8]. 

Aviation gasoline with a 10^-distillation temperature of 71° pro¬ 

vides for ease of engine start at temperatures to -55-60°. When using 

fuels having a 10^-distillation temperature of 190°, engine starts at 

-40° are difficult. 

During starting, a low-volatility fuel may partially be deposited 

in a drop-liquid state on the walls of the engine, causing a lag in 

ignition. As a result, there will be an accumulation of fuel which will 
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Fig. 111. Effect of the 1($- 
dlstlllation temperature on the 
minimum vaporization pressure 
at which starts are possible. 
The mass flow rate of air is 
0.227 kg/sec, and the air tem¬ 
perature is 30°. l) 10jo-distil- 
lation temperature, °Cj 2) fuel- 

p 
feed pressure, kg/cm . 

subsequently ignite suddenly during the starting period, resulting in 

the overheating of the engine. 

Figures 111 and 112 show the effect of the 10^-distlllation tem¬ 

perature of a fuel on the minimum pressure required for the vaporiza¬ 

tion of the fuel, with the ignition of the fuel (from a standard source 

such as an electric spark plug) still possible at this temperature. To 

ignite a fuel having a 10^-distillation temperature of 80°, a pressure 

of 0.7 kgf/cm2 is adequate; at 200°, a pressure of 4.2 kgf/cm2 is 

needed. It is well known that the average dimension of a vaporized 

fuel drop is approximately inversely proportional to the square of the 

pressure at which vaporization takes place: 

4cp „i • 
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Fig. 112. Effect of 10^-dlstll- 
lation temperature on minimum 
vaporization pressure at which 
starts are possible. 1) High- 
power and low-pressure ignition 
system; 2) high-stress stand¬ 
ard ignition system; 3) 10#- 
distillation temperature, °C; 
4) minimum fuel pressure for 

ignition, kg/cm . 

The higher the vaporization ratio, the easier the ignition of the 

fuel, since the vaporization surface increases, and the expenditures 

of energy and time on heating and vaporizing individual drops are re¬ 

duced. Heavy fuels with low vapor tension require a greater vaporiza¬ 

tion ratio for ignition than do light fuels. 

The effect of the 10#-distillation temperature on the starting 

characteristics of Soviet aviation fuel is presented in Fig. 113. 

The best starting properties are exhibited by the B-70 gasoline, 

and the addition of this gasoline to the T-l fuel will improve the 

starting properties. 

In the case of heavy fuels, inadequate volatility may in part be 

compensated by a greater vaporization ratio. It is therefore not com¬ 

pletely out of the question to use combustibles heavier than gasoline 
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for engine starting If structural changes can be Introduced Into the 

starter Injectors and the Ignition source, as well as by preliminary 

heating. 

Pig. 113. Effect of 10^-dlstll- 
lation temperature on starting 
characteristics of fuels. 1) 
10^-dlstlllatlon temperature 
of fuel, °C; 2) fuel pressure 
in front of Injector (spray 
nozzle), kg/cm. 

TABLE 81 

Flash-Point and Vapor Tension of Several Fuels 

1 Ton/iHno 2Tc'iricp.uyp.i 
DCIIUIIIKH, * C 

T-l. 
TCI.. 
T-2. 

4 Zbine/iMioe ron.umo , 
b nciinim 15-70 . . . , 
O h, ricnr.ni. 
t li. PeKcaii. 
O il. Okthii. 

9 II. /lCK.111. 
10 Tcrpaflim. 

-I- 30 
-1- 2K 
— 12 

ill +(50 
Or -¡- ,T0 ¿o -j- 12.'» 

12 I |||)KC — 2S 
1 Ill/KC — 

-22 
+ 17 
- V, 
+ 73 

ynpyrocri. n.ip.i (mu pt.ct.) 
2 IIpH TCMIirpHTypC 

20* 40* CO* 100* 

30 35 /.0 100 

150 /,75 
30 GO 

1) Fuel; 2) flash point, C; 3) vapor tension (mm 
Hg) at a temperature of; 4) diesel fuel; 5) B-70 
gasoline; 6) n. pentane; 7) n. hexane; 8) n. octane; 
9) n. decane; 10) tetralin; 'll) from +50 to +125; 
12) below -28. 
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The flash point serves as the characteristic of ease of ignition 

or fuel flammability in case of contact with an open flame, i.e., the 

temperature of a combustible liquid at which the vapors of the com¬ 

bustible liquid above the liquid's surface ignite on contact with an 

open flame (Table 8l). 

Gasolines are characterized by a low flash point and high vapor 

tension; kerosenes are characterized by a higher flash point. However, 

it does not follow that the kerosenes do not ignite below the flash 

point under appropriate conditions. 

Figure 114 shows the effect of fuel volatility on the ignition 

range (ignition accomplished by means of an electric spark plug) in 

the chamber of a turbojet engine at low pressures. A fuel of the JP-1 

type (standard aviation kerosene which begins to boll at 160°, of 

which 50$ boils off below 213°, and which ceases boiling at 280°) has 

a narrower ignition range than a fuel of the JP-4 type of greater frac¬ 

tional composition (start of boiling, 53°J 50$ boils off below I850; 

end of boiling, 245°). 

For the ignition of air-reaction-engine fuels (TRD and PVRD [tur¬ 

bojet and ramjet engines]), the recommendations call for the injection 

of hypergolic substances into the combustion chamber, said substances 

to act as starter fuels. Triethylaluminum AliC^H^ and trimethylalu- 

minum Al(CH^)^ a^e used for this purpose, and these substances are now 

made on an industrial scale [10]. It is also contended that borane 

fuels (such as B^) ignite and burn more easily than petroleum prod¬ 

ucts; therefore, these can be used in jet aircraft at greater alti¬ 

tudes, where conventional fuels are incapable of combustion [11J. 

Trimethyl- and triethyl-aluminum have been tested by "Wright- 

Aeronautical" and "Curtis-Wright" for fuel ignition in a ramjet engine 

[12, 13]. Trimethylaluminum is used in a mixture with triethylaluminum, 
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the latter having been added In order to reduce the freezing point of 

the trimethylalumlnum. Trimethyl- and triethyl-aluminum are used also 

in combination with various Jet fuels (in quantities of 15-20#) in or¬ 

der to provide for the rapid ignition of the Jet fuels at great alti¬ 

tudes. Much work along these lines is being done in connection with 

ramjet, turbojet, and similar engines. 

Fig. 114. Effect of fuel volatility on self¬ 
ignition range in the chamber of a turbojet 
engine at various pressures. 1 and 4) Lower 
and upper ignition limits for a fuel of the 
JP-1 kerosene type; 2 and 3) lower and upper 
limits of ignition for a fuel of wide frac¬ 
tional composition, such as a fuel of the 
JP-4 type. A) Air-to-fuel ratio; B) air pres¬ 
sure, mm Hg. 

All of the above-enumerated compounds exhibit a small self¬ 

ignition lag in air, both in the case of atmospheric pressure, or in 

the case of reduced pressure. 

The ignition lag for a number of elementary organic compounds un¬ 

der static conditions in air at 232°, and 127 mm Hg, is presented below: 

Fuel 

Trimethylalumlnum AliCH^y 

Trie thy laluminum Al^H^y* 

Aluminum borohydride AliBH^)^ 

TriethyIboron B(C2H^)o. 

Tripropylboron . 

Triisopropylboron 
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Self-ignition 
lag, sec 

0.012 

0.040 

0.010 

0.020 

0.210 

O.38O 



Trie thy Iphosphene PiCgH^)^. O.310 
Kerosene. 210 

The effect of pressure on the Ignition lag in air at 232° is pre¬ 

sented below: 

Fuel 

Trimethylaluminum 

Triethylaluminum 

. Triethylboron 

Pressure, Self-ignition 
non Hg lag, sec 

30 0.003 
5 0.012 
2 0.020 
0.5 0.020 

5 0.040 
2 0.080 

5 0.020 
2 0.050 
0.5 0.040 

With the addition of aviation kerosenes to the altyl compounds of 

aluminum and boron, the self-ignition lag increases, and this can be 

seen from the following: 

Trimethylaluminum 

Triethylboron. 

Aluminum borohydride 

Quantity of JP-5 
in mixture, % 

48 
61 
64.3 
48 
60 
61.5 
83.6 
91.2 

Ignition 
lag, sec 

0.050 
0.450 

No ignition 
O.170 
0.200 

No ignition 
0.010 

No Ignition 

The moisture of the air has a positive effect on ignition. 

We can see from a brief review of the ignition properties of the 

metal alkyls that with a reduction in activity the latter can be placed 

into a series [14, I5]: 

AI (BH4)j > AI (CI-U3 > B (CA), > AI (C,H6)j. 

Ya.M. Paushkin and R.V. Sychev [16] in 1955 investigated the ef¬ 

fect of triethylaluminum on the burning rate of a fuel in a jet engine. 

The addition of Vfo triethylaluminum to a fuel consisting of aromatic 
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hydrocarbons, increased the burning rate by a factor of two. 

In i960, Fletcher [I7] and his coworkers published the results of 

an investigation into the burning of aluminum borohydride, trimethyl- 

and triethyl-aluminum, triethylboron, and pentaborane in the supersonic 

air stream produced by a ramjet engine. These investigations demon¬ 

strated that AlÍBH^)^, BçjHg, and their mixtures, containing up to 40# 

JP-4 aviation fuel, can burn stably at a supersonic airstream velocity 

of M = 2 (660 m/sec). The JP-4 fuel under these conditions can burn 

only if aluminum borohydride is injected. Trimethyl- and triethyl-boron 

does not Ignite under the above-mentioned conditions in an operating 

chamber, but these can ignite on being exhausted from the nozzle of the 

engine [18]. 
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Chapter 8 

RATE AND STABILITY OP JET-FUEL COMBUSTION 

1. Rate of Combustion of Fuels 

The process of fuel combustion In air-breathing jet engines takes 

place in a high-speed stream of air under the following conditions: 

a) with the air passing through the engine at a considerably 

higher velocity than the normal velocity of flame propagation; 

b) at air-to-fuel ratios outside the concentration range of ig¬ 

nition (in the secondary zone); 

c) in variable operating modes of the engine in which the excess- 

air ratio reaches very high values. 

Flame breakaway may take place at high air velocities when the 

engine's operating mode undergoes sharp variations. Combustion in 

which frequent flame breakaway may occur may be called unstable com¬ 

bustion. 

The combustion process may be characterized by a normal propaga¬ 

tion rate of the flame through the burning air-and-vapor mixture. 

In normal burning of a mixture of vapors of a combustible sub¬ 

stance with air, the flame front moves from layer to layer through the 

combustible mixture. A smooth and distinct flame front the velocity of 

which in the direction perpendicular to its surface is known as the 

normal combustion rate is formed In a laminar flow. 

One method of determining the normal propagation rate of the 

flame consists in measuring the area S of the inner cone of a laminar 

Bunsen flame and the volume flow rate v of the combustible mixture. 
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The normal propagation rate of the flame Is = v/S. However, when 

fuel burns In air-breathing Jet engines, we have the so-called turbu¬ 

lent combustion and agitation of the combustible mixture. The flame 

front is distorted, with the result that its surface area is increased, 

and the high-temperature combustion products are mixed with the air- 

and-vapor mixture, igniting it at various points. 

In this case, the mass of burning substance per unit volume per 

unit time is much larger than in the case of normal laminar combustion. 

The flame-front turbulence and mixing of the unburned part of the fuel 

with the hot combustion products makes it possible to burn larger quan¬ 

tities of fuel in a short time. 

The normal combustion rate cannot be used directly as, for exam¬ 

ple, for the design of an engine. But it does characterize the combus¬ 

tion processes of various combustible mixtures to a certain degree. 

The normal combustion rates of individual hydrocarbons in mixture 

with air are listed in Table 82 as functions of their structure. 

In saturated paraffinic hydrocarbons, the flame-propagation veloc¬ 

ity increases slightly as the molecular weight increases (it is 33*8 

cm/sec in methane and 40.2 cm/sec in decane). 

The flsune-propagation velocity in unsaturated hydrocarbons is 

higher than that in saturated hydrocarbons with the same number of car¬ 

bon atoms (40.1 for ethane, 68.3 for ethylene, and l4l cm/sec for 

acetylene). In unsaturated hydrocarbons with a single double bond, the 

"degree of unsaturation" diminishes with increasing molecular weight, 

with the result that the combustion rate diminishes (68.3 for ethylene, 

43.8 for butene-1, and 4l.2cm/sec for decene-l). 

Naphthenes and aromatic hydrocarbons have virtually the same com¬ 

bustion rate as the paraffinic hydrocarbons, although the combustion 

rate of benzene is somewhat higher. 
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TABLE 82 

Normal Plame-Propagatlon Rates in 
Combustion of Hydrocarbons in Air [1-6] 

1 yrMMaopM 
2 

Oopuy.ia 
MuKOIMMIkllAN 
CKOpOCTb )>«(• 

»pOCipailfllMK 
niiancHH, CM/ctK 

3 

4 napmpuHU 

5 MfT.ni. 
O 3m>i. 
7 ii.Dponaii. 
8 h. ByT.ni. 
9 h. nciiTau. 

10 h. PcKcaii ...... 
11 h. rcnTAii. 
12 il. JlfKaii. 
13 II. rcKcaACKaii ... . 
14 2-McTiwnponan ... . 
15 2,2-iliiMeTnanponaii . . 
16 2-McTiwCyTaii ... . 
17 2,2-JIiiMCTii.iCyTaii . . 
lo 2,3-J,HMCTiia6yTaK . , 
19 2-McTiunciiTan ... . 
20 3.McTiianciiTaii . . . 
212.2- JliiMCTiuinciiTaii . . 
222.3- AiiMCTiiJincHTaii . . 
23 2.4-fliiMCTiuinciiTan . . 
243.3- fliiMCTiianciiTaii . 
252,2,4-TpiiMeTiwneiiTaH 

CII« 
Ql I« 
C,li, 
C4H10 

C4II,, 
C,I1m 
C,HW 

CuHat 
C4II1. 
C,H,i 
CsH,j 
C»Hw 
C|ll|4 
C.Hu 
Cell,, 
C,H„ 
C,M„ 
C,HM 
CjII|4 
C.H„ 

26 ÛMIpUHH 

33.8 
40.1 
39.0 
37,11 
38,5 
38.9 
38,l¡ 
40.2 
40.7 
34,0 
33.3 
3ft,6 
30.7 
35,0 
36.8 
30.7 
34,8. 
38.3 
35.7 
35.3 
34, ft 

273tcii. 
28nponcn... . 
29ByTcii-l ... . 
30nciiTcn-i . . . 
31rcKccii-i.... 
32iicucii-i ... . 
332-McTiwnponeii-l 
342-McTiwOyTcii-l . 
353-McTiiaöyTcii*l . 
362.3TiiaöyTcii-l . . 
372.McTiiJinciiTen-l 
304-McTiianciiTcii-l 

QH, 
C3H4 
QH» 
CaHip 
CjHn 
Cjol l¿o 
C.I14 
C;H,o 
Q,!Iio 
Collia 
QU.» 
QHu 

39 JluOMlpUHU 

40ByTaA»cii-l,2. 

41 Byr,i;uieii-l,3. 

42/)uc-riciiTaAiicii-1.3 . . . 
43mpn«c-nciiTaAiieii-l,3. . . 
44riciiTaAiieii-l,2. 

45nPHTaAiicn-2,3. 
4onciiTaAHcii-l,4 ... . 
47rcKcaAiicii-l,5. 
4o2-McTiiA6yTaA»cii-l,3 ... 

492,3-4»MCTHA6yTaAiicii-l ,3 

C,llc 
C1II0 
QH, 
C4II, 
QH, 
QH, 
QH, 
QH)0 
QH« 
QH, 

08,3 
43,8 
43,2 
42,0 
42.1 
41.2 
37.5 
30,0 
41.5 
30.3 
30,0 
40.5 

58,0 
54.5 
40.5 
45,0 
51,8 
50,7 
40,C 
44,2 
45,0 
41.6 
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TABLE 82 (Conclusion) 

1 VfAcMAOpAA 
2 

<t>opuyjia 

MARriiMn4i.il .m 0 
»otincrk pue* J 
npocrpAiiriiHR 

nAAMCII M, CM/tt* 

5O AnemuMHOtue ytAcaodopoiU* 

51 
52 

a 
55 
5b 

¡I 

$ 

62 

ÍI 

n 
67 

3tuu. 
nponim. 
DyTim*l. 
ncimin*l. 
reKcmi*l ... . . 
Dyrmi*2. 
rcKcmi*3. 
3,3-AllMCTIMCyTIII!*l 
<*McTiwnciiTiin*l . . 
4-McTiumcimiii-2 . . 

CsH* 
C,ll4 
C.H, 
C»II| 
C.H,, 
C|M» 
C»Hn 
C*Hn 
C.H,, 
C.II,. 

6l UuKAonapaipuHbi 

UiiK.ionponan. . . . 
UitiuionciiTaii.. . 
UiiK/iorcKcau . . . 
MCTHJIUtllUIOUCIITail 
McriiamiwiorcKcaii 
»i/wwc-ÄCKaanii. . 

Ci! I. 
C»H„ 
QH„ 
Qli'ia 

Q1I,« 
Q„11K 

68 ApottamwiccKuc tji.icoodo^odu 

69 Bciiaoa. QII4 
70 Tcwyon. C,ll, 
71 o-Kchj!<wi. C,Mio 
72 it. EyTii.iCciiaoa. CnHu 

73 TPCT- ByTiiaöeiiaofl. Cullu 
74 Tcrpaaiui. CnHu 

141,0 
C9,n 
58,1 

.52,0 

48.5 
51.5 
45,4 
47,7 
45,0 
45,8. 

49.5 
37.7 
38.7 
36,0 
37.5 
36,2 

44.6 
38.8 
34.4 
35.9 
36.6 
36.5 

l) Hydrocarbon; 2) formula; 3) maximum propagation velocity of flame, 
cm/sec; 4) paraffins; 5) methane; 6) ethane; 7) n-propane; 8) n-butane; 
9) n-pentane; 10) n-hexane; 11) n-heptane; 12) n-decane; 13) n-hexa- 
decane; 14) 2-methylpropane; I5) 2,2-dimethyIpropane; 16) 2-methylbu- 
t^ne; I7) 2,2-dimethylbutane; 18) 2,3-dimethylbutane; 19) 2-methylpen- 
tane; 20) 3-methylpentane; 21) 2,2-dimethylpentane; 22) 2,3-dimethyl- 
pentane; 23) 2,4-dimethyIpentane; 24) 3,3-dimethylpentane; 25) 2,2,4- 
trlmethylpentane; 26) olefins; 27) ethene; 28) propene; 29) butene-1; 
30) pentene-1; 31) hexene-1; 32) decene-1; 33) 2-methylpropene-l; 3^) 
2-methylbutene-l; 35) 3-niethylbutene-l; 36) 2-ethylbutene-l; 37) 2- 
methylpentene-1; 38) 4-methylpentene-l; 39) diolefins; 40) butadiene-1,2 
4l) butadlene-1,3; 42) cis-pentadiene-1,3; 43) trans-pentadlene-1,3; 
44) pentadiene-1,2; 45) pentadiene-2,3; 46) pentadiene-1,4; 47) hexa- 

dlene-1,5; 48) 2-methylbutadiene-l,3; 49) 2.3-dimethylbutadiene-l,3; 
50) acetylenic hydrocarbons; 51) ethyne; 52) propyne; 53) butyne-1; 
54) pentyne-1; 55) hexvne-1; 56) butyne-2; 57) hexyne-3; 58) 3,3- 
dimethylbutyne-1: 59) 4-methylpentvne-l; 60) 4-methylpentyne-2; 6l) cy¬ 
cloparaffins; 62) cyclopropane; 63) cyclopentane; 64) cyclohexane; 65) 
methylcyclopentane; 66) methylcyclohexane; 67) trans-decalln; 68) aro¬ 
matic hydrocarbons; 69) benzene; 70) toluene; jl) o-xylene; 72) n-butyl- 
benzene; 73) tert-butyIbenzene; 74) tetralin. 
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The maximum flame-propagation velocities in hydrocarbons of vari¬ 

ous structures are shown In Pigs. 115-118. 

The flame-propagation velocity Is a function of the iuel-to-air 
J» 

ratio. The highest flame velocity Is reached In the majority of fuels 

In rich mixtures 10 to 30# above the stoichiometric ratio. Benzene, 

for which the maximum flame-propagation rate is reached at 60# excess 

fuel, constitutes an exception. 

The propagation velocity of the flame depends on the pressure at 

which the combustion process takes place (Pig. 114). When the pressure 

is reduced below atmospheric, the combustion rate first increases and 

then diminishes [7]• 

t'CCt 
' c*c*cc 8 I 

?, „ 

Í? C'C-C'C 
Vi 

II 

<3 

I 
4 

<>c*c-cc 

CC-C-C 

iS 

A occ-c-c 
Û c-c-c c c 
ÛC-C-C C c 

c-c-c-c-cq 
C'C C oc 

ôc-c-c-cc 
ÔC'C-C C c 

c-ccc-c-c 
aC-C-C-CC 

c-c-cccc 

aC-CCC-C 
ccc-ccc 

2 Vue no amónos ucncpoiln â urnu 

Fig. 115. Influence of hydro¬ 
carbon structure and molecular 
weight on maximum velocity of 
flame propagation In hydrocar¬ 
bons mixed with air. 1; Maximum 
flame-propagation velocity, 
cm/sec; 2) number of carbon 
atoms In chain. 

The normal velocity of flame propagation also depends on the tem¬ 

perature of the vapor-alr mixture through which the flame Is propagat¬ 

ing (Fig. 119). It Increases approximately linearly with Increasing 

temperature. Thus, the normal rate of flame propagation in heptane 
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Fig. Il6. Influence of hydro¬ 
carbon structure and molecular 
weight on maximum propagation 
velocity of flame in hydrocar¬ 
bons mixed with air. l) Maximum 
flame-propagation velocity, 
cm/sec; 2) number of carbon 
atoms in chain; 3) normal al- 
kynes; 4) 1,3-dienes; 5) normal 
alkenes; 6) normal alkanes. 

Fig. 117. Influence of hydro¬ 
carbon structure and molecular 
weight on maximum rate of 
flame propagation in hydrocar¬ 
bons mixed with air. 1) Maximum 
flame-propagation velocity, 
cm/sec; 2) number of carbon 
atoms in ring. 
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2 Vwvw amo mo! y ootpoia menu 

Pig. 118. Influence of hydro¬ 
carbon structure and molecular 
weight on maximum velocity of 
flame propagation in hydrocar¬ 
bons mixed with air. 1) Maximum 
flame-propagation rate, cm/sec; 
2) number of carbon atoms in 
chain; 3) alkenes; 4) alkvnes; 
5) alkenes; 6) alkanes; 7) cy¬ 
cloalkanes. 

Fig. 119. Influence of tempera¬ 
ture of vapor-air mixture on 
normal flame-propagation veloc¬ 

ity. V) ^7^16^ ^ 

CgH5CH3; •) n-C8Hl8; 0) n-C8Hl6; 

l) normal flame-propagation 
velocity, m/sec; 2) tempera¬ 

ture, °C. 

mixed with air depends on temperature in the following manner [6] 
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Temperature, °C Rate of flame 
propagation, cm/sec 

20 
100 
150 
200 

38.6 
56 
64 
72 

It Is Interestirsg to examine the rates of combustion of hydrocar¬ 

bon derivatives (Table 83). 

As will be seen from the data presented here, hydrocarbon deriva¬ 

tives have higher combustión rates in many cases than do the hydrocar¬ 

bons themselves. 

Table 84 lists the combustion rates of gasoline with tetranitro- 

methane additives. 

Tetranitromethane has little effect on the combustion rate. How¬ 

ever, the influence of additives on combustion rate is not in general 

adequately understood as yet, although they are known to be helpful in 

self-ignition processes. 

Hydrocarbons burning at high rates have higher combustion tem¬ 

peratures. Below we list combustion rates of hydrocarbons in air and 

the theoretical equilibrium temperatures of combustion (Table 85). 

In the majority of cases, the rate and temperature of combustion 

vaiy in the same direction. 

The temperature to which the matter is heated on combustion of a 

mixture varies from layer to layer [8-10], 

This problem has been Illuminated by Ya.B. Zel'dovich and K.S. 

Zarembo [8] for the Bunsen flame; these investigators showed that heat¬ 

ing of the unburned mixture occupies a region of about I.5 mm. The pos 

slbility is not excluded that it is precisely in this region that pre¬ 

ignition reactions ^ake place, particularly for fuels with large com¬ 

plex-structured molecules, which are particularly sensitive to thermal 

and oxidative disturbances. At the same time, such transformations may 
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TABLE 83 

Rate of Flame Propagation ln 
Hydrocarbon Derivatives Mixed 
with Air [1, 2] 

1 OcuieCTio 
2m.1KCUH.I.1MIJU CKn- 
pocTh p.irnpncrpjiiif 

MM» tlMAMPMNt CM/ttK 

3 Okiici» jTiiJiciia ... . 
4 Oxucb nponn.icHa .. . 
5 Mcraiiwi. 
SdraiKui. 
7 Maonponaiiofi. 
Ö üimiuioniiiñ xjiup ... 
9 HaonponiMionufi w|mp . 

10 HiiipoïTau. 
11 HiiTponpooaii. 

Hfl,:» 
(¡7,2 
07,2 
55,0 
41,5 
49.8 
49,7 
47,01 
48,3 

1) Substance; 2) maximum flame- 
propagatlon rate, cm/sec; 3) 
ethylene oxide; 4) propylene 
oxide; 5) methanol; 6) ethanol; 
7) Isopropanol; 8) diethyl 
ether; 9) isopropyl ether; 10) 
nitroethane; 11) nitropropane. 

TABLE 84 

Combustion Rates of Gasoline 
Vapor with Air and Tetranitro¬ 
methane Additive [1, 2] 

1 Totuiuno 
P 

I Ckopocti. rope- 
C (NO|)„ % MUM. CM/ctK 

4jlcrKIIH ÕCII3IIII . . 5 Her 48.5 
» » 

» » 

» » 

.r> 

10 
15 

49,0 
53,4 
54,0 

I 

1) Fuel; 2) C(N02)^ additive, 

$; 3) combustion rate, cm/sec; 
4) light-fraction gasoline; 5) 
none. 

not even occur in the low-temperature zone for fuels with simple mole¬ 

cules (hydrogen, carbon monoxide, methane). 

The rate of flame propagation apparently depends on the induction 

period, during which the combustible mixture is heated to the ignition 

point by the hot products of combustion. Thus, it has been shown ex- 
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TABLE 85 

Rate of Flame Propagation In Hydro- 
carbon-and-Air Mixtures and Their 
Combustion Temperatures [5] 

lyr*«i<uo|xw 

4 Aucm/iew . . 
53tiuich . . . 
oSeiuon . . . 
7 UmuioreKcaH 
8 fcnTiH .... 
9nponaH . . . 

lOBaioHH . . . 

TeMnppiryp* 
, ^ropcuH«. *C 

2322 

2112 
2102 
2027 

2007 

1067 

2102 

CMpocTh pac- 
npocrpaKCNMi 
iMaMcmi, rai/r«Q 

157 

74 

47,8 
43,6 

42.4 

45.5 

47,8 

l) Hydrocarbon; 2) combustion tem¬ 
perature, °C; 3) velocity of flame 
propagation, cm/sec; 4) acetylene; 
5) ethvlene; 6) benzene; 7) cyclohex¬ 
ane; 8) heptane; 9) propane; 10) gas- 
oline. 

Fig. 120. Flame-propagation 
rate as a function of minimum 
ignition energy, l) Maximum 
combustion rate, cm/sec; 2) 
minimal sparking energy, milli- 
joules. 

perimentally that the rate of flame propagation is inversely propor¬ 

tional to the minimum energy of the electric spark required to ignite 

the combustible mixture (Fig. 120). 

The normal velocity of flame propagation can be computed theoreti¬ 

cally. According to the combustion theory of N.N. Semenov and Ya.B. 
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Zel'dovich [11-13], the normal combustion rate Is determined by the 

equation 

y 2i. A-e~~RT • RT* 

where un Is the linear velocity of flame propagation, X Is the coeffi¬ 

cient of thermal conductivity, A Is a constant, E Is the activation 

energy, R Is the gas constant, T is the adiabatic equilibrium tempera¬ 
te 

ture of the flame, C is the specific heat capacity at constant pres- 
s' 

sure, a is the initial concentration of the reagents, p0 is the den¬ 

sity, a is the heat-transfer coefficient and Tq is the initial tempera¬ 

ture. 

In a number of cases, the experimental and computed flame-propaga¬ 

tion velocities agree quite well. Thus, the experimental values for 

propane and ethylene are 39 and 68 cm/sec, while those computed by the 

above formula are, respectively, 38.3 and 71.0 cm/sec. 

The smaller the activation energy, the higher will be the rate of 

normal flame propagation: 

Hydrocarbon cal/mole cm/sec 

Acetylene. 20,000 144.0 

Ethane. 26,000 40.1 

Ethylene. 24,000 68.2 

Isopentane. 27,000 36.6 

In propagation of a flame in a quiet medium and in laminar flow 

of the combustible mixture, a smooth and distinct flame front is formed. 

In turbulent flow, the flame front loses its definition and becomes 

uneven under the Influence of pulsation. For this reason, the area of 

a turbulent-flame front is larger than that of a laminar-flame front. 

The movement of the flame front in turbulent combustion in the direc¬ 

tion perpendicular to its surface is known as the turbulent rate of 
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propagation of the flame [14]. It depends on the physicochemical prop 

erties of the combustible mixture and the aerodynamic conditions, 

which are characterized by the Reynolds number Re: 

«/ = Mm /ï+Trc; 

1 + — . 

where k is a coefficient, e is the turbulent-diffusion coefficient, 

and a is the molecular coefficient of thermal conductivity. 

Pig. 121. Combustion rate of fuels as 
a function of Reynolds number, a) 
Acetylene (un = 14? cm/sec); b) ethyl¬ 

ene (un = 70 cm/sec); c) propane 

(un = 45 cm/sec), l) Turbulent veloc¬ 

ity of flame, cm/sec. 

The variation of flame-propagation rate as a function of Reynolds 

number is shown in Fig. 121. 

The combustion rate may be almost doubled in the experiments un¬ 

der consideration due to "turbulization." 
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When a liquid fuel is burned in a combustion chamber, nozzles 

that atomize the fuel into fine droplets are used for fuel feed. The 

burning of the flame as a whole is the sum of the combustion of the 

individual droplets forming it. Analysis of the physical pattern of 

the combustion process for the individual drop makes it possible to 

pass to a characterization of the process as a whole. 

L.N. Khltrin [15] presents the burning time of a droplet in the 

following form as a function of its initial radius rQ and other fac¬ 

tors: 

L 
* ) 

r • . - * - • f* 

where Yzh is the density of the fuel at the boiling point, L is the 

latent heat of evaporation, X is the coefficient of thermal conductivity 

of the gaseous medium, T is the ambient temperature (the combustion 

temperature of the fuel in the chamber), is the boiling point of 

the fuel and t is the burning time. This equation is valid for the 

most simple cases; it implies that the combustion time for a droplet 

is directly proportional to the square of the droplet's initial radius. 

G.N. Khudyakov [16] studied the process in which liquids burn 

from a free horizontal surface, as well as the combustion of liquid- 

fuel droplets in flight. The combustion of a liquid from a free sur¬ 

face may be regarded as the first stage in a comparative characteriza¬ 

tion of the combustion of liquids. The combustion process of a liquid 

fuel is composed of its heating, vaporization, mixture of the vapors 

with an oxidizer (air), ignition of the resulting mixture, and combus¬ 

tion of the vapor-and-air mixture. 

The combustion process is composed of the times spent in the fol¬ 

lowing individual stages: 

1) heating and vaporization of the droplet; 
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TABLE 86 

Rate of Combustion of Liquid Fuels from Free Sur¬ 
face and Normal Combustion Rate [16] 

1 CopiMCC 
IMOTNnCTb 

lipM £)* 
ï iXopnCTh mi* 
rôp«HM* WNA' 
XOCTeP. mm/MUM 

CKOpnrri! pAC* 
npocrpAiicuHa 

IMAMriill, 
5 tMlrrit 

6 ncTpaicfniMfl ai|mp . . , 
7 Ami.miioiiHUH Cciomi . . 
8' AhtomoGimimiuiI Ocimiiii . 
9 Kcpocmi. 

10 Cciijo.1. 
11 Tanyp.!. 
12 .MuiiJonuA cmipT . . . 
13 .^c-iciioc uacAo niipnAioa 
14 iMauimiiioc Macao ... . 

XU—170 
Wi—220 

IjO-.'MU 
So 

no 

0,710 

0,7.10 
0,770 
0.W0 
0,875 

0,800 
0,800 

0,028 
0,000 

2,45 

2,10 
1,75 
0,07 

5,15 

2,(18 

1,20 
1,30 

0,74 

44,G 

30 
44.8 

38.8 
57 

1) Fuel; 2) b.p., °C; 3) density at 20°; 4) rate 
of combustion of liquids, mm/min; 5) normal rate 
of flame propagation, cm/sec; 6) petroleum ether; 
7) aviation gasoline; 8) automobile gasoline; 9) 
kerosene; 10) benzene; 11) toluene; 12) methyl al¬ 
cohol; 13) green pyrolysis oil; 14) machine oil. 

2) mixing of the resulting combustible vapors with the oxidant; 

3) the ignition delay; 

4) the time for propagation of the flame through the air-and-vapor 

mixture. 

The slowest process is the first stage, the rate of which depends 

on the size of the droplet, which determines the rate at which the 

latter is heated up. 

Since evaporation of a combustible liquid takes place at the ex¬ 

pense of the radiant heat of a flame, a certain heat-transfer relation¬ 

ship is established in the steady-state process: 

heat expended on \ / heat flow to 
evaporation of liquid J ^ surface of liquid 

t'T h" f C (/k ~ ® (/rop —4) 

y _ a (4op ~ g 
ïI‘+C('k-M ’ 

where v is the combustion rate, 7 is the density, i is the latent heat 
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of evaporation, tk is the boiling point and the surface temperature of 

the boiling liquid, tzh is the initial temperature of the liquid, 

a(tgor - t^) is the heat flow to the liquid surface, tgor is the com¬ 

bustion temperature and a is the heat-transfer coefficient. 

The above equation is a heat-balance equation; in elementary form, 

it characterizes the factors on which the liquid's combustion rate de¬ 

pends from the standpoint of heat transfer. However, this relationship 

assumes a more complex form for combustion of a droplet. 

Table 86 presents the surface combustion rates of a series of 

liquids according to the data of G.N. Khudyakov [16], 

The combustion rate may be used for comparative characterization 

of individual fuels. It follows from this that the volatility of liq¬ 

uid fuels is a decisive factor in their combustion, while the normal 

flame-propagation rate is of the same order for the majority of fuels. 

2. Stability of Fuel Combustion 

By the term "stability of combustion" we imply the property of 

maintaining a flame front through various deviations from the normal 

mode toward either leaner or richer mixtures. 

TABLE 87 

Influence of Air Pressure and Tempera¬ 
ture on Range of Stable Combustion 
for Gasoline [18] 

1 
AaDAcmic, 

am 

2 
Ckopocrb 
ao.iAyx.i, 

mIcck 

3 
TcMncparvpa 
uoiAyx*. * C 

npcflc;iu craCiiAhiioro 
ropciiint, OTiiomcimc 
K CTeXHOMcrpil'tCCKOMy 

cocraoy 

0.2 
u 
1 
1 
1 
1 

mo' 
120 
S3 
83 
S3 
S3 

150 
150 
00 
1G5 
204 
2G0 

1,31-0,09 
1.CS-0.G0 
1,27-0,77 
1.37- 0,76 
1.37- 0,73 
1.37- 0,09 

1) Pressure, atm; 2) air velocity, 
m/sec; 3) air temperature, °C; 4) 
range of stable combustion; ratio to 
stoichiometric composition. 
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Pig. 122. Range of stable com¬ 
bustion for isooctane. 1) Air 

consumption, cmVsec; 2) air- 
to-fuel ratio; 3) extinction; 
4) rich-mixture axial combus¬ 
tion; 5) extinction; 6) normal 
combustion. 

The normal stable operating mode of the engine corresponds to air- 

to-fuel ratios ranging from 5:1 to 120:1. In cases of acceleration or 

deceleration, these limits may be extended to 20:1 to 600:1. 

The influence of the fuel's chemical composition on its range of 

rt?ble combustion has been studied in various experimental apparatus 

and chambers. 

Figures 122 and 123 show the limits of stable combustion for iso¬ 

octane and toluene [I7]. 

The data shown were obtained in an investigation carried out with 

a chamber formed by a quartz tube 600 mm long and 25 mm in diameter. A 

special burner into which the fuel vapor and air were fed was set up 

at one end of the tube. Combustion stability was characterized by the 

maximum flow rate of the working mixture (cm3/sec), at which flame 

breakaway was observed. The air-to-fuel ratio was held constant in the 
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Pig. 123. Stable-combustion 
range for toluene. 1) Air con¬ 

sumption, cmVsec; 2) air-to- 
fuel ratio; 3) rich-mixture 
axial combustion; 4) extinc¬ 
tion; 5) lean-mixture axial 
combustion; 6) extinction; 7) 
normal combustion; 8) stoichi¬ 
ometry. 
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Pig. 124. Minimum critical fuel 
consumption as a function of 
temperature of 10% distillation 
of fuel, l) Temperature of 10% 
distillation, °C; 2) minimum 
critical fuel consumption, 
kg/sec. 
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process. 

Acetylene has a broad range of stable combustion in mixtures with 

air. The other hydrocarbons (paraffins, naphthenes, aromatic hydrocar¬ 

bons) have closely similar stable-combustion ranges. 

It will apparently be impossible to achieve any essential broaden¬ 

ing of the stable-combustion range by manipulating the chemical compo¬ 

sition of the fuel, since such substances as acetylene and its homologs 

can hardly be used in practice. Adequate study has not as yet been de¬ 

voted to the significance of various fuel additives in expanding the 

stable-combustion range. 

The range of stable combustion depends on the combustion condi¬ 

tions of the fuel. Table 87 shows the range of stable combustion for 

gasoline in an experimental chamber as a function of the pressure and 

temperature of the air fed to it. 

The critical fuel-flow rate, at which flame breakaway may be ob¬ 

served, depends on the volatility of the fuel, which is characterized 

by the temperature of 10# distillation. Thus, flame breakaway is 

reached in the combustion of gasoline at leaner mixtures than in the 

combustion of kerosene. Kerosene is superior to gas oil in this respect 

[10], This situation is illustrated by Fig. 124. 

When gas oils with boiling ranges from 240 to 365 and 207 to 400° 

are used as fuels, it is impossible to start the engine. After the en¬ 

gine has been started on a light fuel, however, it can continue run¬ 

ning. Neither starting nor running was possible in the case of gas oils 

with the boiling range 260 to 396°• 

Apart from volatility, the combustion stability of a fuel depends 

on the degree to which it is atomized and the quality of mixture forma¬ 

tion. The quality of atomization depends in turn on the viscosity and 

surface tension of the fuel. It is considered that with fuel viscosities 
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higher than 15 centistokes, atomization quality may deteriorate con¬ 

siderably. At normal temperatures, the viscosities of Jet fuels run to 

2-3 centistokes, but at low temperatures they may increase consider¬ 

ably. Negative viscosity values can be reduced by heating the fuel [18]. 

Contemporary conceptions of fuel combustion are set forth in References 

[19, 20]. 
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[List of Transliterated Symbols] 

SI? h = n = normaI'nyy = normal 

319 * = zh = zhidkost' = liquid 

319 c = s = sreda = medium 

319 K = k = kipeniye = boiling 

320 rop = gor = goreniye = combustion 

- 327 - 

« 



Part Two 

FUELS FOR LIQUID REACTION ENGINES 

Chapter 1 

GENERAL INFORMATION ON ENERGY SOURCES AND FUELS 

FOR LIQUID REACTION ENGINES 

1. Characteristics of Energy Sources for Liquid Reaction Engines 

Systems consisting of one or several substances capable of burn¬ 

ing at high speed in an engine chamber and liberating large quantities 

of heat and gases can be considered to be energy sources (fuels). The 

term conversion encompasses not only combustion but any chemical proc¬ 

ess accompanied by the liberation of energy. 

In practice, reactions in which various elements are oxidized, 

chiefly by oxygen and fluorine, are associated with the concept of com- 

bustion. The essence of oxidation lies in the transfer of electrons 

from the substance being oxidized to an atom of the oxidizer. 

We must keep in mind, however, that a large amount of energy can 

be liberated not only in oxidation reactions such as, for example, the 

oxidation of carbon by oxygen: 

C + 02 -♦ C02 + 94.05 kcal/mole, or 2150 kcal/kg, 

but also in reduction reactions, for example the reduction of carbon 

monoxide by hydrogen: 

CO + 3H2 -*• CH^ + H20 + 46 kcal/mole, or l44o kcal/kg, 

as well as in reactions in which hydrogen may be considered to be an 

oxidizer as, for example, in the formation of. lithium hydride: 

Li + 1/2H2 -* LiH -(■ 21.6 kcal/mole, or 2730 kcal/kg. 

For the sake of comparison, let us note that a solid propellant 
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liberates 800-1200 kcal/kg upon combustion. 

Reactions accompanied by the liberation of heat and light are ob¬ 

served in systems in which oxidation or reduction does not occur in 

the normal sense, i.e., in the dissociation of ozone: 

0^ -*■ l-l/202 + kcal/mole, or 708 kcal/kg. 

A process superficially resembling combustion will be observed 

upon recombination of atoms into molecules, for example: 

0 + 0 02 + 116.4 kcal/mole, or 3640 kcal/kg. ^ 

Thus, the number of processes in which a large amount of energy 

is developed is not limited solely to combustion or oxidation proc¬ 

esses. 

In practice, however, it is chiefly the energy of oxidation proc¬ 

esses that is used in engines. 

a) The energy of oxidizing processes 

The liberation of heat during oxidizing processes is the most com¬ 

mon method of obtaining energy. Processes accompanied by the libera¬ 

tion of more than 1000-1200 kcal/kg are chiefly used in ZhRD. 

The energy efficiency of combustion processes is characterized by 

the heat of reaction and by the amount of heat liberated per unit 

weight of fuel. 

The fuel may take the form of a combination of several substances 

(oxidizer and combustible) or may consist of a single substance. The 

heat of reaction per unit weight of fuel (combustible + oxidizer) is 

called the heat yield to distinguish it from heating value, which is 

employed to characterize fuels burning at the expense of the oxygen of 

the air. 

To illustrate oxidation reactions, we give the following oxidizing 

processes (Table 88). 

The three last oxidation reactions shown in Table 88 are charac- 
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1 
TABLE 88 

Heat of Reaction Characteristics for Oxidiz¬ 
ing Processes [1-3] 

2 TCIUKWOA XMttKT. KKtlA 

1 PcaKUMR j 3 
rtfl C-MOAh 

T- 
n 11.1 1 K4 

ropioMcro 
3*44 1 AV CMCCN 

ropm'irro N 
OKMC«1iirc/IR 

t 

Hj v*/»0» — HjO . . . '.! 57,8* 
C-f-Oj-CO,.! 0-,,()5 
2AH-l‘/iO»-AliO».i /-02 
2P ; 2'/A-* P»0». .')(J0 
Si i- 2F* -♦ SiF«.J 37:),() 
Al i- l‘/i F, - AIF».! 320 
U T 1*/» F* -* BF».' 207,0 
V: II» H- V» F» -» HF. 6/,,2* 

28000 
7800 
7380 
5810 

3218 
2145 
:)9/,() 
2558 
3400 
3940 
3805 
3219 

~r/» II» -i- ’‘it Ci» — ¡ICI 21.»!) (¡Oi 

c 

»Without allowing for the heat of condensation. 

1) Reaction; 2) heat of reaction, kcal; 3) 
per g-mole; 4) per kg of combustible; 5) per 
kg of combustible-oxidizer mixture. 

terized by low reaction heat and, naturally, cannot be used as energy 

sources. 

In many cases, substances may be used as fuels that contain free 

oxygen (for example, bound by nitrogen) capable of combining with other 

elements upon breakdown of the substance, with the liberation of large 

amounts of heat. 

Examples of such substances are nitroglycerine and nltromethane: 

4C.1H4(ONOt)3 - 12CO» + lOH.O + 6N, + 0» + 1485 kcal/kg 

CHjNOj ->C0 + HjO + V,H2 + VjNj + 1030 kcal/kg. . 

Substances that decompose and liberate a large amount of energy 

are explosive to some degree or other. Their use in liquid reaction 

engines in certain cases is confined to experimental investigations, 

and in other cases is limited to the use of substances having low heats 

of decomposition. 

b) Breakdown energy of endothermic substances 

Certain substances whose formation is accompanied by the absorp- 
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tion of energy liberate this energy when they decompose. In principle, 

reactions in which endothermic substances break down into elements or 

groups of atoms may be considered as energy sources. 

Thus, 5^»9 kcal of heat is absorbed upon the formation of a gram- 

molecule of acetylene from hydrogen and oxygen. Upon decomposition of 

the acetylene, this energy is liberated completely: 

HC = CH - 2C + H2 + 5M kcal/mole (2110 kcal/kg). 

The liquid polymer of acetylene (divinylacetylene) decomposes 

similarly. 6C+3H,+76 kcal/mole (980 kcal/kg) 

CH. = CH — C s C — CH = CHt<^ 
lVaCH« + 4l/jC + 1250 koal/kg. 

These reactions find no technical application, since the explosive 

properties of acetylene prevent its application in technology in the 

liquid or compressed form. In oxygen-acetylene welding, however, the 

energy of the endothermic breakdown of acetylene is used; it is added 

to the energy of oxidation: 

CjHj + 2,50. -> 200. -,- H.O + 2770 kcal/kg. 

The explosive breakdown reactions of such endothermic compounds 

as lead azide and mercury fulminate find application in technology: 
PbNg-+ Pb 3N. + 367 kcal/kg 

Hg(CNO)ü-*• Hg + 2C -t- Mj -f O.-f 414 kcal/kg. 

These reactions are used as detonators for explosives. 

Table 89 gives the decomposition energy for several endothermic 

compounds. 

Among the endothermic compounds, acetylene and hydrazoic acid pos¬ 

sess the greatest energies of decomposition. 

These compounds cannot be used in rocket engines, at least at the 

present time, owing to their explosiveness. 

A breakdown reaction of endothermic compounds may be accompanied 
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by the formation of complex molecules with the liberation of an addi¬ 

tional amount of heat as, for example, in the case of hydrazine: 

N,H4 - ll/,NH, + VjN, + 26,3 kcal/mole, or 825 kcal/kg. 

Hydrazine is a substance that presents considerable interest for 

rocket engineering. 

TABLE 89 

Heating Value of Breakdown Reactions of Endothermic 
Compounds [4] 

1 Coc.luuriiue ♦opMy.i.i 

l8 
11 
12 

$ 

5 r* Tm.ior.i 
Mo.i. lice ! ufip.nonjiiiin, 

! nunj!mo il' 

Dir. mipfiiij. 
T nn. uicPk- 
I HOC. .. IMIi/n.- 

.\..0TII.1CII. 
A ■oTiiCTonoAopoÄiia« Kioora 
/limiiaii . 
Ciuuijibiiaii Kiicaora . . . 
S.iKiick ajota. 
Oiiiicb aaoTa. 
O3011. 
A311A Kaabuun ... ... 
Adiia hcah. 

TpCXXAOpilCTUfl aior .. . . 
ilnyoKiiCb xaopa. 
A.1HA CDiimia... , 
rpcMyiia« prytb . . . . . 

Cslls 
HN'i 
C;N'- 
IICV 
NiO 
NO 
0, 

Ca 
CuNj 
NCI, 
CIO, 

Pb(N,), 
Hc(CNO), 

2H 

.-(2 
27 

Vi 

30 
/.8 

12/.,1 
105 
120/. 
67,5 

-5/.,0 

-61,0 

-65,5 
-23,0 
-10,5 

-21,6 ■ 

-3/, 
-75,7 

-56,9 
-5/.,7 

-30,1 

-103,0 

-62,8 

2110 
1/,20 
1260 
875 

/./.7 

720 

708 
610 

510 
/.54 
/,/.6 
367 

/,1/. 

1) Compound; 2) formula; 3) molecular weight; 4) 
heat of formation; 5) heating value, kcal/kg; 6) 
acetylene; 7) hydrazoic acid; 8) dicyanogen; 9) 
prussic acid; 10) nitrous oxide; 11) nitric acid; 
12) ozone; I3) calcium azide; 14) copper azide; 
IS) nitrogen chloride; 16) chlorine dioxide; if) 
lead azide; 18) mercury fulminate. 

c) Energy of association of atoms into molecules 

Many elements normally exist in the form of molecules, for exam¬ 

ple, H2, Og, Ng, P2, etc. Upon formation of such molecules from free 

atoms of elements, a large amount of energy is liberated: 

2H H2 + 102.7 kcal/mole 

20 -*■ 02 + II6.4 kcal/mole 

2N N2 + 169.4 kcal/mole. 

Elements in the atomic state may be obtained in an electric glow 

discharge, an electric arc, photochemically, and also, evidently, may 

I 
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be produced by radiation. 

Many substances may be obtained in the atomic state in an elec¬ 

tric discharge. For example, when a powerful electric discharge is 

passed through gaseous hydrogen, the molecules dissociate into atoms. 

Under laboratory conditions, when a stream of molecular hydrogen at a 

pressure of about 1 mm Hg is passed through an electric glow discharge 

with a potential difference of 10,000 v, atomic hydrogen is obtained, 

which may be removed to considerable distances from the discharge zone. 

At a pressure of 0.5 mm Hg, the concentration of atomic hydrogen drops 

by a factor of two in comparison with the initial concentration within 

1/3 sec [5]. 

Hydrogen atoms recombine at the surface of several solids. A tung¬ 

sten wire or thorium oxide located in a stream of cold gas containing 

atomic hydrogen will become red hot. 

This phenomenon is used in engineering for so-called "atomic weld¬ 

ing. " Atomic hydrogen is obtained in the arc of an electric discharge 

between tungsten electrodes at atmospheric pressure. To do this, a 

stream of gaseous hydrogen is forced through the electric arc where 

20-25$ of the hydrogen molecules dissociate into atoms. The stream ob¬ 

tained is then directed against the surface being welded, which is 

placed at a distance of 10-15 cm from the arc. The hydrogen atoms re¬ 

combine at the surface, producing strong local heating. Such high- 

melting metals as tungsten are processed and fused with the aid of 

this method. At the same time, the hydrogen prevents oxidation of the 

metal. 

As with hydrogen, atomic oxygen is obtained in an electric.dis¬ 

charge, A platinum wire located in a stream of atomic oxygen heats up 

rapidly and melts owing to the energy released by recombination of 

oxygen atoms on the surface of the wire. 
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Atomic oxygen is extremely active: hydrocarbons instantaneously 

ignite upon contact with atomic oxygen. 

Table 90 gives heats of atomic association for several elements. 

TABLE 90 
« 

Heats of Association of Atoms into Mole¬ 
cules for Certain Elements [2] 

1 3jicmciit 
2 pr.iKiimi ¡ 3 TciMora pciHiimi 

5 "''f' i fyui.l/MtlM |y KKlIi/fJ 

8 HoAopoj . , , 

9 /IcflTCpilfl . . . 
10 A.tot. 
11 yrflcpoj . . . 
12 Knc.iopoA . . . 
IB JI11T11Í1 ... . 

14 <^C(¡K)p . . . 
15 ‘I'Top ... 
16 Cepa. 

I? X.iop. 

11. 
Os 
N's 
Q 
Os 
Li: 

I>s 
Fs 

Cl, 

■» ()-1 

! í.ai 
i 28,0 

24,(1 
:12,0 

! 18,0 
i 112,0 
! ¡«.o 
I (14,1 
, 70,!) 

102,7 

104,5 

1(10,4 
127 

! 110,4 

! 2(.,3 

i UM 
I . M.li 
! 83 

j «5,9 

51 300 

25!):iO 

G 050 
3300 

.'tll'iO 

I 800 
I 800 

I 700 
1 300 

800 

J 

1) Element; 2) reaction product; 3) heat 
of reaction; 4) composition; 5) molecular 
weight; 6) kcal/mole; 7) kcal/kg; 8) hy¬ 
drogen; 9) deuterium; 10) nitrogen; 11) 
carbon; 12) oxygen; 13) lithium; 14) 
phosphorus; 15) fluorine; 16) sulfur; 
17) chlorine. 

The greatest heating value is given by association reactions of 

atoms of hydrogen, deuterium, oxygen, nitrogen, and carbon. Atoms of 

the remaining elements yield less heat of reaction upon association. 

The application of the energy of atomic association into molecules 

to reaction engines is hampered by the need for expending a large 

amount of energy in order to obtain the atoms. At altitudes of 8O-9O- 

100 km, however, the atmospheric components such as, for example, oxy¬ 

gen are partially in the atomic state, owing to the effect of the 

shortwave ultraviolet solar radiation; they do not recombine into 

molecules since the pressure is so low (at a height of 80 km, atmos¬ 

pheric pressure amounts to 0.01 mm Hg), and no suitable catalyst is 

present. 
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In the launching of the ’’Aerobee" research rocket at the New Mex¬ 

ico proving grounds in 1956, a balloon containing 8.2 kg of nitric 

oxide was exploded at a height of 96 km [6]. The nitric oxide produced 

catalytic recombination of the oxygen atoms in the atmosphere, accom¬ 

panied by a bright flash, and leading to the formation of a cloud of 

about 5 km in diameter resulting from the liberation of a large amount 

of energy upon the formation of the oxygen molecules. The glowing 

cloud remained intact for a 10-min period, and from the earth appeared 

to be four times the size of the moon. 

It has been proposed that the energy of atomic association that 

may be obtained in the upper atmosphere may be used in special ram- 

type rocket motors. With the rocket moving at high speed (7-10 times 

the speed of sound) the rarefied atmosphere will enter at the inlet 

diffuser of the motor, where it will be compressed to 0.5-1 atm owing 

to ram action, and then sent on to the combustion chamber, where con¬ 

tact of the oxygen with a catalyst (gaseous NO or heavy metals) should 

produce energy owing to the association of oxygen atoms into molecules. 

■3 
At a height of 100 km, the recombination of the oxygen in 1 nr of 

air will liberate 10 kcal; a ramjet engine operating on atomic oxygen 

will develop very low thrust owing to the low air density. 

Many chemical experiments with atomic hydrogen, oxygen, and nitro¬ 

gen have been carried out under laboratory conditions. Atoms were ob¬ 

tained in discharge tubes at pressures of 0.1-1.0 mm Hg, and under 

these conditions underwent chemical conversions. The mean lifetimes of 

the H, 0, and N atoms were measured in tenths of a second, and thus 

the stream containing the atomic hydrogen, oxygen, and nitrogen can be 

led out to a considerable distance from the discharge point. 

Atomic hydrogen possesses exceptional chemical activity. Thus, 

when atomic hydrogen acts upon certain metals and nonmetals there are 
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formed, for example, the hydrides of beryllium, tin, lead, sulfur, 

phosphorus, and arsenic. Atomic hydrogen with molecular oxygen yields 

hydrogen peroxide. With ethylene and acetylene, atomic hydrogen causes 

the formation of high polymers and in this case thus initiates polymer¬ 

ization. 

When atomic hydrogen reacts with paraffin hydrocarbons, destruc¬ 

tive hydrogenation occurs, resulting in the breaking of the bonds be¬ 

tween the hydrogen atoms. 

The process of atomic recombination is catalytic. The activity of 

heterogeneous catalysts for the recombination of hydrogen decreases in 

the series [5]: 

Pt > Pl> > W > Cr > Cu > PI) > Hg. 

Water is an inhibitor of recombination. The best results are 

yielded by phosphoric acid in the form of films on surfaces with which 

atomic hydrogen is in contact. 

Interesting reactions may be carried out with atomic nitrogen and 

oxygen. Thus, the chemical activity of atomic oxygen is considerably 

greater than even that of ozone. 

Nitrogen in the atomic state causes comple . „„i, ons for organic 

compounds. Thus, when benzene and naphthalene are reacted with atomic 

nitrogen, the very destructive reactions result in, for example, pyri¬ 

dine, nitryls, quinoline, naphthylamine, and other substances. 

Thus, the utilization of hydrogen, oxygen, nitrogen, and other 

elements in the atomic state presents very considerable scientific in¬ 

terest. 

Recently, atomic oxygen and nitrogen have been obtained in the 

free state in frozen form at 4°K. Upon heating a frozen system to 

20-30°K, the atoms recombine actively, liberating a large amount of 

heat, accompanied by a flame. 
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In the United States the Defense Department has devoted a great 

deal of attention to developing fuels based upon elements in the atomic 

state and upon radicals. Large groups of scientists have been engaged 

in such work since 195^* 

d) Energy of nuclear reactions 

According to the mass-energy equivalence principle 

E = me2, 

where E is energy, m is mass, and c is the speed of light. 

Upon conversion of the mass of a substance into energy, 2.15^0^ 

keal/kg is liberated. 

In modern ZhRD, about 2.15-2.3’10^ keal/kg is developed, which is 

only one ten billionth of the total amount of energy concentrated in 

the substance. 

Thus, it is quite natural to expect an increase in energy output 

upon transformation of matter. 

One of the paths in this direction is the utilization of nuclear 

energy. 

Nuclear transformations are a promising but as yet far from prac¬ 

tical energy source for reaction engines [7-9]. 

Methods of obtaining nuclear energy are discussed in the special¬ 

ized literature (see, for example, [l?]). 

We will touch upon this question in connection with an evaluation 

of the energy available from nuclear reactions as a possible power 

source for reaction engines. 

Three different methods are known for liberating nuclear energy: 

radioactive decay of unstable nuclei, thermonuclear reactions, and 

nuclear chain reactions. 

The radioactive decay of atomic nuclei of unstable isotopes occurs 

continuously in all radioactive substances. This process requires no 
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specific critical mass, and so cannot be regulated. Thus, 1 g of radium 

develops about l40 cal/hr of heat, and this process can be neither 

slowed down nor speeded up. 

Nuclear reactions accompanied by the liberation of a large amount 

of energy may occur when the atomic nucleus of an element collides 

with nuclear components: protons or neutrons. 

Table 91 compares nuclear-reaction energies with energies from 

oxidation reactions. 

TABLE 91 

Comparison of Various Power Sources 
Motors 

for Rocket 

1 npouccc 
2 
Tcn/ionOil 

>'1*1« kr. 
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6050 j 0,6 » 
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H + Li’ - 2Hc 

4H- He 

D - He 
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1,5-10-1° 
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ß-lO-11 

2,4-10-° 

7,5-10-° 

4,31-10-° 

1,0 

l) Process; '2) thermal efficiency, keal/kg; 3) pe¬ 
troleum-combustion equivalent; 4) specific impulse, 
sec; 5) ratio of thermal efficiency to E = me2; 6) 
energy of oxidizing processes; 7) (powder); 8) en¬ 
ergy of atomic association; 9) energy of nuclear 

reactions; 10) -♦•fission products; 11) 1 kg 
water -*• formation of helium from the deuterium of 
the water; 12) conversion of mass into energy. 

- 338 - 



Specific impulse is computed in kilograms per kg of fuel converted 

in 1 sec, and is found from the formula 

/> = 9,33/07??, 

where H is the thermal efficiency of the reaction in kcal per kg of 

fuel. For nuclear reactions, it is necessary to utilize an intermediate 

working fluid, which is heated by the nuclear reaction. In this case, 

in practice, the specific impulse from a nuclear reaction with uranium 

will amount to not 1,000,000 sec, but some 1000-3000 sec per kg of 

working fluid. 

In nuclear chain reactions in which neutrons participate, a neu¬ 

tron colliding with a nucleus is absorbed by the nucleus, which then 

ejects one or several new neutrons. At the same time, new nuclei are 

formed. All known nuclear chain (i.e., selfpropagating), reactions 

that liberate energy and increase the number of neutrons täte place 

with heavy nuclei. 

For a nuclear reaction to take place, a certain critical mass 

must be present. It is only under these conditions that the nuclei are 

able to capture neutrons with sufficient effectiveness. 
235 

For the chemically pure uranium isotopes U and U , as well 

as for plutonium Pu2^, the critical mass takes the form of a sphere 

having a radius of several centimeters. The action of atomic explosives 

is based upon the formation of a critical mass at the required instant 

by bringing together two component parts of the critical mass. Follow- 

-6 
ing this, an explosion occurs within about 10 sec. 

The nuclear reaction in uranium, which under appropriate condi- 

tions will occur extremely rapidly (10 sec), may be slowed down by 

means of a special "moderator." Such moderators are chemically pure 

graphite, heavy water, and certain other substances. 

When a moderator is used, the atomic energy is liberated at a con- 
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siderably lower rate. This Is the only way In which it may be used in 

reaction engines. Even here, however, there are extremely great diffi¬ 

culties. The particles formed in a nuclear reaction travel at high 

speeds. Their direction of motion is irregular, however, and the speed 

of the particles is extremely high (of the order of 10,000 km/sec, 

while in reaction engines, the exhaust velocity ranges from 2-3 km/sec), 

and thus their ejected mass cannot be used directly to create thrust. 

The first experimental atomic rocket engine in the USA used liq¬ 

uid helium as the working fluid during the 1959 experiments. Liquid 

hydrogen will be used in the future for the motor. In operation, this 

motor reached a working-fluid exhaust velocity of the order of 10 km/sec, 

corresponding to a specific thrust of about 1000 sec. In a conventional 

rocket motor using liquid oxygen and kerosene, the exhaust velocity cf 

the gases amounts to about 3 km/sec, and the specific impulse to 

about 300 sec. 

In a nuclear rocket motor, it is necessary to control the process 

of atomic fission, and this is normally done with the aid of graphite 

rods introduced into the U2^ mass to regulate the intensity of the 

nuclear reaction by capturing neutrons capable of causing further fis¬ 

sion of the uranium nuclei. In addition to helium and hydrogen, recom¬ 

mended working fluids are water, ammonia, liquefied hydrocarbon gases, 

and, finally, air. 

In the final analysis, the effectiveness of the rocket propellant 

employed is characterized by the velocity with which the reaction prod¬ 

ucts leave the motor nozzle. The speed developed by the rocket at the 

final instant of propellant combustion is proportional to the velocity 

with which the combustion products flow out of the motor nozzle [9]. 

In order to apply nuclear fuels to reaction engines, it is neces¬ 

sary to overcome several substantial technical difficulties. These dif- 
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flculties are primarily associated with cooling the nuclear reactor 

under reaction-engine operating conditions, as well as with the protec¬ 

tion of personnel against harmful radiation. 

Atomic engines will be utilized in the final stages of cosmic 

multistage rocket powerplants in order to avoid setting up hazards 

in the launch area.* 

The utilization of atomic rocket motors requires very heavy struc¬ 

tures as biological shielding against harmful reactor radiation. 

For spacecraft rockets designed for flights within the solar 

system and beyond, weighing more than modern ocean liners, the crea¬ 

tion of such shielding is quite practical. Such protection has been 

realized on submarines and surface vessels using atomic engines. 

e) Energy from ion and photon motors 

In the literature, there are discussions of new types of motors 

in which the thrust is created by ejecting ions from the motor in an 

ion engine, or by converting matter into electromagnetic waves (light 

quanta) radiated from the engine in a single direction. 

The ion motor employs a charged-particle generator which uses, 

for example, a powerful electric arc to form ions, creating a so-called 

plasma. The most suitable substance for ion formation is cesium, which 

has a very low ionization energy. 

The ionized particles obtained are delivered to an accelerator 

where they are speeded up in an electromagnetic field which accelerates 

and focuses the ion beam. The change in momentum of the accelerated 

particles leads to the appearance of thrust. 

The impulse of such a motor is of the order of 1000 kg per sec 

per kg of working fluid; the total thrust, however, is low and is meas¬ 

ured in the kilograms and tens of kilograms. 

An ion motor cannot overcome the force of gravity, and will be em- 
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ployed for guided space flights. 

Electric power may be furnished to an Ion motor by an atomic elec¬ 

tric power plant or, possibly, solar batteries. 

The photon rocket motor is based upon the conversion of matter 

into light energy, i.e., there is a conversion of mass into the energy 

of electromagnetic radiation. 

As is known, light radiation has a definite pressure, depending 

upon temperature. The radiation pressure of a perfect black body is 

found from the equation 

P = 1.927-10“21 T4 kgf/cm2. 

At a temperature of 100,000°, the light pressure will be of the 

order of 0.2 kgf/cm2, while at 1,000,000°, it will be about 2000 
2 

kgf/cm . This makes it possible to obtain a thrust of about 20,000 tons 

O 
from an area of 1 m . 

A photon motor should consist of a chamber that is transparent to 

radiation from one direction. A thermonuclear process should be going 

on in the motor chamber, causing the matter to be heated to a tempera¬ 

ture of several tens of millions of degrees, accompanied by powerful 

radiation. 

Many major obstacles lie in the way of a solution to this problem. 

2. General Characteristics of Fuels for Liquid Reaction Engines 

In engineering, fuels are defined as substances or mixtures of 

substances capable of releasing a considerable amount of energy during 

chemical-reaction processes, which are normally described by the gen¬ 

eral term "combustion." 

Fuels for liquid reaction engines represent systems that under 

specific conditions are able to convert at considerable speed to other, 

less active systems, with the liberation of a large amount of heat and 

the formation of a considerable number of gaseous products, owing to 
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which it is possible to convert the potential energy concentrated in 

the initial substance or substances into heat energy, and then into 

the kinetic energy of motion of the gases creating the thrust. 

Fuels may be classified into the following three types according 

to the method of application: 

a) bipropellants, for which the oxidizer and combustible are sup¬ 

plied separately; 

b) monopropellants, containing within themselves all elements re¬ 

quired for combustion. 

The classification of reaction-engine fuels by composition is 

based upon the properties of the components, which determine the char¬ 

acteristics of the fuel as a whole. There is still no firmly estab¬ 

lished classification of fuels, and the details of this classification 

are arranged rather arbitrarily by various authors. 

It seems to us desirable at the present time to make the follow¬ 

ing classification of bipropellants (supplied separately) for liquid 

reaction engines, depending upon the oxidizers used. 

1. Fuel base: liquid oxygen. 

2. Fuel base: nitric acid and oxides of nitrogen. 

3. Fuel base: liquid fluorine and other oxyfluorides. 

4. Fuel base: concentrated hydrogen peroxide. 

5. Fuel base: tetranitromethane and other nitro derivatives. 

At present, the oxidizers most frequently employed in practice 

are: nitric acid, oxides of nitrogen, liquid oxygen and, less fre¬ 

quently, concentrated hydrogen peroxide; the most common combustibles 

are kerosene and other petroleum products, as well as alcohols, amines 

hydrazine and its derivatives. The combination of oxidizer and com¬ 

bustible is called a "propellant mixture" or sijnply a "propellant." In 

the majority of cases, the propellant mixture contains 75-W oxidizer 
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and 15-25# combustible. Fuel based upon liquid oxygen and 75# ethyl al¬ 

cohol represents an exception. Such a propellant contains 40-45# dilute 

alcohol and 55-60# oxygen [8,9]* 

Propellant properties and the possibility of using a propellant 

in a given engine system are to a large degree detemined by the nature 

of the oxidizer with respect to its specific properties. 

In oxygen-base propellants, alcohols are used as the combustible, 

although it is also possible to use petroleum products for this pur¬ 

pose. In order to start engines using these propellants, the propellant 

is forcibly ignited by means of a pyrotechnical charge or a starting 

nozzle. 

In fuels based upon nitric acid and hydrogen peroxide, the com¬ 

bustibles employed are amines, aromatic and unsaturated oxy compounds 

that form hypergollc combinations with these reagents. 

Liquid monopropellants differ from separately supplied fuels in 

that the oxidizer and combustible are stored in a single tank, and 

supplied together to the combustion chamber. These propellants have an 

advantage in that there is no need to use two tanks, which results in 

an engine structural simplification. In addition, the propellant is 

supplied to the combustion chamber in ready-mixed form which improves 

combustion conditions. 

Monopropellants mainly consist of liquid mixtures of oxidizers 

and combustibles or individual liquid explosives. This form of propel¬ 

lant, however, is far from having a secure position in rocket tech¬ 

nology owing to the fact that such propellants are very explosive sys¬ 

tems. In this connection, combustion or explosive decomposition in the 

combustion chamber of a reaction motor may penetrate to the propellant 

tank through piping (or the air) and end in an explosion. At the pres¬ 

ent time, only low-efficiency monopropellants having a low heat of com- 
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bustion are used, since these systems are not very liable to explosion 

[9]. 

Monopropellants are systems potentially able to decompose explo¬ 

sively and thus they differ chemically from separately supplied fuels. 

Fuels for liquid reaction engines are chosen with an eye to cer¬ 

tain energy, physicochemical, and operational properties. 

Let us consider the basic specifications applicable to fuels. 

1. Fuels should have high heating yields, evolve large quantities 

of gases with optimum physical properties of the combustion products 

so that the combination of these quantities will produce the maximum 

combustion-product exhaust velocity. Each of these characteristics 

taken separately in isolation from the remaining characteristics can¬ 

not characterize fuel quality with sufficient accuracy or completeness 

2. A fuel should also possess the greatest possible specific grav 

ity; in combination with other properties, this should provide maximum 

speed and range for the rocket. 

3. The propellant components should be good coolants, since in 

the majority of cases they will be used at the same time to cool the 

motor walls. In this case, the propellant should have sufficiently 

high heat capacity, thermal conductivity, and in many cases, a high 

latent heat of vaporization if the propellant components are to be 

utilized to cool the inside walls of the motor. 

4. The propellant should ignite easily and surely in the combus¬ 

tion cnamber from a special primer or upon contact of the oxidizer 

with the combustible. 

5. Hypergolic fuels are subject to the requirement that the igni¬ 

tion lag should if at all possible not exceed 0.02-0.03 sec. Here it 

is desirable that ignition should not be of explosive nature, and that 

the pressure developing upon ignition of the propellant does not con- 
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siderably exceed that at which the basic combustion process occurs. 

6. Mixed propellants should as far as possible possess high burn¬ 

ing rates, since the propellant does not stay in the engine very long, 

and thus combustion should be stable. 

7. The propellants should possess adequate chemical and physical 

stability, so as to permit extended storage. This requirement, however, 

does not exclude the use of chemically unstable substances, if methods 

are found to stabilize them, or of physically unstable oxidizers such 

as liquid oxygen. 

8. As far as possible, a propellant should not corrode standard 

structural materials (steel, etc.). Where this is not the case, special 

structural materials must be used for the rocket motors: aluminum or 

stainless steel. This requirement, however, does not exclude the pres¬ 

ent-day use of such oxidizers as concentrated nitric acid and hydrogen 

peroxide, which require special materials for storage. 

9. A propellant and propellant components for rocket motors should 

have low pour points (—40°, and in some cases —60 ), to prevent their 

solidification when the motor operates in the upper atmosphere (jet 

aviation with ZhRD) or upon storage during the winter. At the same 

time it is desirable that propellant components not boil at tempera¬ 

tures below 80-100°, so as to eliminate the need for special measures 

to prevent evaporation of these materials during storage. All of this, 

however, does not prevent the utilization in special cases of materials 

freezing at higher temperatures or boiling at lower temperatures. 

10. Propellants and propellant components for rocket motors should 

as far as possible not be highly toxic, a condition which complicates 

handling of the propellants. 

11. Mixed-propellant components and propellants should as far as 

possible have low surface tension and low true viscosity, guaranteeing 
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their pumpability and good dispersion in the motor combustion chamber. 

12. Propellants should not present danger of explosion during 

storage, and should not explode in the rocket motor under normal opera¬ 

tion. 

13. The raw-material and industrial base should provide for the 

manufacture of propellants for rocket motors. Speaking plainly, rocket 

propellants should be plentiful and cheap. 

This entire set of specifications given above should not be con¬ 

sidered as a law from which no deviations should be made. In individual 

cases, good propellant qualities, availability, or other special char¬ 

acteristics may make it desirable to use a given propellant although 

it may possess several undesirable properties. In other cases, although 

a propellant may have excellent energy characteristics, it may prove 

to be unfeasible owing to unfavorable operating qualities. 

3. The Concept of Determining the Stoichiometric Composition, Density, 
Specific Volume of Combustion Products, and Heating Value of a 
Propellant — 

For a preliminary characterization of a propellant, it is neces¬ 

sary to determine the stoichiometric composition of the propellant mix¬ 

ture and the composition of the combustion products, the propellant 

density, the specific volume of the combustion products, the propellant 

heating value, and to estimate the combustion-product exhaust velocity. 

The full calculation for ZhRD propellants is given in the book of M.I. 

Shevelyuk [10]. 

a) Determining the stoichiometric composition of a propellant 

As an example, let us examine propellant mixtures consisting of 

cyclohexane, alcohol, and oxygen. 

Complete combustion of these propellants takes place according to 

the equations: 

QHIS -Í- 90, -, 6C02 + 6IijO; 

- 3^7 - 



CjHjOH -h 30, -> 2C0j -I- 3H,0. 

The stoichiometric composition of a propellant mixture is found 

as the quotient resulting from division of the molecular weight of 

each component multiplied by the number of moles, by the total molecu¬ 

lar weight of the propellant mixture: 

= Mc.il,, -V 'üaï0( 1100 = 84 + o X *100 = 22,0#//# : 

o-=5TT^E-1<)0 = 78«’ 

For an alcohol-oxygen propellant, the calculation yields the fol¬ 

lowing composition: Og - 67.6% and CgH^OH - 32.4$. 
Less oxygen is required to burn alcohol, since the molecule is 

already partially oxidized. 

In general form, the combustion reaction may be written as fol¬ 

lows*: 

Cfll Ir,N.O, -f (2« -1-4-- jj X 0 ~> « CO, r y 11,0 -h ± N,, 

where a, b, c, and d are the number of corresponding atoms in the 

molecule. 

The complete combustion reaction equation for cyclohexane and 

nitric acid is found from the stoichiometric equation: 

0,11,. -b 7,2 UNO, -, GOO; 1- -9,611,0 -|- 3,6 N,. 

The propellant composition is: 

84 
'7,1' 

The stoichiometric composition is not optimal since a combustion 

process in liquid reaction engines normally takes place with a nega¬ 

tive oxygen balance, i.e., with an excess of combustible (a = 0.80-0.90), 

which results in maximum exhaust velocity and specific thrust. 

= stfSxm# 100“ ,5’7%; 

6 = c, 2 = d. 
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b) Density of propellant mixture 

The density of a propellant mixture is an important characteris¬ 

tic, since it is this factor that determines the supply of propellant 

in the tanks. It must be kept in mind, however, that in rocket motors 

the propellant components - oxidizer and combustible - are located in 

separate tanks, and thus in this case, we arbitrarily define the pro¬ 

pellant-mixture density as the value that would be obtained if the ox¬ 

idizer and combustible were mixed in one tank. 

The density of a multicomponent propellant is found by dividing 

the total molecular weight of the propellant-mixture components by 

their total specific volume: 

_ '¡i'Wj V "sM: -f ... nnl Mm 

^ ~ 'liM' ,hMi ~ . nntXL ’ 
W Î'* ' pm 

where n is the number of moles of the substances making up the propel¬ 

lant mixture; M is the molecular weight of the propellant components; 

p is the density of the propellant components. 

Let us find the density of the two propellants given above: cyclo¬ 

hexane-oxygen and cyclohexane-nitric acid: 

I X fl't -L 0 X 32 
For the cyclohexane-oxygen mixture, P = Vx m 1 <i x k 

u,7tm i,i4 

For the cyclohexane-nitric acid mixture, n 1 *8/| +7.- I.32. 
p ~ T.ax'ia 

0,7104" ' 1,5120 

High density is a factor that is favorable in propellant mixtures, 

since more heavy fuel than light fuel can be stored in the tanks of a 

rocket motor, all other properties remaining the same. 

c) Specific volume of gaseous combustion products 

The gaseous products which form upon combustion of a propellant 

mixture in the combustion chamber form the working fluid which used to 

convert the thermal energy of the propellant into the kinetic energy 

of the gases exiting at high velocity frpm the motor nozzle, and creat- 
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ing the thrust. 

The most efficient fuel, if it does not form gases, will create 

no thrust whatsoever upon combustion in the. motor. 

The "specific gas evolution" is used to characterize the gas¬ 

forming ability; this term is defined as the amount of gaseous products 

forming upon combustion of 1 kg of propellant, adjusted for normal con¬ 

ditions, i.e., 0° and a pressure of 760 mm Hg. The specific volume is 

computed by multiplying the volume occupied by a gram-molecule (under 

normal conditions, 22.41 liters) by the number of moles forming, and 

dividing by the total molecular weight of the propellant mixture: 

. 22,1 ^ 

« 11^1+iihMi-r 

where v0 is the specific volume of gaseous combustion products; n i? 

the number of gram-molecules forming upon combustion of the propellant; 

m is the number of moles in the propellant-mixture components; the M 

are the molecular weights of the components. 

Let us examine the specific volume of the combustion products 

formed from the propellants considered above. 

For a mixture of cyclohexane and oxygen 

vi> = •1000 = 722 liters/kg. 

For a mixture of cyclohexane and nitric acid 

yo 
22/i (G -I- 9,G -r 3.G) 

S>, -j- 7,3 X G3 
• 1000 = 794 liters/kg. 

d) Heating yield of propellant 

The heating yield of a propellant (H) is one of the most important 

characteristics of a propellant; upon it depends the thrust developed 

by the motor, since reaction motors operate on the principle of con¬ 

verting the thermal energy of tne propellant into the kinetic energy 

of the combustion products formed upon combustion, which are in the 
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gaseous state. The heating yield is associated with the chemical com¬ 

position of the propellant. The heating yield is the name given to the 

amount of heat liberated by a rocket propellant upon combustion of 1 kg 

of propellant mixture, i.e., mixture of oxidizer and combustible. 

The heating yield Is a true physical characteristic of a propel¬ 

lant where its absolute value depends solely upon propellant composi¬ 

tion, and not upon the combustion conditions. 

A propellant's upper-limit heat yield is a scientific and engi¬ 

neering standard quantity; it corresponds to the condition in which 

all of the water vapor in the combustion products and residual prod¬ 

ucts are cooled to 18°. Under actual combustion conditions in a motor, 

the water formed escapes in the form of vapors. 

In order to approximate to practical conditions, the heating 

yield is found under conditions in which the water vapor remains in 

the gaseous state, and it is assumed that the reaction products are 

cooled to the standard temperature of +18°. When certain types of 

rocket propellants are burned, oxides and fluorides of metals and non- 

metals may form (for example, BgO^, A1203» A1F3^ re(luirinS large ex¬ 

penditures of heat for vaporization, and thus in talking of the lower 

heating yield of Jet fuels, whose combustion products contain high- 

boiling substances, we have in mind conditions under which the high- 

boiling reaction products are in the vapor state. 

A calculation of the heating yield of a rocket propellant is car¬ 

ried out on the basis of the well-known Hess thermodynamic law accord¬ 

ing to which the amount of heat evolved or absorbed during chemical 

processes depends solely upon the initial and final states of the sys¬ 

tem of bodies participating in these processes. 

In thermochemistry, we mean by the initial and final states of 

the system of bodies participating in a reaction, the sum of the heats 
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of formation of the substances taken for the reaction and obtained af¬ 

ter the combustion reaction. 

Consequently, in order to carry out thermal calculations, it is 

necessary to know the heats of formation of the substances taken for 

the reaction and forming after the reaction, as well as the total 

molecular weight of the propellant mixture. 

The calculation is carried out in accordance with the formula 

u _• ("»ft + + “• nnfln) - ('Wj + "W, + •. • mmqm) 

where H is the heating yield (kcal/kg); m is the number of molecules 

of substances entering into the mixture; the M are the molecular 

weights of the substances taken up; n is the number of molecules of 

the substances forming; the are the heats of formation of the sub¬ 

stances forming; the q' are the heats of formation of the substances 

taken up. 

Let us examine the heating yield of a propellant consisting of a 

stoichiometric amount of cyclohexane and liquid oxygen, and burning in 

accordance with the reaction 

CjHu -|- 90, —* 6C0j 4* 6HjO. 

The heat of formation of °6H12 is 40.26 kcal/mole. The latent 

heat of vaporization for liquid oxygen is 1.632 kcal/mole, the heat 

capacity is 6.9 cal/mole*degree. Hence the heat of vaporization for 

liquid oxygen, allowing for heating from the boiling point of -182 to 

+18° is: 

i 5= 1,632 + 0,0069-200 = 3,01 kcal/mole. 

The heat of formation of CC>2 is 94.05 kcal/mole and for (in 

the vapor state) 57.8 kcal/mole. 

„ _ (6X9^,05+(5X57,8) - (40,29x1 + 3,01 X 9) ., 
84 + 9 X 32 X 1000 = 2270 kcal/kg. 

Aluminum burns in oxygen according to the reaction: 
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of formation of the substances taken for the reaction and obtained af¬ 

ter the combustion reaction. 

Consequently, in order to carry out thermal calculations, it is 

necessary to know the heats of formation of the substances taken for 

the reaction and forming after the reaction, as well as the total 

molecular weight of the propellant mixture. 

The calculation is carried out in accordance with the formula 

u _ - ("‘ft + + • • • Vn) - ("Wi + "W, + •. ■ mmqM) • 

where H is the heating yield (kcal/kg); m is the number of molecules 

of substances entering into the mixture; the M are the molecular 

weights of the substances taken up; n is the number of molecules of 

the substances forming; the 3 are the heats of formation of the sub¬ 

stances forming; the q' are the heats of formation of the substances 

taken up. 

Let us examine the heating yield of a propellant consisting of a 

stoichiometric amount of cyclohexane and liquid oxygen, and burning in 

accordance with the reaction 

+90,-*60),+ 611,0. 

The heat of formation of C6H12 is 40.26 kcal/mole. The latent 

heat of vaporization for liquid oxygen is 1.632 kcal/mole, the heat 

capacity is 6.9 cal/mole>degree. Hence the heat of vaporization for 

liquid oxygen, allowing for heating from the boiling point of -I82 to 

+18° is: 

i 1,632 + 0,0069-200 = 3,01 kcal/mole. 

The heat of formation of C02 is 94.05 kcal/mole and for H20 (in 

the vapor state) 57.8 kcal/mole. 

// (6X9/.,05+()X57,8) - (/.0,2()xl + 3,01 X 9) w 
84 + 9x32 X 1000 = 2270 kcal/kg. 

Aluminum burns in oxygen according to the reaction: 

( 

( 
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2A1 4- ll/s0, -> AljOj + 402 kcal. 

The upper-limit heat yield of this propellant is 

U _ _JJL_. 1000= 3940 kcal/kg. 

The lower-limit yield will be obtained if we make a correction 

for the latent heat of fusion and vaporization of aluminum oxide. 

Aluminum oxide melts at a temperature of 2050° and boils at 2980°; the 

latent heat of fusion is 8.2 kcal/mole and the latent heat of vaporiza¬ 

tion is I7I.I kcal/mole, so that the lower-limit heat yield, i.e., the 

heating yield where the AlgO^ is in the vapor state, will equal: 

Hh = /|02~1000 = 2220 kcal/kg. 

Knowing the heating yield of the propellant and the composition 

of the combustion products, it is possible to make an approximate de¬ 

termination of the combustion-product exhaust velocity and the specific 

thrust. To do this, we find the thermal efficiency according to the 

combustion-product composition. 

Thus, the heating yield of a kerosene-nitric acid (98$) propel¬ 

lant is 1425 kcal/kg,• the thermal efficiency is O.36O for a combustion- 

chamber pressure of 20 atm. Hence the exhaust velocity and specific 

impulse will equal: 

« = 91,53- V0,300-1425 = 20G0m/sec; 

p = 9,33-/0,350-1425 - 210 sec. 

This method for obtaining an estimate of specific thrust produces 

errors in comparison with experimental values of about 2.5$, and may 

be employed for first rough estimates of propellant quality. 

A calculation of propellant combustion temperature is of greater 

complexity than a calculation of propellant heating yield, since it is 

necessary to allow for the dissociation of the combustion products and 

the corresponding changes in composition and heats of formation of the 
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combustion products. The combustion temperature found with no allowan/be 

for dissociation does not reflect the physical pattern of the procès*. 

Detailed calculations for rocket-propellant combustion processes 

are given in the books of V.I. Pedos'yev and G.B. Sinyarev [9] and 

M. I. Shevelyuk [10]. 
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Chapter 2 

CHARACTERISTICS OP LIQUID-REACTION ENGINE FUEL PROPERTIES 

The properties that rocket propellants should have are deter¬ 

mined by the requirements Imposed during development and construction 

of the pockets. The specifications reduce to two main requirements: 

for minimum Initial weight, the rocket should attain maximum hori¬ 

zontal range or, with vertical launching, maximum ascent altitude, 

as well as maximum velocity at the end of the powered segment, l.e., 

when all of the propellant is burnt up. 

Methods for evaluating rocket propellants follow from these 

requirements. Propellant quality may be characterised In terms of 

speed, range, or height of ascent of the rocket. 

The maximum speed of a single-stage rocket at the end of the 

powered segment is determined from the equation [1] 

t/= «-In (1-f p-t) —^ 

where v Is the maximum rocket speed; u Is the combustion-product 

exhaust velocity; y Is a structural factor for the rocket - the 

ratio of the tank volume to the weight of the rocket without pro¬ 

pellant; g is the mean gravitational acceleration; t Is the flight 

time for the powered segment; p Is the propellant density. 

The combustion-product exhaust velocity Is found from the formula 

91,53/p?, (2j 

Where H Is the propellant heating value; qt Is the thermal efficiency, 

which depends upon the combustion-product composition and the pres- 
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sure in the chamber (more accurately, the degree of expansion), as 

follows from the data given below: 

Number of atoms 
in a molecule of p/Pq = 25 p/pQ = 100 
combustion products '' 

2 0.512 0.641 

3 0.369 0.482 

4 0.275 O.369 
5 0.218 O.298 

The combustion-product exhaust velocity, calculated from Eq. (2), 

may differ from the value obtained in practice, on the average, by 

± 2%. Thus, the theoretical velocity may be used as a preliminary 

propellant characteristic [1]. 

In order to simplify the calculations involved in a comparison 

of propellant quality, the earth's gravitational force may be neglected 

In this case, we obtain the so-called "ideal" maximum rocket speed: 

i> = « In (1 + dmf)\ 
0 = gflyjn (1 + d «T)* 

The maximum speed of a multistage rocket having completely identi¬ 

cal stages will take the form: 

v = n-uln(l +</«ï). 

where n is the number of stages (2, 3, etc.). 

Maximum rocket range is proportional to the square of the speed. 

According to Zenger's formula [2] it is proportional to the third 

power of the combustion-product exhaust velocity: 

S 'V3 Hn(l + ^)19. 

This relationship cannot be considered accurate, however. 

The heating value, combustion-product exhaust velocity, and 

specific thrust are primary propellant characteristics. Taken in a 

specific mathematical relationship with an allowance for the specific 
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gravity, they may characterize propellant efficiency. 

As possible rocket-propellant combustibles, we may consider 

I 

those elements and their compounds that in combination with oxidizers 

(oxygen, fluorine, etc.) give relatively high low-limit heat yields 

for the propellant mixture (no less than 1500-2000 kcal/kg) [2-5], 

The initial evaluation of the energy properties of proposed pro¬ 

pellants is carried out with no consideration of their operational 

qualities. 

Table 92 gives data on the heating yields for several propellant 

TABLE 92 

Heating Yield and Calculated Specific Impulse for Pro¬ 

pellants Based upon Oxygen and Several Simple Com¬ 
bustibles.* [1, 3-5] 

I 
9 

lO- 

II 
12 

15 
16 

U 
19 
20' 

1) 3«cMtNr 

Bo.lOpOA . 

Voicpoi . 

Jlitrnfl . . 

ßcpiwuiift . 

Cop . . . 

/VitOMimiift 

Manuiii . . 

KpCMIlllii . 

^ofijiop . . 

Kiwibuiifi . 

CK3IIJIIM . , 

Tiiiaii . . . 

BauaAHH . . 

Umpkoiiiim . 

2> Ok ucea 

HjO 
CO, 
U,0 
BcO 
BA 
AI A 
MßO 
SiO, 
PA 
CiO 
ScjO, 
TiO, 
VA 
Zr,0, 

TçnaonpoHiiiojiRTeaMocTk, 
J ) KM tint 

• I )uciu*a 5) ~ NN.iwaa 

ttK 

p!p.-u 

2140 
4760 

5400 
4340 
3840 
3630 
3420 
2540 
2710 

•2070 
2730 
2050 
2100 

3215 
2140 
1460 

2|l<)rp iiuaTMbHaa 
3060 
2220 

OrpimaTejibHaa 
2060 

420 

322 
263 
216»* 

240 
201 

253 

IbC. 

P/0.-1Û0 

370 
300 
247 

282 
240 

*Hydrocarbon propellants using oxygen give a heat 
value of 2270 kcal/kg, and a calculated specific im¬ 
pulses of270 and 310 sec. 

**Accordlng to recent data from the foreign literature 
[5a], the specific impulse for the Li + 02 system comes 

to 318 sec, with p/p0 = 30. This question should be 

checked in connection with the contradictory data on 
the heats of formation of gaseous . 

1) Element- 2) oxide; 2) oxide; 3) heating yield, kcal/kg; 
4) high; 5) low; 6) specific impulse, sec; 7) hydrogen; 
8) carbon; 9) lithium; 10) beryllium; 11) boron; 12) alumi¬ 
num; 13) magnesium; 14) silicon; I5) phosphorous; l6) calcium; 
17) scandium; l8) titanium; 19) vanadium; 20) zirconium. 

- 358 - 



mixtures made up of certain elements and oxygen, and the specific 

impulses that would be obtained upon combustion of such a propellant 

in a rocket motor at 25 and 100 atm and combustion-product expansion 

to a pressure of 1 atm. 

The heating yield of propellant mixtures based upon elements 

and oxygen is found from the heats of formation of the corresponding 

oxides, and the lower-limit heat yield by deducting the heat expended 

upon vaporization of the oxides. 

Such elements as beryllium and magnesium develop large quantities 

of heat upon combustion. This amount of heat, however, is insuffi¬ 

cient for total vaporization of the combustion products, which should 

form the working fluid in the exhaust process. Boron and aluminum 

provide high heating values when used in propellant mixtures. In this 

case, however, pentatomic combustion products are formed; their 

thermal efficiency upon expulsion is low: r)t = 0.22-0.37. Thus the 

specific impulse does not exceed that available from propellants 

based upon hydrocarbons and oxygen. 

The remaining elements, not shown in Table 92, have poorer 

energy indices. 

In addition to oxygen, it is theoretically possible to employ 

fluorine as an oxidizer, since of all the known elements capable of 

functioning as oxidizer, oxygen and fluorine alone yield propellant 

mixtures with high heat yields. 

The energy properties of propellant mixtures based upon several 

elements and fluorine are shown in Table 93- 

Fluorine, used as an oxidizer in conjunction with the majority 

of elements (excluding carbon) is able to provide a propellant having 

better indices than propellants using an oxygen oxidizer. Fluorides 

have lower boiling points than oxides, and several of the fluorides 
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1 
TABLE 93 

Energy Indices for Propellants Based upon Fluorine in 
Combination with Several Simple Combustibles* [3, 5, 6]. { 

^Hydrocarbon fuels with fluorine give heat yields 
of 2UU0 kcal/kg and calculated impulses of 290 and 
330 sec. 

1) Element: 2) fluoride formulas; 3) heating yield, kcal/kg; 
4) high; 5) low; 6) specific impulse, sec; 7) hydrogen; 
Ö) carbon; 9) lithium; 10) beryllium; 11) boron; 12) alumi¬ 
num; 13) magnesium; 14) silicon; 15) phosphorous; 16) cal¬ 
cium; 17) titanium; l8j zirconium. 

are gases under normal conditions. Thus, there is a decrease in the 

Inefficient expenditure of heat on vaporization of combustion products, 

and the major portion of the energy freed is converted into mechani¬ 

cal work. At the same time, we should note that despite its excellent 

energy indices fluorine has drawbacks as an oxidizer that complicate 

its application. The gravest of these are high toxicity and low 

boiling point. 

Table 94 gives data for the heat of formation of oxides and 

fluorides in the solid and gaseous states. Figure 125 illustrates 

the heating yield and specific thrust (specific impulse) of propel¬ 

lants based upon several elements with oxygen and fluorine, and the 

heat capacity of the combustion products for a combustion-chamber 

pressure of 22 atm, and expansion of the combustion products to 
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TABLE ?4 
Heats of Formation of Oxides and Fluorides in Solid and 
Gaseous State [4]. 

D 

9 
10 

' JIiithA 

BcpmuiiiA . 
Bop • • • 

11) AviiOMiimiA . 

12) ‘"ar,IH* • • ■ 
13)KpcmhhA .. 
14 Oca}»? . . . 

Ka^bUiiA . . 
Vr.ncpoA . . 
BoAopoA . . 
JlimiA . . . 
DcpiiiiauA.. 
M.iniiiA . . . 
AakimiihhA . 
Bop ...-. 
KpcM.IHH . . 
Ka:.L.umï . . 

il 
21 
22 
2 ï 
25 Vr.icpoA 

- \ ONllCJia MilII 
¿) ♦rop«AJ 

HjO 
LtiO 

' BcO 
B,0, 

Al,0, 

MgO 
SiO, 

PA 
CaO 
CO, 
HF 
LiF 
BcF, 
MgF, 
AIF, 
BF, 
SiF, 
CaF, 
CF« 

3) Mon. ncc. 

18,02 
20,88 
25,02 
G9,G4 

101,94 

40.32 
G0.0G 

141,98 
56,08 
44,01 
20,01 
25,94 
47,02 
63.32 
83,47 
87,82 

104,06 
78,08 
88,01 

11 
Tcimota oCp.i3onnRM», 

KMtlt’MM 

5} 
• rac;>AOM 
coeriiuiiHM 

142.6 

¡43 
305,4 

402 

143,8 
210 

360,0—367,0 
151.7 

146,3 
241.8 
263.8 
355,7 

290 

nnpoodpaMOM 
cotTonimn 

57,78 
43,68 

214,8 

222.7 

79.1 
350 

29 
94,052 
64.2 
82,7 

186.8 
176,1 
281,3 

267,0 
373,0 

218 (187) 

1) Element; 2) formula of oxide or fluoride; 3) mole¬ 
cular weight; 4) heat of formation, keal/g-mol; 5) in 
solid state; 6) in gaseous state; 7) hydrogen; 8) lithium; 
9) beryllium; 10) boron; 11) aluminum; 12) magnesium; 
13) silicon; 14} phosphorous; 15) calcium; l6) carbon; 
17) hydrogen; 18) lithium; 19) beryllium; 20) magnesium; 
21| aluminum; 22) boron; 23) silicon; 24) calcium; 
25) carbon. 

Fig. 125. Specific thrust for several 
propellants as a function of heat content 
and heat capacity of combustion products, 
l) Specific thrust, kg’sec/kg; 2) heat 
content of propellant, keal/kg; 3) specific 
heat capacity, cal/mole,0C; 4) alcohol; 
5) aniline. 
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1 atm, from the data of Pizelli and Reyngart [?]. 

Low heat capacity in the combustion products, given equal heat¬ 

ing yield, is a condition favorable to the creation of high specific 

thrust, since in this case, the major portion of the propellant 

thermal energy is converted into mechanical work. 

TABLE 95 

Efficiency Characteristics of Rocket Propellants in Terms 
of Maximum Speed and Range for Various Rocket Structural 
Factors [6-8). 

1) 
Pmctmo« Tan «mo 

' 2) 
VacjmiuA «et 

-T) 
* .VamimA 
Il MU y 4ht 

(P//V 26), 
et* 

CKopMTb (nierk) 
p*k»M U pH IMUIMHIIMX IIIIJICKCIJI 
4 ) hOHCTpyxllllK P9KCTM 

5T^ 
MaKriiu.ijifcu9i 
AfMLHnCTh KPN 
Y — 0, KM 

Y «* 1 Y«» 

+ 0. 

+ F, 

Hi+O, 
C+0, 
B-l-O, 

Al + O, 

Si + Oi 
Li -f F» 

Be + F, 

B + F, 
AI -)-F, 

MC-h F, 
Si + F, 

1.0 

1.38 

O.« 

1.3 
1,28 

.1,64 
1,50 

1.0 
1,57 

1,60 

1,76 

1,60 

1,66 

270 

200 

522 

263 
240 

207 

253 
370 
358 

505 
284. 

204 

260 

1050 

2380 

1000 

2200 
2020 
2140 

2260 
2570 

5.320 

USOU 
2750 
2700 

2470 

3000 

3660 

1330 
3300 

3170 

3270 

3480 

4270 
5100 

4400 

4260 
4220 

3160 

6100 

6220 

4030 
6270 

6200 

5550 

.6050 
8550 

8730 

7500 
8060 

7200 
7100 

3200 

4020 

1500 

3800 

3320 

3350 
3100 

. 8700 
0350 

5860 
6750 

4230 

1) Rocket propellant; 2) specific gravity; 3) specific 
impulse (p/Pq = 25), sec; 4) maximum speed (m/sec) of 

rocket for various rocket structural factors; 5) maximum 
range for y = 9, km. 

It should be noted that the specific thrusts given for several 

propellants by various sources (Tables 92, 93, and Fig. 125) are of 

the same order. 

Table 95 gives the efficiency characteristics for rocket pro¬ 

pellants in terms of maximum speed and range for various rocket 

structural factors. 

In addition to the specific impulse, propellant density, which 

is determined by the density of its components, has a considerable 

effect upon rocket speed and range. 

- 362 - 



Fig. 126. Specific impulse as 
a function of propellant sys¬ 
tem. 1) nitric acid-aniline; 
2) nitric acid-ammonia; 3) nit¬ 
ric acid-kerosene; hydrogen 
peroxide-kerosene; 5) solid 
propellants; 6) oxygen-alcohol; 
7| hydrogen peroxide-hydrazine; 
8) oxygen-kerosene; 9) oxygen- 
hydrazine; 10) fluorine- 
ammonia; 11) fluorine-hydra¬ 
zine; 12) oxygen-hydrogen; 
13) fluorine-hydrogen. A) sec. 

Thus, the density of liquid 

oxygen at the boiling point is 1.14, 

and that of liquid fluorine, I.5I. 

This in part accounts for the fact 

that fluorine is a more efficient 

oxidizer than oxygen. 

The utilization of oxygen as an 

oxidizer for propellant mixtures con¬ 

taining Al, Mg, and even B is un¬ 

favorable in comparison with propel¬ 

lants based upon oxygen and hydro¬ 

carbons . 

The utilization of fluorine as 

an oxidizer may make it desirable to 

use boron and beryllium [9, 10]. 

Since it is difficult to supply 

solid combustibles to ZhRD, it has 

been proposed that they be used in 

the form of suspensions in hydrocarbons or liquid inorganic compounds 

of boron with hydrogen B^N^Hg) and aluminum [A^BH^)^]; this 

will evidently be advantageous only where fluorine is used as the 

oxidizer. 

Of the oxidizers containing oxygen, practical utilization has 

been made of nitric acid, oxides of nitrogen, and hydrogen peroxide 

(in an auxiliary role). The possible utilization of tetranitromethane 

and perchloric acid has been discussed in the literature [8] (Table 

96). 

Figure 126 gives specific-impulse values for various reaction- 

engine propellants as a function of the propellant system used [13]. 
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Fig. 127. Specific impulse for propellants with 
various oxidizers and combustibles. Along axis of 
abscissas: 1) liquid hydrogen; 2) hydrazine; 
3) unsymmetric dimethylhydrazine; 4) diethylene- 
triamine; 5) RP-1 kerosene; 6) ammonia; 7) ethanol; 
8) diborane; A) specific impulse, sec. 

TABLE 96 
Characteristics for Several Rocket Propellants Using 
Oxygen-Containing Oxidizers. [5, 10, 11, 12]. 

q J Toimmo • ( 

"5T 
n^oT' 

IIOCTb 

upoinnoAH' 
TC^MIOCTb, 
kmâIkí 

VamLimA 
HMny/ii»c 

(p/p.--=25) 
CCK, 

C \ MüXCIIHAJIhlinll CKOpOCfb 
J /paxcru (mIcik) npw hhackcc 

KoncrpyKiiiiH 

Y- 1 Y = 2.07 Y «= # 

CnH^+O, 

C,H,OH (75$) + 0o 
CnHlB+HNO, ¿ 

c„hm + na 

CnHM+C(NO,)« 

CflHjn + HC10* 
+OFj 

1,02 

1,02 
1,35 

1,32 

M7 

1,50 

1,30 

2270 

1700 
1450 

1725 

1700 

1GG0 

2530 
( 

270 

235 
210 

240 

245 

231 

315 

1950 

1015 
1S10 

1970 

2180 

2040 

2040 

3020 

2100 
2840 

3080 

3300 

3170 

4140 

0100 

5300 
5000 

5440 

5840 

5500 

7200 

l) Propellant; 2) density; 3) heating yield, kcal/kg; 
4) specific impulse (p/p0 = 25)> secî 5) maximum 

rocket speed (m/sec) for structural factor. 

Figure 127 shows the specific impulse for propellants based 

upon liquid oxygen and liquid fluorine, as well as other oxidizers 

for various combustibles at a pressure differential p/Pq = 67.7. 
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Fig. 128. Relationship between specific 
impulse and density of propellants for 
ZhRD. X) F^; +) — 02; 0) oxides of nitro- 

gen-H202; A) nitric acid with oxides of 

nitrogen; •) l) Specific impulse, sec; 

specific gravity of propellant. 

Owing to the high density of the propellant obtained, nitric 

acid has advantages in comparison with liquid oxygen for rockets hav¬ 

ing small structural factors. It is advantageous to use liquid oxygen 

for long-range purposes where the structural factors are considerable. 

Figure 128 examines the relationship between specific impulse 

and propellant density for a chamber pressure of 67.7 atm and a 

nozzle-exit pressure of 1 atm. 

Maximum specific impulse of 390-410 sec is obtained for propel¬ 

lants having low densities in the 0.3-0.5 range, since these propel¬ 

lants are based upon liquid hydrogen and liquid oxygen and fluorine. 

The possibility of utilizing ZhRD propellants depends upon 
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several operating properties, of which the most important are sta¬ 

bility and reliability of combustion, the possibility of starting 

the motor with the given propellants, and a secure propellant supply 

[14]. 

This entire set of factors is examined in the chapters to come 

for the basic forms of propellant which presently consist of propel¬ 

lants based upon nitric acid, oxygen, and hydrogen peroxide. 
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Chapter 3 

THE ROLE OF PHYSICAL-CHEMICAL PROCESSES IN THE SELF-IGNITION, 

IGNITION, AND COMBUSTION OF FUELS IN ZhRD 

Operating processes in liquid reaction engines are very compli¬ 

cated and, as yet, no theory has been developed for them. Combustion 

processes in engines consist of physical-mechanical phenomena, such 

as dispersion and mixture formation, and physical-chemical phenomena 

related to reaction kinetics. 

We shall confine ourselves chiefly to a characterization of the 

physical-chemical phenomena. 

1. GENERAL CONCEPTS OF THE ROLE OF PHYSICAL-CHEMICAL FACTORS IN FUEL 
IGNITION 

Self-ignition may be considered to be a process of ignition with¬ 

out the participation of an open flane, i.e., at temperatures con¬ 

siderably lower than those developed upon combustion. In this case, 

the temperature corresponding to the combustion process is reached 

owing to reactions occurring prior to the appearance of a flame. 

Autoignition is encountered in the working processes of modern 

internal-combust!on engines. Engines using the Diesel system work on 

the principle of fuel self-ignition. In carburetor-type engines, on 

the other hand, self-ignition disturbs engine operation, and leads 

to knocking. In thermal-jet engines, fuel self-ignition is an advan¬ 

tageous phenomenon, and facilitates stable operation of the engine. 

In certain types of liquid reaction engines, a self-igniting fuel is 
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used to start the engine. 

Auto-ignition may be divided into two types: "chemical" and 

"thermal" self-ignition. 

Chemical self-ignition occurs as the result of the vigorous 

chemical reaction of an active oxidizer with a reactive combustible 

(for example, amines with nitric acid) and develops at high speed. 

The process is initiated at the ambient temperature (for rocket pro¬ 

pellants, in the i 40° region). 

Thermal self-ignition requires that heat be supplied to develop 

the rapidly occurring preflame reactions, and it occurs when the sub¬ 

stance has been heated to temperatures of the order of 300-500°. It 

is observed in systems of substances with a relatively low reactivity 

(for example, petroleum products and nitric acids, gaseous oxygen, 

and hydrocarbons). 

"Chemical" and "thermal" self-ignition are identical in their 

physical-chemical nature and differ only in the temperature region 

for which the ignition process is initiated. 

Chemical ignition is customarily characterized by the ignition 

lag (or induction period), i.e., the time elapsing from the instant 

that the components of the reacting mixture come into contact to the 

time at which the flame appears. 

Thermal self-ignition is characterized by the minimum tempera¬ 

ture at which the self-ignition process develops, and also by the in¬ 

duction period. 

A theory of self-ignition processes has been developed by N.N. 

Semenov, Ya.B. Zel'dovich, O.M. Todes, D.A. Frank-Kamenetskiy, et al. 

[1-4]. 

Self-ignition of a system capable of reacting endothermically 

(for example, as a result of oxidation reactions), may occur through 
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different mechanisms: 

a) thermal mechanisms; 

b) chain mechanisms; 

c) mixed chain-thermal mechanisms. 

Let us examine the essential nature of these concepts, 

a) Theory of Thermal Self-Ignition 

The theory of thermal self-ignition was developed for reactions 

occurring in the gaseous phase, where it has received good quantitative 

confirmation. For auto-ignition of liquid components, where the reac¬ 

tion is initiated in the condensed phase, this theory can be used only 

for a qualitative description of the process. 

N.N. Semenov was the first to give a mathematical formulation 

for the self-ignition conditions: self-ignition is possible when the 

heat evolved from the preflame reactions is equal to or greater than 

the heat losses of the reacting system to the ambient medium. 

Thus, if in the gaseous phase the reaction proceeds at a rate 

that can be measured by the number of molecules of product appearing 

in one sec in unit volume, the amount of heat q^^ liberated in the en¬ 

tire volume V each second will be: 

Q 
<7i = vjw> 

where Q is the heat of the reaction developed upon formation of 1 g-mole 

of product; N is the Avogadro number; w is the reaction rate. 

The reaction rate in the initial stage will equal: 

w = kanc~E/RT, 

where a is the concentration of the material; n is the order of the 

reaction; E is the activation energy; T is the temperature; R is the 

gas constant. 

Then the amount of heat developed by the reaction will be 

<7i = v~-kane-ElRT, 
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or 

4i = vAañe-EI*T. 

On the other hand, the amount of heat carried off from the reac¬ 

tion volume through the Interface ie, according to the well-known heat- 

transfer law, equal to: 

qt = a (T| ■” T"*) 

where a is the heat-transfer coefficient; Tj is the temperature of the 

reacting substance; T0 is the ambient temperature; F is the heat- 

transfer surface. 

Thus, the self-Ignition conditions may be expressed mathematically 

as follows: 

oAa'c-M > *(TX-T¿F 

(liberation of heat °í he?ï fc? 
from preflame reaction) ambient medium) 

If the reaction takes place in a spherical volume, then v = 

= (4/3)=1-3 and P = 47Tr2, and we may write: 

rA'anc~n,llT > a (Ti —T»). 

When the mass of the reactant increases, the volume rises in pro¬ 

portion to the cube of the radius, while the heat-transfer surface in¬ 

creases in proportion to the square of the radius; thus, an Increase 

in the volume of the material creates conditions favorable to the 

accumulation of heat. 

It follows from the self-ignition conditions that system self¬ 

ignition will occur at a temperature T that is the lower the higher 

the initial temperature, and the higher the concentration of the reac¬ 

tant a of the vapor pressure P (for reactions occurring in the gaseous 

phase), and the greater the volume of the reactant, since the heat 

losses to the ambient medium will be less. 

This may be illustrated by data on the way in which the ignition 
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temperature of a gas-mixture combustible depends upon vessel dimen¬ 

sions: 

Vessel volume, cm3 tuíe^oc1“™ 

15 730 
225 675 

The effect of pressure upon the auto-ignition temperature of 

benzene vapors with air is illustrated by the following data: 

Pressure, atm 

3 
11 
33 

Auto-ignition tem¬ 
perature, °C 

425 
308 
260 

The auto-ignition temperature is related to the time given over 

to the selfpropagation of a preflame reaction. 

Thus, for example, methyl nitrate CH^ONOg at a temperature of 

2690 has an ignition lag of 5 sec, and at 435°, has a lag of 1*10”3 

sec . 

A similar phenomenon is observed with mixtures of hydrocarbons 

and air, as may be seen from the example of heptane: 

Auto-ignition tem¬ 
perature, °C 

680 
580 
540 

Lag, sec 

0.003 
0.1 
1.0 

The over-all way in which the auto-ignition temperature T de¬ 

pends upon the auto-ignition lag t may be illustrated graphically 

(Pig. 129). 

Thus, the auto-ignition temperature of a substance is not a 

physical constant, but depends upon experimental conditions [5]. 

The more time allotted for self-propagation of the preflame reactions, 

the lower the temperature required to initiate the process. 

Despite the fact that the thermal theory of self-ignition holds, 
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a large number of cases are encountered in practice that do not fit 

within its framework. 

In many cases, the induction period is connected not with heating 

of the mixture, but with the period of time required for isothermal 

selfpropagation of the reaction owing to the development and branching , 

of chains in the reacting substance. 

b) Chain Mechanism of Self-Ignition 
r 

The majority of reactions actu¬ 

ally occurring are accompanied by a 

series of interconnected conversions, 

and thus take place in accordance 

with a more complicated law. The ele- 

Fig. 129. Nature of variation mentary stages of a complex reaction 
in self-ignition lag as a 
function of temperature. take place in accordance with the 

laws of a mono- and bimolecular reactions, while the course of the 

reaction as a whole is governed by totally different relationships. 

It was precisely in the study of reactions not fitting within the 

concept of the classical course of chemical reactions that the theory 

of chain reactions was developed. 

According to the theory of chain reactions, an excited molecule 

entering into a chemical reaction produces excited molecules that, 

reacting, in turn yield new excited molecules, etc. When an elemen¬ 

tary reaction takes place in a medium, an energy Q is thereupon liber¬ 

ated, equal to the heat of reaction, and an energy E is absorbed, 

required for converting the molecules to the active state. This energy 

is initially connected with the reaction products. Later, following 

a series of molecular collisions, it may be transmitted to the entire 

volume of the reacting substance. But there may also be. a case in 

which this energy is transmitted by collision to one or several mole- 
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cules, owing to which one or several active molecules appear. Chain 

branching then occurs, and there may be more active molecules than 

would be expected from the theory of distribution of active molecules 

in the given gas volume in accordance with classical notions. In 

this case, the formation process of active molecules may proceed so 

vigorously that the rate of conversion of the substance rapidly reaches 

values corresponding to an explosion or to ignition. 

c) The Mixed Chain-Thermal Self-Ignition Mechanism 

In cases in which the thermal theory holds, but the induction 

period for self-ignition is very great, the development of chains 

takes place very slowly. This is explained by the fact that compara¬ 

tively stable intermediate reaction products are formed, which as 

they accumulate react independently themselves, yielding end products. 

Prom time to time, owing to the energy of the secondary reaction, 

centers are created capable of again initiating a primary-reaction 

chain. Chain processes of these types with delayed chain branching 

are observed in solid and liquid explosives upon heating to compara¬ 

tively low temperatures. 

Investigation of the kinetics of these reactions has shown that 

they occur autocatalytically, i.e., the products forming as a re¬ 

sult of the reaction accelerate the basic reaction. The change in 

the rate of this type of reaction with time is represented by the 

equation 

W => A-ey', 

where A is a certain quantity, constant for the given reaction; t is 

the ignition lag time; cp is the reaction selfpropagation constant 

, , n--E/RT equal to a e 

If the rate of a chain reaction at some temperature that has not 

yet reached a certain maximum corresponding to explosion exceeds a 
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certain critical value Wkr, for which the heat of reaction will exceed 

the heat transferred, the thermal equilibrium will be destroyed, and 

In place of a chain explosion, we will observe a thermal explosion. 

This situation may be Illustrated 

graphically (Fig. 130). 

For cases In which the reaction 

rate does not reach the critical value 

wkr' inSition and explosion will not 

occur. 

Thus, normal Ignition or explosion 

of a specific volume of substance 
Fig. I.30. Nature of increase 
in reaction rate in time t for 
thermal-chain ignition. 

occurs provided that first, specific 

thermal conditions and, second, specific conditions for chain develop¬ 

ment are observed. 

It is clear that the more the preflame reaction is exothermal, 

the sooner a thermal explosion will set in and, consequently, the 

greater its role in the self-ignition process. 

Explosives or monopropellants require a rather long period of 

time to become ready for self-ignition; this time is spent in the 

development of chains prior to the self-ignition instant. For hyper- 

golic propellants in which an oxidizer reacts with the combustible, 

-iberating a large amount of heat at the initial instant, slow chain 

development is lacking or reduced to a minimum, i.e., self-ignition 

occurs thermally. 

2. SELF-IGNITION OF LIQUID FUELS 

The process of chemical self-ignition of condensed systems begins 

to develop in the liquid phase and concludes in the gaseous phase, 

i.e., self-ignition is preceded by evaporation of the substance ow^.ng 

to exothermal preflame reactions that are connected with chemical con- 
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versions of the initial components. The fact that self-ignition is 

concluded in the vapor phase follows from the widely known fact that 

combustion always occurs in the gaseous phase [6], while self-igni¬ 

tion represents the initial phase of a combustion reaction. 

Self-ignition of organic substances normally occurs at tempera¬ 

tures reaching at least several hundred degrees (400-600°), and com¬ 

bustion above 1000°. At the same time, evaporation and boiling of 

organic combustibles and oxidizers begin at temperatures of 100-200°, 

while thermal dissociation commences at 300-400°. Thus, the physical 

process of change in the physical state of such substances begins 

earlier than does self-ignition. 

For hypergolic rocket propellants in the liquid phase, however, 

preparatory exothermal preflame reactions occur. As a resulc of these 

reactions, unstable intermediate products may form, and the reacting 

mixture may begin heating to the boiling point of 100-200°. These 

reactions may limit the process as a whole. 

This follows from the fact that hypergolic propellant mixtures 

such as nitric acid-triethylamine ignite spontaneously upon con¬ 

tact of the liquid components even at negative temperatures (in the 

sense that the development of the process commences at low tempera¬ 

tures), but they do not ignite in the vapor state at temperatures of 

100-200°. Self-ignition of the vapors commences only at tempera¬ 

tures above 200°. 

This phenomenon is easily explained from the point of view of 

thermal self-ignition. In the vapor state the density and, conse¬ 

quently, the concentration of the reacting substances in unit volume 

is several hundred times less than in a unit volume of liquid. Thus 

the rate of initiating reaction may be thousands of times less and, 

consequently, less heat is accumulated. In order to increase the 
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1 

Fig. 131. Increase in temperature 
and reaction rate for hypergolic 
rocket propellants. (The temperature 
and reaction rate are plotted on the 
axis of ordinates and the reaction 
time on the axis of abscissas). 

reaction rate, it is necessary to raise the temperature above 200°. 

The fact that unstable intermediate products are evidently formed 

is also supported by the circumstance that vapors of nitric acid and 

trlethyl amine do not ignite spontaneously with a noticeable rate 

at the boiling point, but self-ignition of these substances does occur 

in vapors less than 0.02 sec after they have been mixed in the liquid 

piase. 

In addition to the chemical factors connected with the velocity 

and exothermal nature of the preflame reactions and the physical con¬ 

ditions that determine the heat removal, the self-ignition process 

may be conditioned by physical-mechanical factors. They include all 

factors that may affect the rate of mixing of the reacting components. 

Among these may be numbered the viscosity and surface tension of the 

oxidizer and combustible, as well as the method by which they are 

mixed. 

Not long ago, the following scheme was proposed for the ignition 
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of hypergolic rocket fuels; It takes into account the growth in the 

temperature of the reacting mixture and the corresponding reaction 

rate in time [1]. 

On Fig. 131 » segment OA corresponds to the contact and mixing 

time of the propellants. In this region, the reaction is so practi¬ 

cally imperceptible before point A, and thus the temperature at 

point A is equivalent to the temperature Tq. 

The exothermic reaction in the liquid phase begins at point A, 

and the temperature and reaction rate rise. Point B corresponds to 

the auto-ignition temperature and the reaction rate W. Temperature 

T and the reaction rate W, correspond to the beginning combustion, 
b D 

The total ignition lag t is determined by the time at which the 

reaction begins (depending upon the rate ol mixing of the components) 

and the auto-ignition time ty (depending upon the rate and exothermic 

nature of the reaction and the heat removal). 

The total time required for self-ignition depends upon chemical 

factors, heat-removal conditions, the physical properties of the 

liquid components, and the method of mixing. The role of all of these 

factors is not always the same. Thus, the greater the speed of the 

endothermal preflame reactions or, in other words, the more active 

the propellant, the less important the role played by the physical 

factors. 

3. IGNITION BY OPEN FLAME 

In contrast to self-ignition, which occurs at relatively low 

temperatures and which is associated with the accumulation oí heat 

from preflame reactions or active centers, another mechanism is in- 

volved in the ignition of the combustible in a gas mixture in a motor 

by means of an open flame at a temperature of the order of 1500- 

3000°. 
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In this case, the ignition mechanism approaches the conditions 

observed upon establishment of a combustion process. If with self¬ 

ignition, heating of the substance as a result of the preflame reac¬ 

tions proceeds slowly, upon ignition by an open flame, the heat flow 

from neighboring layers causes a rapid increase in temperature; thus, 

active centers diffuse from adjacent layers. 

Since ignition of liquid substances is preceded by preliminary 

evaporation, their ignition by an open flame amounts to heating the 

surface to a temperature at which rapid evaporation or boiling will 

occur, to mixture formation, and to ignition of the resultant vapor 

products. 

If, however, the substance is so volatile that there is a ready¬ 

made combustible vapor-air mixture above its surface, capable of 

igniting, the ignition conditions reduce to those for the ignition 

of normal gas mixtures. 

Upon injection of the oxidizer and combustible into the combus¬ 

tion chamber, the vaporization of individual drops represents a very 

slow stage in the process in comparison with the ignition of the 

vapors. In this case, ignition of the components by an open flame 

will be governed by the heat-supply and drop-heating conditions; the 

rate of drop heating will depend upon their dimensions. 

It follows from what has been said that the degree of dispersion 

is of great importance; this in turn depends upon the propellant 

supply pressure, and upon nozzle design. 

4. THE EFFECT OF THE CHEMICAL NATURE OF A PROPELLANT UPON THE OPERAT¬ 

ING STABILITY OF LIQUID REACTION MOTORS 

Pressure fluctuations (up to 50^ or more) at a frequency of 10- 

5000 sec-^ may be observed upon combustion of fuel in the chambers 

of liquid-fuel rocket engines. 
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Fluctuations at a frequency of the order of 220-360 sec”1 are 

classified as low-frequency oscillations, and are accompanied by a 

change in pressure and radiation. 

Oscillations at a frequency of 6OO-I5OO sec 1 are called high- 

frequency oscillations [8], They are accompanied by propagation of 

compression waves along the axis of the motor. These oscillations may 

reach such values that the motor is in danger of destruction. 

The appearance of unstable pulsation combustion is observed to 

a large extent in low-activity diergolic propellants, where it may not 

appear at once, but after several seconds of motor operation. Pulsa¬ 

tion combustion, however, can also occur with hypergolic propellants. 

The appearance of pulsation combustion will disturb the supply 

of propellants; fuel delivery will be uneven, and will vary in tjme 

between a maximum and a minimum value, depending upon the combustion- 

chamber pressure fluctuations and the drop at the nozzles, which is in 

turn associated with the amount of propellant arriving. The magnitude 

of these oscillations depends upon the physical-chemical properties 

of the propellant and the hydraulic supply system, dispersion, and 

mixture formation for the propellant components. 

In 1951, Summerfield [9], analyzing unstable combustion in ZhRD, 

advanced the idea that the appearance of oscillations upon unstable 

combustion is explained not only by physical-mechanical factors, but 

also by the existence of the induction period, i.e., a certain time 

interval t between a variation in the propellant supply and the subse¬ 

quent change in pressure in the chamber resulting from combustion of 

the propellant. The length of the induction period depends upon 

physical processes (dispersion, mixing, vaporization) and upon the 

cnemical reaction of the components. With a decrease in the period of 

induction, the possibility of an unstable combustion regime appearing 
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is reduced. 

The time interval from the appearance of the propellant in the 

motor to the formation of the end products of combustion may be repre¬ 

sented as consisting of the following stages [10, 11]: 

Atomization of the 
propellant t. 

Heating of the 
liquid drops t2 

Vaporization of the 
drops To 

Heating of the sub- -3 
stance to the 
temperature at 
which a reaction 
becomes notice¬ 
able (for diergolic 
substances) 

Time expended on 
physical processes 

, Induction 
period 

Reaction occurring 
with the forma¬ 
tion of inter¬ 
mediate pro 
ducts T^ > 

Time expended on 
chemical processes 

Reaction with the 
formation of 
end products 

A reaction accompanied by the formation of intermediate products 

is of great significance in the combustion process. 

It determines the propellant ignition lag. The end-product forma¬ 

tion reaction (from the instant of spontaneous ignition to conversion 

of the propellant into H20, C0p, CO, and N2) characterizes the com¬ 

bustion rate. 

Thus, the induction period, depending upon the chemical processes, 

consists of the ignition lag and the time required for combustion 

V 
The quantity Tg is determined by the combustion rate: 

ro 

where v is the speed of the combustion process (g/sec); g is the 

amount of fuel supplied in 1 sec. Thus, the induction period in the 
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motor is represented by the sum 

T -- 2 T|-1 + *1 + /» ' u • 

where ^ is the fraction of the induction period allotted to 

physical-mechanical factors. 

The combustion-chamber dimensions should be such that mixing 

and chemical reaction can be concluded prior to arrival at the motor 

nozzle. The chamber dimensions necessary are determined by the value 

T' for the time spent by the propellant and its combustion products 

in the chamber. This dwell time is found from the combustion-product 

volume at the combustion temperature. T^, the motor pressure P, the 

combustion-chamber volume Vk, the relationships PV = RT and the 

amount of propellant burnt in 1 sec: 

V 
1 Vk'P 
T ""fff*’ 

where R is the gas constant; t' is the "conversion time"; t' is to 

some degree a measure of the actual time spent by the fuel and its 

combustion products in the chamber. 

It should be kept in mind, however, that the propellant volume 

increases as it burns in the chamber from a very small liquid volume 

to a value Vk, and the dwell time is computed from this large volume. 

In existing motors, the time spent in the chamber by the pro¬ 

pellant is of the order of 0.003-0.008 sec [8]. With an increase in 

pressure, the time spent in the chamber rises, and thus the chamber 

may be smaller for the same propellant flow rate. 

On the basis of a mathematical analysis, Summerfield formulated a 

theory according to which operating stability can be provided for the 

engine system of a ZhRD: 

a) by increasing the pressure differential between tank and 

chamber; 
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b) by increasing the characteristic length (volume) of the com¬ 

bustion chamber; 

c) by decreasing the cross section of ducts or increasing the 

mass flow rate in them; 

d) by decreasing the induction period, i.e., the time from the 

Instant of fuel injection to the creation of pressure as a result of 

combustion. 

This last may be accomplished by an appropriate choice oí pro¬ 

pellants having a small ignition lag and a rapid combustion rate. 

On the basis of the theory developed, the following equation 

was proposed for evaluating combustion stability parameters in ZhRD 

[9]: 

where 1 is the length of the duct between the tank and combustion 

chamber; m is the propellant mass flow rate; A is the flow cross 

section; Cx is the characteristic velocity; Tc is the combustion 

temperature; p is the pressure in the tank; pc is the pressure in 

the motor; T is the induction period in the ZhRD; L is the char¬ 

acteristic length of the motor. It is the criterion determining com- 

bustion-chamber volume. L equals: 

where is the combustion-chamber volume; A is the area of the nozzle 
X\. 

critical section. In Summerfield1s opinion, the induction period in 

ZhRD amounts to 0.005 to 0.03 sec. 

The maximum induction period should be expected for diergolic 

fuels - petroleum products, owing to the greater time required for 

evaporation in the chamber of the ZhRD, since hydrocarbons do not give 

a vigorous exothermal reaction with nitric acid, resulting in conver 
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sion of the components to the vapor phase. 

This difference in combustion processes for nonself-igniting 

fuels may probably be explained in connection with the value of 

the initial temperature for which the fuel components begin to react. 

Figure 132 shows the temperature distribution along the flame 

front. T0 is the initial mixture temperature, Tv is the flash point 

of the material (300-500° for a standard determination), Tr is the 

initial temperature for the exothermal reaction, which is close to 

the combustion temperature, T2 is the combustion temperature of 

1000-2000°. 

This distribution of flame temperatures was first verified by 

Ya.B. Zel'dovich who showed that the reaction of the matter in the 

flame does not begin at the ignition temperature, as had been a”r- 

posed previously, but at a temperature close to the combustion tem¬ 

perature [3]. 

For hypergolic components, the 

reaction commences at a temperature 

close to Tq, i.e., close to the stan¬ 

dard temperature. Thus, for hyper¬ 

golic propellants, chemical inter¬ 

action goes on over the entire tem- 

and Tr; Fig. 132. Nature of tenperature perature range from T0 to Tv 
distribution T over the flame- 
front depth 1 upon combustion, the heat which develops from the 

preflame reaction facilitates vaporization and preparation of the 

propellant for combustion even prior to the supplying of heat from 

the combustion zone. 

In addition to unstable combustion-chamber operation, motor 

destruction is also possible where unsuitable fuel is used. This may 

occur for the following reasons . 

1. Upon starting, where there is an ignition lag, a large amount 
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Fig. ISS. Nature of ignition and combustion of nitric 
oxide-self-igniting combustible propellant (furfuryl 
alcohol-50^, xylidine-50^) in chamber of liquid reac¬ 
tion engine. 

of fuel mixture may accumulate and as a result, at the beginning of 

combustion the chamber in the combustion chamber will rise above the 

permissible value and cause engine failure. 

2. Engine destruction can also occur where the ignition lag for 
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Fig. 13^. Nature of ignition and combustion of fuel in 
liquid reaction engine. 

the fuel is within normal limits, but the rate of increase in the 

combustion reaction from the instant of self-ignition to the estab¬ 

lishment of steady-state conditions is too great. Thus the pressure 

jump in starting may exceed the pressure for which the engine was 

designed. 

3. It is probable that combustion may transform into explosion 

as a result of the accumulation in the combustion chamber of a large 

amount of fuel mixture. As is known from practical experience, upon 

combustion of a large amount of explosive mixtures, there is a greater 
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Fig. 135. Ignition of fuel, vibration combustion and 
explosion of ZhRD chamber after 0.1 sec. 

possibility for combustion to turn into explosion since in this case, 

favorable conditions for the accumulation of heat are set up. Once it 

has begun, the combustion of such a large amount of fuel will in¬ 

evitably lead to an explosion. The accumulation of relatively large 

masses of fuel at separate instants of time may also facilitate 

pulsation combustion. 

4. It is also possible for "normal" combustion of a fuel mixture 

to turn into an explosion under operating conditions where fuels having 

an increased tendency to knocking are used. Transformation of com- 
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bustion to detonation is especially likely for liquid explosives 

(methyl nitrate, nitroglycerin, dinitroglycol), which were tested as 

monopropellants, and also for certain liquid explosive mixtures. 

Depending upon the nature and sensitivity of an explosive or of ex¬ 

plosive mixtures, they will have different tendencies to go from 

combustion to explosion. With certain materials, successful launch¬ 

ings may alternate with explosions. 

The explosion of a fuel mixture consisting of a finely dispersed 

mixture of drops of oxidizer and combustible in the liquid or mist 

form, is a more complicated phenomenon. 

As we have mentioned, the conversion of combustion to an explo¬ 

sion can be described in general terms as an excess of heat arriving 

from the combustion zone with respect to the heat removed, from 

which it follows that, all other conditions being equal, conversion 

of combustion to explosion is more probable where large masses or 

volumes of materials are being burnt, i.e., in high-power motors; 

this has been borne out by experience. 

Prom the heat-transfer viewpoint, steady-state combustion of a 

substance may be characterized by an equilibrium between the heat 

transfer from the combustion zone to the surface of the material 

and the heat expended upon evaporation of the substance. 

Figures 133 and 134 show the nature of ignition and combustion 

of a hypergolic nitric acid-furfuryl alcohol (50$) plus xylidine 

{50%) propellant in the chamber of a liquid reaction engine. The 

process was photographed at a rate of 1680 frames per second [7]. 

The frames show the initiation of the propellant-ignition process 

in the front of the chamber, the creation of a combustion site over 

the entire chamber and, to the left, the creation of a flame blow- 

off zone at the nozzles where the propellant components are mixed and 
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where the reactions preceding ignition occur. 

Figure 135 shows high-speed photographs of vibration combustion 

in a ZhRD chamber. Propellant combustion alternates with extinction 

and subsequent ignition over a 46-millisecond period, followed by 

explosion of the chamber after 96 millisec. 

Thus, depending upon the conditions for the propeliant-combustion 

process, stable combustion and unstable pulsating combustion are 

possible; the latter may terminate in explosion of the chamber. 

Thus, both hydraulic, physical-mechanical factors, and the 

chemical nature of the propellant may affect operating stability of 

ZhRD. The chemical factor appears in the induction period and, evi¬ 

dently, in the tendency for normal combustion of fuel vapors to turn 

into reactions taking place at explosive rates. The predominating 

factor is determined by the arrangement of the motor and the operating 

regime. 

Under some conditions it may turn out that the chemical nature 

of the propellant has no great effect upon motor operating stability, 

since the time involved in chemical reactions is very small in com¬ 

parison with the time required for the physical-mechanical processes 

to take place. 

It may turn out, however, upon conversion to new fuels or a 

rigid operating regime for the motor, that the process will be limited 

by the chemical properties of the propellant. In this connection, 

the role of the chemical nature of the propellant in combustion proc¬ 

esses should always be kept in mind. 

In general terms, these are the concepts of the ignition and com¬ 

bustion processes for fuels in engines. The actual process of ignition 

and combustion of fuels in actual engines is extremely complicated, 

and far from completely studied. In this chapter, we have examined 
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only certain considerations relating to these processes. Thus, those 

Interested in combustion problems should turn to the specialized 

literature in which it is still impossible, however, to find answers 

to all of the questions related to processes occurring within the 

chambers of reaction engines [12, 13]. 
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Chapter 4 

HYPERGOLIC PROPELLANTS CONSISTING OF 

SELF-IGNITING COMBUSTIBLES, NITRIC ACID, 

AND OXIDES OF NITROGEN 

Hypergolic propellants based upon nitric acid are classified as 

bipropellants, since they consist of two components: an oxidizer and a 

combustible, which are supplied to the motor from two separate tanks. 

When the oxidizer and combustible are mixed, the propellant ignites 

spontaneously with a very small lag, measured in the hundredths of 

seconds. 

The advantages of hypergolic fuels (for example, nitric acid- 

amines) lie in the fact that no special device is required to ignite 

the propellant in starting the motor;they burn more stably under op¬ 

erating conditions than diergollc propellants (for example, nitric 

acid-kerosene ). 

Combustibles for hypergolic propellants may include aliphatic and 

aromatic amines, hydrazine and its alkyl-substituted derivatives, het¬ 

erocyclic compounds such as, for example, furfuryl alcohol, polybasic 

phenols, and other substances. All of these compounds react violently 

with nitric acid. 

It is necessary to remember that the development of the self- 

ignition process depends upon both chemical and physical factors. 

wnhniNxuCicPrtciqS: StruCture and Ablllty t0 Ignite Spontaneously 

In determining the ability of organic compounds to react with nit- 
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ric acid, the first step is to make a visual evaluation of the nature 

of the reaction occurring when the components are mixed. For example, 

1-2 ml of oxidizer and 0.5-1 ml of combustible are taken for testing. 

In some cases, there is no noticeable reaction, while in others there 

is a slow or vigorous reaction accompanied by heating and boiling. 

With reactive combustibles, self-ignition occurs with or without a per¬ 

ceptible lag. 

Tables 97-99 give qualitative characteristics for self-ignition 

and reaction of organic compounds with 98$ nitric acid and nitric acid 

containing 10$ sulfuric acid at 20°. In chemical practice, such a mix¬ 

ture is called a "melange." 

Thus, the following canpounds ignite spontaneously with nitric 

acid in many cases: l) aromatic and aliphatic amines; 2) unsaturated 

compounds with several unsaturated bonds; 3) polyatomic phenols; 4) 

certain heterocyclic compounds; 5) hydrazine and its homologs. 

Primary aromatic amines ignite better with nitric acid than do 

secondary or tertiary amines. For aliphatic amines, the dependence is 

reversed, i.e., tertiary amines ignite better than secondary or ter¬ 

tiary [sic]. 

Aldehydes react relatively slowly with nitric acid. 

Compounds having only a single double or triple bond normally do 

not produce adequate ignition with nitric acid. 

Compounds having two nonconjugate double bonds for the most part 

do not form hypergolic mixtures with nitric acid. 

Conjugate double bonds increase the reactivity and liability to 

self-ignition. This is also facilitated by the formation of cyclic 

structures. Thus,pentadiene-1,4 (formula a, see below) does not have 

an acceptable ignition lag with nitric acid, 2-methylbutadiene-l,3 (b) 

does ignite, although with some lag, while cyclopentadiene (c) ignites 
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TABLE 97 

Interaction of Nitrogen-Containing Organic Com¬ 
pounds with Nitric Acid [1] 

1 COCJPNMM 2 •opMyM 
3 X a |<«mp pmnim 

4 uno, 

C ftKNCJMTeJIfM 

5«o 
cucrh 

% - UNO, 
10% - II,so. 

7 JlllMCTIUMMHH 
O TpilïTIUMMIlH . 

9 CyriuiaHHH . . 

6 AÂiufximwieaatt omuhm 

NH (Cl l>)i 
N (C.I U)> 
OH.NH, 

ni9 BocauMciieiiHC 

20 » 
Pcikuiir 

10 HioOyTiuiaMHH. 
11 jliiCyTiMaMiiH . . . . 
12 Tpi'CynuiaNiiu ; . . , . 
13 TpmuorcKCiuiaMHii . . . 
14 ß-AMiiHoanuiOBwA cnupr 
15 TpujraiKMiaMHH. 
lo SriuitHAHaMHhniApar . . 
17 AManucHTpNaimii. . . . 

l8 uao CUlliNMi 
(C«IU)sNH 
(C,H,)jN 

lo («/».-GH„),N 
HOC:H,NH| 
(HOCtH«)iN 

CtH« (NHi)rHiO 
(NH»CiH4)îNH 

lUiaMCIlCIIHC 

20 PcaKUH* 
21 » 

Bypiiaa peaauHa 

IS * BoCMaMCHClINC 
» 

BociviaMciiciiiie 19 
> 

Dociuiaxirucimc 
c aaAcpwKoft 22 
PcaKuiia 20 

BociuiaMCiiciuie I9 
PcaKuua 20 

» 
Bypuaa pcaKmm 21 

To me 23 
BoCIUiaMCHCHHC 19 

30 ApoMommecuu OMUHH 

24 Ahwihh.. 
25 MenuiaiiiuiHH. • . . 
26 fllIMCTHJiaHWIHH . . 
27 dnuiamuiHH . . . . 
28 JlH3TtUiaHIUIHH . . . 
29 Kchrhahh. 

GH.NH, 
C«H.NHCHj 
C*H,N (CHj)i ‘ 
CtHiNHCtHi 
C«H,N (CtHi)t 

■9BociuiaMeiieNHc 
ÜEypnaa peaKUHi 

> » 

» » 

» » 

jL9BOCMaMCHCHHC . 

Bociui MCHCHHC I9 

40rudpoapoMomuwcKuc u ecnupoyuKJiuwcKue omuhu 

31 UHKaorCKCH/iaMHH . . . 
32 McTiuiiiHKnoreKCH/iaMi'H. . 
33 AiiMeTHViuHiuioreKCiia- 

aMHH ... ...... 

34 mipHAini. 

35 riuncpHAHH. 

36 Hiippcwi. 

37 IlMppoaiiAHH . . .... 

3 OcHMrHApaami..... 

39 Mop<J«anH. 

C,HnNH, 
C.H„NHCH, 
C«HtiN (CHj)i 

O 
/Ha-CH»X 

NH 
^CHj-Ch/ 
CH = CH^ 

I NH 
CH = CH/ 

CHS - CH>>S 
NH 

CH»-CH/ 
C»H,NH - NH» 

yCH»—CH»v 
• O NH 
\:h,-ch,/ 

9BociuiaMeHeHiie 
» 

20 PeaKiom 

19 
BOCpaaMCHCHHC 

21 
Bypiian pcaxuiia 

19 
Bocn^aMCHCHH« 

BocnRaMCiicHHc 19 
» 

PeaxuHfl 20 

BocanaMciicHiie 19 

Bypiiaii peaKmm 21 

BocruiaMCiiCHHe I9 
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Key to Table 97 

1) Compound; 2) formula; 3) nature of reaction with oxidizer; 4) 98# 

HNCy 5) mixture; 6) aliphatic amines; 7) dimethylamine; 8) trimethyl- 
amine; 9) butylamine; 10) isobutylamine ; 11) dibutylamine; 12) tri- 

butylamine; 13) triisohexylamine; l4) ß-aminoethyl alcohol; 15) tri¬ 

ethanolamine; 16) ethylene diamine hydrate; 17) diethylene triamine; 

18) iso; 19) ignition; 20) reaction; 21) violent reaction; 22) delayed 

ignition; 23) same; 24) aniline; 25) methylaniline; 26) dimethylani- 

line; 27) ethylaniline; 28) diethylaniline; 29) xylidine; 30) aromatic 

amines; 31) cyclohexylamine; 32) methylcyclohexylamine; 33) dimethyl- 

cyclohexylamlne; 34) pyridine; 35) piperidine; 36) pyrrole; 37) pyrrol¬ 

idine; 38) phenylhydrazine; 39) morpholine. 

- 395 - 



TABLE 98 

Interaction of Oxygen-Containing Organic Compounds 
with Nitric Acid [1] 

1 Cmwmmm 

l 
MctimobuA eniipT . . • 

dnuonwA » . . . . 
9 N. ripomuoauA» . . 1 . 

10 HxnpomuKuiA >. . . . 

11 HiotynuiouiA > . . . . 

12 HaonMNJioawA p , . . . 
13 AwmomiA > . . . . 
1^ TcrpanupoÿypÿypiMOMiA 
4' eniipr. 

fe - 

15 Un KM re KU MM. 

16 BcHIMIOMiA OIRpT . . . 
17 AmhmbuA > . . . 

18 ^ypÿypiiMBuA * . . . 

19 CepnyA lÿHp. 

20 dnuMuem • • . / . . 
21 BnhimbtnmmiA Kjwp . . 

22 BHHWlfiyTtMOUlA * . . . 
23 <t>ypiH ... 

24 Ahkctch. 

23 IlHpOXITeXHH. 

26 ^opMMbxerHX (60S‘HuA 
paCTBOp B MCTHJIOBOM 
cnHpre) . ». 

3 x«i»««ttp >«« KMCJHTCACM 

91%-Ma HNO# 

CHiOH 3O 
C1H1OH 
CiHiOH 32 

iiao-CiHiOH 33 

34 

«M-CtHuOH 35 
CtHuOH 

HiC-CH. 34 

I ^ 
H*C-C^CH»- 

yCHi-CH» 
OH 

’• 'w* 
HiC CH-OH 

,SCHi-Ch/ 
CtHiCHiOH 

ICH» « CH — CH» — OH 

HC-CH 40 
D 0 

HCSo/C-‘-CH,OH 

(CiHi)tO 35 
CHiCOOCiHt 

CH, - CH - 0 - CiH, 

CH, - CH - 0 - C4H, 

HC-CH 
II 

CH 
^0/' 

CHiCOCH - C - 0 
OH 

CS-°H 

CHiO 35 

CbbABR PCSKUM . 
TO MB 
Bypiua pemiM 
OBCHb^piiM pean- 

UMR 

Cimmbr peanuM 

PtBKUHI 

> 
ClMblMB peaKUMI 

32 
Bypaai peanuia 

5CMCCb 
«0% - HNO. 10% - H.SO. 

Ciato* pcBKUH* 3O 
Bypiiaa peaxuMii 3I 
To xce/ 
OfCMb (Sypiia* 

peaxiuia 
CxxbHaa peax* 

UHX 
PeaxuHx. 

6 

33 

34 
35 

» 

CiMbHax 
UMR 

peax* 
3¾ 

â!. BRUHR •• 
Osciib fiypna* peax 

«"« 33 
Xopouiee Bociua 

MClItHHe 

Peaxmix 

c * 32 
Bypuaa peaxuMa 

To MC 6 
BOOMBMeHCHHe 
42 

41 
BociuiaMeHCHiie 
c aaæpMxcA 

PeiKUH* 

BypMax peaxuiia 32 

PeaxuMx 35 
OMCHb öypiias 

peaxuH« 33 
Xopouiee doc- 

luiaMCHCHiie 40 

PeaxuHx 
> 

BOCIUllMCHCHHe 
e aaaepKxoA • 

To MC 
BociuiaMCHCHMe 

35 

41 

6 
42 

PeaxuM* 35 

27 AueTR/iwierHA ...,, 

2 AxpoaeHii. 

29 CmhuimobuA MbiieniA • 

» » 

32 
Bypuax peaxuHX . 

BociuiaiKHCHHe 
e laxepMKoA 41 

0<ieHb CypHa* 
peaxuHR jj 
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TABLE 98 (Conclusion) 

1 COWINCM« 

36 KopHMiiMft u me nu . . 

37*yp*ypM. 

38 Aurroii. 

39 UHMorcKcaiioH ... . . 

2 topu)'«« 
1 Xip»iCT«p peiKUKN C MNMNTCaCM 

HNO, 
L cMfeii 

p !%~hSq: 

C.HI-CH-CH-CHO 

HC-CH 
B B .O 

H%/-< 

CHjCOCHi /H»-CH«v 
C-0 

\ÍHi-Ch/ ■ 

PcatcmiH 35 

Bypiiaa peiKuNa 
32 

PcaKuiia 35 

Bypiiaa pcaamia 
32 

Bypaaa pcaa- 
una 32 

Bypiiaa peanuiin 32 

Peaamia 35 

Cypcaa pcaauHa 32 

1) Compound; 2) formula; 3) nature of reaction with 
oxidizer; 4) 98# HNO^; 3) mixture; 6) the same; 7) 

methyl alcohol; 8) ethyl alcohol: 9) n-propyl al¬ 
cohol; 10) isopropyl alcohol; llj isobutyl alcohol; 
12) isoamvl alcohol; I3) amyl alcohol (pentyl al¬ 
cohol; 14) tetrahydrofurfuryl alcohol; 15) cyclo- 
hexanol; 16) benzyl alcohol; 17) allyl alcohol; 
18) furfuryl alcohol; 19) diethyl ether; 20) ethyl 
acetate; 21) vinylethyl ether; 22) vinylbutyl 
ether; 23) furan; 24) diketene; 25) pyrocatechin: 
26 formaldehyde (60# solution in methyl alcohol); 
27) acetaldehyde; 28) acrolein; 29) salicylaldé¬ 
hyde; 30) weak reaction; 31) same; 32) violent re¬ 
action; 33J very violent reaction; 34) strong re¬ 
action; 35) reaction; 36) cinnamaldéhyde: 37) fur- 
furol; 38) acetone; 39) cyclohexanol; 40) good ig¬ 
nition; 4l) delayed reaction; 42) ignition. 

very easily. The introduction of hetero atoms into a ring with a sys¬ 

tem of conjugate bonds, as in the case of pyrrole (d) and furane (e) 

does not impair the ability to ignite. 

CH, s= CH — CH» — CH = Cl-If 

(«) 

I IC—CH 
Il II 

11C Cl I 
\/ 

CH, 
c 

CM, = CH — C = CH, 
, I 
b (6) CH, 

HC-CH hc-cii 

HC CH 
\/ 
NH 

d 

HC CH 

V 0 
e 

In some cases, following hydrogenation of double bonds in cyclic 

compounds, their ability to ignite spontaneously is preserved, and 

sometimes it is completely lost. This is illustrated by the data of 

Table 100. 
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TABLE 99 

Interaction of Hydrocarbons and Elementary Organic 
Compounds with Nitric Acid [1] 

A Cmjmmmm 
CXapiKTep pcaKHNN c exicuNTeaeM 

MK-m* HNO. 
O CJIKk 
Ems - HNO. 

log - HtSOt 

1 nsp<N|MiHOBue yraeooAo* 
PQAU. 

2 dnuieu (wdxkhA). 

3 Amiuich. 

4 Oktmch .. 

5 HoonpcH . 

6 UNIMOnCHTIAHCN . . . . 

7 UHKJIOrCKOJUMH-U . . 

8 UHKJIOreKCOAHCH-1,4 . . 

9 Boiijoji . . 

10 Mmhtmjch 

1 ViAcaodopodti 

C.H, ^ I 18 H* •M hmoiac Acroyior 

BypHM PCIK- 
uim 20 

PeoKitiiR Bypuaa ptiKUHR 20 

BypHM pcoKuua To *« 22 

BociuiaMCHCHHe BociuiaMCHOHiie 24 
c saacpNCKoit 

L<»M2fl+: 
CtH« 

CaHi« 
C*Hi« 

21 
20 I 

CH, - C - CH - CHi 

\hi 
• HC = CH 2? 

BociuiaMCHCHMf 

PeaKUHR 

BypHaa peaauHa 

17 SAtMtHmOOptOHMtCKUt COCdUHCHUH 

PeanuMR 21 

Bypiiaa peaauHa 20 

11 dm/mmiK (30%-iiwA pac* 
nop a Cchjhhc) . . . 

12 TpHaTiiaMioaHHMA-aÿHpaT 
(10%-nnft pacraop 
0 fciuone).. 

IS TpH9TIUI(J)OC(j)HII. 

14 neHTaxapôoHwi aceaeaa ., 

13 TerpaxapBoniM hmkmr .. 

Zn (CtHt)i 
BocnJiaMCHCHHe 

c aaAcpiKKoA 

22 
(C,H»),AI -0 (CtH.), 

(CiH»)jP I9 

Ft (CO). 21 

Nl (CO). 

To we 
CnaOaa peaxmia 
PeaxuHR 

» 

Bypuaa peaxuua 20 

PeaxuKa 21 

a 

A) Compound; B) formula; C) nature of reaction with 
oxidizer; D) 98^ HN03; E) mixture; 1) paraffin hy¬ 

drocarbons; 2) ethylene (liquid); 3) amylene; 4) 
octene; 5) isoprene; 6) cyclopentadiene; 7) cyclo- 
hexadiene-1,3; 8) cyclohexadiene-1,4; 9) benzene; 
10) mesitvlol; 11) ethyl zinc (30$ solution in ben- 
zine)j 12) triethyl aluminum ether (10$ solution 
in benzene); 13) triethyl phosphine; 14) iron pen- 
tacarbonvl; 15) nickel tetracarbonyl; 16) hydrocar¬ 
bons; 17) elementary organic compounds; 18) no re¬ 
action; 19) strong reaction; 20) violent reaction; 
21) reaction; 22) the same; 23) delayed Ignition; 
24) ignition. 

Alcohols, with the exception of methyl alcohol, react violently 

wiuh nitric acid. Isopropyl and allyl alcohols react the best. 

In contrast to the paraffin hydrocarbons, aromatic hydrocarbons 
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TABLE 100 

The Effect of Hydrogenation of Cyclic Compounds 
upon Self-Ignition with Nitric Acid [1] 

1 |KSM"of »eHiccmo 

5 AmiJiiiM 

/Cl\ 
IIC 0-Nlli 

Il 1 
IIC CM 
Vll^ 

6 0ypt|>ypii.ionbiA cnxpT 

HC-CH 
il li 

HC C—CH»OH 

Y 

7 Iluppan 11 

8 nupHAiMi 

HC-CH 
II II 

HC CH 
\/ 

NH 

12 

/CH\ 
HC C 

HC 

CH 
II 

CH 
v/ 

2npoAyKT niAPNpoaaNM« 
IhMCHMIIIf riHH'lrfilint'TM N 
MKIUMHCNnilllll til CMPCklb 

moriiAH KNCAor.i + 
4% AAOpN«rO IKMCM 

1 
UmuiorcKdi.i.-iMiiii 

/c,\ 
ll,C CH-NH, 

10 Scil/ 
TeTpanupo(|)y|M|iypiiAouui1 cniipx 

HiC-CH* 
I I 

ll£ CH — CM|OII 
V 
0 

illippCMUIAIIH 

lliC-CH. 

iiiC ai, 

Yi 

nuncpiiAim 

/CH, 

H,C CH, 

n,c ch, 
\nh/ 

llcMiioro CHIDKACTCH 

ClklbHO CHIUmCTCN 

Clk'lblio CMIOKaCTCR 

13 

14 

Slia'IlfTCAbllO IIODHUiaCTCR 1¾ 

1) Starting substance; 2) hydrogenation products; 
3) change in the ability to ignite with a mixture 
of 98$ nitric acid + 4$ ferric chloride; 4) de¬ 
creases sharply; 5) aniline; 6) furfuryl alcohol; 
7) pyrrol; 8) pyridine; 9) cyclohexylamine; 10) 
tetrahydrofurfuryl alcohol; 11) pyrolidine; 12) 
piperidine; 13) decreases slightly; 14) decreases 
sharply; 15) increases considerably. 

such as benzene, naphthalene and their homologs react relatively vio¬ 

lently with nitric acid, but without self-ignition. 

It should be noted that multicomponent systems occasionally have 

greater ability to react than the individual components. Aniline mixed 

with cyclohexylamine, for example, ignites more easily with nitric 

acid than do the components taken separately. 

The addition of unsaturated compounds (olefins or vinyl ethers) 

to amines retards the reaction with nitric acid [1]. Conversely, the 
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TABLE 101 

The Effect of Amine Structure on Ignition Lag with 
Nitric Acid [1] 

1 IImmnm 2 CrpyKTypN«« <MpuyM 2 3<ACPMKII MMMMIM«* 

^ M«NCNM«, CCN. 

5 Mctiummiim 

6 diiuiaMiiii 

7 h. DponiuiaMHii 
8 h. SyriuiaMUH 

9 H. AMIUiaMIIH 

10 M. [CXClUaMIIH 

11 h. IcnmaaMHH 
12 H.OxTIUiaMHH 

16 6) paaa 

i 
17 HaonponiuaMMH 

18 HaofiyrtuiaMUH 

19 HaOaMMUMMN 

20 rcimuiaMHH'2 

21 Tper. GyriuiaiiHN 

22 A'iaTHaaMHii 

23 Ah-h. nponiMiaMHH 
24 Aii-H.fiyriuiaMHH 

23 Jlil'H. aMIMItMMH 

26 •H. PCKClMaMH H 

27 TpiiiTMaMiiH 

28 Tpii-H.nponiMaMHH 
29 rpii*H.6yTHaaMMH 
30 Tpil-H.aMHAAM.M 

31 Tpii-H.renTHaaMHH 

13 ncpmiHUt UMUHbt 

14 a) uepaaBCTitJiciiNUC 

CHi - NH* 
CHa-CHi-NH* 

CH» - CHi - CHt - NH* 
CHa - CH» - CH* - CH* - NH* 

CH»—CH»—CH*—CH*—CH.—NH* 
GHiiNH* 

CtHiiNH* • ' 
GH11NH1 

He aocruiaMciiaorcR 4 
2,(13 

1,73 

0,95 

0,81 

He aociuiaMeiiaerça 13 

eTBRCHiiue c aHNiiorpynnoft y aropiiOMoro 
h TperuHHoro »tomob yraepoaa 

CH»-CH-NH* 
I 

CH* 
CH*-CH*-CH-NH* 

‘ I 
CH* 

CH* - CH* - CH* - CH - NH* 
( 

CH* 
• CH* (CH,)«CH - NH« 

I 
CH. 

CH* 

CH» - C - NH* 

¿H» 

3 2 BmopuiHbie omunu 

(C»H»)»NH 
(C.K0.NH 
(GH,),NH 
(C*Hi,),NH 

(C.Hi,),NH 

33 Tpemwiuue omuhu 

(C,H,)*N 
(GH,),N 
(GH,),N 
(C»H„),N 
(C7Hí*)*N ! 

0,94 

0,63 

0,57 

He BociuiaMCHaerc* 13 

0,045 

0,17 

0,20 

0,26 

He BociuiaMCHReTcn I5 

0,021 

0,035 * 
0,24 

He BociuiaMeHRCTCR 13 
> * 
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Key to Table 101 

1) Name of amine; 2) structural formula; 3) igni¬ 

tion lag, sec; 4) does not ignite; 5) methylamine; 

6) ethylamine; 7) n-propylamine ; 8) n-butylamine; 

9) n-amylamine; 10) n-hexylamine ; 11) n-heptylamine; 

12) n-octylamine; 13) primary amines; 14) unbranched 

amines; 15) does not ignite; 16) branched amines 

with amino group on the secondary or tertiary 

carbon atom; 1?) isopropylamine; 18) isobutylamine; 

19) isoamylamine; 20) heptylamine-2; 21) tert. bu- 

tylamine; 22) diethylamine; 23) di-n-propylamine; 

24) dl-n-butylamine; 25) di-n-amylamine ; 26) di-n- 

hexylamine; 27) triethylamine; 28) tri-n-propyl- 

amine; 29) tri-n-butylamine; 30) tri-n-amylamine; 

31) tri-n-heptylamlne; 32) secondary amines; 33) 

tertiary amines. 
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TABLE 102 

Ignition Ability of Aromatic Amines 

1 llalMUNC 

6 Aiiiijihii 

7 N'MCTIUiaNNJIHH 

8 O-ÏMyHAIIH 

9 ¿•TanytUNM 

JO «-ToayHjiMii 

11 a-HaÿTHMMHri 

12 N.N-ähm«th^ihhähh 

13 2,r>>iIllMeTHJiailHAHN 

1^ 2/j-AllMeTH^aHMÄMH 

15 2,5-illlMeTHflailHflHH 

16 3,5-ÄMMCTM.naHIMIHH 

17 2,3-AHMeTKflaHHflHH i 

3 3MfpMM 
CiuoKOCiiaaucxriiHM, er«. 

ealoTHoA «HC 
«oro* <M%) 

1 
C uraaiiwcH 

(10 %) 

0,06 

0,12 

■ 0,15 

0,15 

0,15 

0,04 

0,0i> 

0,06 

0,00 

0,06 

>0,50 0,05 

0,07 
0,045 

0,07 
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Key to Table 102 

1) Name; 2) structural formula; 3) igultlon lag, 

sec; 4) with nitric acid; 5) with melange; 6) ani¬ 

line; 7) methylaniline; 8) o-toluidine; 9) m-tolu- 

idlne; 10) p-toluidine; 11) a-naphthylamine ; 12) 

N,N-dimethylaniline; 13) 2,6-dlmethylaniline; 14) 

2.4- dimethylaniline; 15) 2,5-dimethylaniline; 16) 

3.5- dimethylaniline; 17) 2,3-dimethylaniline. 
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addition of a small amount of amines, for example aniline, to vinyl- 

butyl ether will increase the reaction rate. 

Among the organic compounds, the most important as components of 

hypergolic fuels are the amino derivatives, and in this connection, 

amines have been subjected to very thorough studies. The ignition lag 

is the criterion in such Investigations. Table 101 shows the effect of 

the position of the amines in the homolog series and their structure 

upon the self-ignition lag. 

It is clear from the data of Table 101 that the secondary amines 

Ignite more easily than primary amines with the same number of carbon 

atoms, and tertiary amines more easily than secondary. 

In the homolog series of primary amines, the ability to ignite 

first rises and then drops as the alkyl radical increases. 

The reactivity of the amine is higher with the amino group posi¬ 

tioned at the secondary carbon atom than when it is positioned at the 

primary atom. This is associated with the tendency to oxidation of the 

corresponding amines. 

Thus, among the amines having composition C6H15N, e.g.: 

CgH^NHg.... Does not ignite n-IIexy lamine 

Ethylbutylamine °As 
c4H9^ 

NH.... Ignites with difficulty 

0.15-0.I? sec 

.. Ignites with difficulty 

(C2H5)3N.... Ignites easily (O.OI7 sec) 

only triethylamine ignites well with nitric acid, and thus it finds 

Dipropylamine 

Triethylamine 

application in rocket propellants. 

Diamines are better self-igniters than monoamines, while triamines 

are better than diamines as is clear from the following: 
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Ignition 
lag, sec 

Ethy lamine CgH^NHg. 2,Cl 
Ethylenediamine HgNCgH^NHg. 0.09 
Diethylenetriamine HgNCgH^NHCgH^NHg.... 0.01 

The ability of aromatic amines to ignite spontaneously depends 

upon their structure (Table 102). 

Of the aromatic amines, aniline and m-xylidine have acceptable 

ignition lags, which explains their use in recipes for hypergolic pro¬ 

pellants in combination with other more reactive compounds. 

The structure of the compound is of great importance for the aro¬ 

matic amines. 

Self-ignition occurs less readily with secondary aliphatic-aro¬ 

matic amines than with primaries, and still less readily for the ter¬ 

tiary compounds, while aromatic secondary amines will not ignite spon¬ 

taneously. 

Aniline. 

n-methylaniline.... 

n,n-dimethylaniline 

Diphenylamine. 

Ignition 
lag, sec 

0.06 

0.12 

0.5 
Does not ignite 

Consequently, we observe here a relationship that is the inverse of 

that for the aliphatic amine case. 

The arrangement of methyl groups in the aromatic ring with respect 

to the amino group is of great importance. 

Thus, self-ignition occurs readily for the m-xylidines. They are 

obtained by nitration of m-xylol with subsequent reduction of the 

nitro compound. In this case, only two chief isomers occur. 
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! 

sr\ 

cu, 

CHl 

Ôx+ HN0,-15 
CH, 

-NO, 

-GH, 

CH, 
I 

iS 

/-CH, - 
I 

NO, 

CH, 
I 

i-NH, 

-CH, 

CH, 

¡-CH, 

NH, 

This is a technical mixture of xylidines, and is used in practice 

for hypergollc propellants. 

Hydrazine and its simplest homologs are active self-igniting sub¬ 

stances as vapors with 90$ nitric acid. 

The ignition lag for hydrazin? with nitric acid is less by a fac¬ 

tor of roughly 8-10 than that of the most active amines, and amounts 

to 0.003-0.004 sec. 

There is an entire group of elementary organic compounds that ig¬ 

nite spontaneously with nitric acidj among them, the organic compounds 

of phosphorus have been studied (Table 103). 

Ignitability has been studied in the monoalkyl phosphines RPH2, 

containing up to 16 carbon atoms in the radical, in the dialkyl phos¬ 

phines RgPH, containing up to 20 carbon atoms in the radical, and in 

the trialkyl phosphines R3P, containing up to 9 carbon atoms in the 

radical. All of these compounds ignite spontaneously upon contact with 

nitric acid. 

In the study of the link between the chemical structure of a sub¬ 

stance and its ability to ignite spontaneously with nitric acid, the 

investigations have been carried out both by pouring the reacting com¬ 

ponents into an open cup and recording the results of the reaction, 

and by measuring the ignition lag in special devices at atmospheric 

pressure or under pressure in special bombs with recording devices. 

The ignition lag may depend upon the pressure at which the meas- 
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1 
TABLE 103 

1 llAMtMNe 2 ♦opMy.'in 

3 
TcMnrp.iiyp.i Hiine- 

MUM, *C 

IjO'WpmK.i fhMonoc* 
nA.iMcHciiNu, cm. 

T 
nmi 4-24* npu —4(i* 

6 TpHMcriMtfocÿmi 

7 TpiMI.6yTIM<|*OClJlMII 

8 Moiio-2-jTii.ircKCM.i- 

9 Moiio-2-oktiui<|k>c<|hih 

10 AojCUII.1l|lOCt)HIII 

(CH,)»P 
(GIU)iP 

C.H11PII1 

C«Hix 
>CH-PII, 

CM* / 
CuH«,PH, 

40—42 

140 (50 mm) 
127 (50 mm) 

120 (50 mm) 

GG (0,5 .w.m) 

O.1XM8 
O.OU4H 

0,0050 

0,004 
o,ihn;:i 

0,0010 

0,0085 

l) Compound; 2) formula; 3) boiling point, °C; 4) 
ignition lag, sec; 3) at; 6) trimethylphosphine; 
7) tri-n-butylphosphine; 8) mono-2-ethylhexylphos- 
phine; 9) mono-2-octylphosphine; 10) dodecylphos- 
phine. 

urements are made and upon the relationship of the reaction components, 

the combustible and the oxidizer when the reacting materials are mixed 

very rapidly prior to ignition. 

In combustion of a propellant mixture, the maximum heat yield is 

given by the stoichiometric composition of components. Thus, for exam¬ 

ple: 

(C2H»),N+ 7,8 UNO, -> 600,-1-11,4 H,0 + 4,4 N,. 

In the case of triethylamine, this relationship represents a mole frac¬ 

tion of combustible to oxidizer of 0.128, corresponding to a = 1. In 

practice, in order to achieve maximum thrust for liquid reaction en¬ 

gines, a should be somewhat less than unity, i.e., 0.80-0.85. For tri- 

ethylamine, this corresponds to an amine mole fraction of 0.102-0.11. 

Schalla and Fletcher [2] have studied the effect of the mole rela¬ 

tionship of combustible and oxidizer upon the self-ignition of various 

aliphatic amines with nitric acid (composition: HNO^ - 97-38$, NgO^ - 

0.6$, and HgO - 2.02$). These investigations were carried out in a 

closed bomb having a volume of 430 ml into which the propellant compo- 
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Pig. 136. Ignition lag of tri- 
alkyl amines with nitric acid 
in bomb as function of mole 
fraction of amine. O) Triethyl- 
amine, bomb filled with air; 
•) triethylamine, bomb filled 
with oxygen; A) tributylamine; 
x) tripropylamine, l) Ignition 
lag, millisec; 2) mole frac¬ 
tion of amine. 

Fig. IS?. Ignition lag of dial¬ 
kyl amines with nitric acid. 
Oj Diethylamine; x) dipropyl¬ 
amine; •) di-n-butylamine. 1) 
Ignition lag, millisec; 2) 
mole fraction of amine. 
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Fig. 138. Ignition lag of di¬ 
alkyl amines with nitric acid, 
a) Di-n-butylamine; b) di-n- 
propylamine; i) bomb volume, 
220 ml; O) bomb volume, 430 ml. 
1) Ignition lag, millisec; 2) 
mole fraction of amine. 

nents were injected. Here both the change in pressure and the self- 

ignition were recorded as a function of the type of amines and their 

molar quantity. 

The amines investigated were triethylamine, tripropylamine, tri- 

butylamine, corresponding mono- and dialkyl amines. 

Figure 136 shows the way in which the ignition lag varies for dif 

ferent amines - 

(C»H|)jN (C,Ht),N (C*Ht),N 

as a function of the mole fraction of the amine. The minimum ignition 

lag was found where there was two or three times as much amine as re¬ 

quired for stoichiometric composition. Here the ignition lag of tri¬ 

ethylamine dropped by nearly a factor of three. For tripropyl- and tri 

butylamines, this excess reached a factor of five. This phenomenon is 

clearly explained by the fact that the self-ignition reaction is initi 
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ated by the heat of reaction of amine neutralization, which causes 

rapid heating. This heating is greatest near the mole relationship of 

components: 1 mole of amine to 1 mole of nitric acid. The oxygen used 

in some of the experiments to fill the bomb expands the ignition limits. 

Naturally, triethylamine ignites with the smallest lag. The mini¬ 

mum ignition lag rises in accordance with the following sequence: 

(CjHi)jN<(C,H,),N<(C4H,)jN 
o.ow sec o.ooTsec 0,024 sec 

In the preflame period (2-3 rnillisec), the pressure in the bomb 

increased to 1.7-2.8 atm. Amine ignition lags in the bomb turned out 

to be less by roughly a factor of 4-3 than at atmospheric pressure, 

which may be ascribed to the elevated pressure. 

Figures 137 and I38 show the way in which the ignition lag of di- 

alkylamines depends upon the mole fraction of amine and the volume of 

the bomb in which the reaction takes place. 

Dialkyl amines Ignite spontaneously with a greater lag than tri¬ 

alky lamines. The law governing the relative mole relationship of the 

reaction components is just about the same. In a bomb of smaller vol¬ 

ume, self-ignition occurs with a shorter lag. Monobutylamine can be 

made to ignite only in a bomb with rapid and good stirring. 

The results given indicate that aliphatic amines ignite spon¬ 

taneously with nitric acid via a stage of exothermal neutralization 

reaction occurring, as is the case for an ion reaction, at high speed 

with subsequent oxidation reactions resulting from intensive heating. 

2. Effect of Catalysts upon Self-Ignition 

Fuel self-ignition in a reaction engine is an oxidation reaction, 

and thus several inorganic salts or iron, copper, vanadium, and other 

metals are employed to decrease the ignition lag. All of them are oxi- i 

dation catalysts. 
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Salts of metals with varying valence are normally used as cata¬ 

lysts. Here the inorganic salts are soluble in the oxidizer, and the 

organic salts of high-molecular organic acids in the combustible. In 

both cases, the agents of catalytic activity are ions of the metals. 

Let us give some examples of catalytic oxidation [2]. 

It is known that such substances as CuO, Pd, Pt, V^O^, and Pb02 

in general speed up the oxidation reaction. 

The catalytic action of oxides and salts of multivalent metals is 

explained by the ability to transport oxygen, for example: 

2 CuO + R -> RO + Cu,0 

Cu,0 H- 0 -* 2 CuO, 

where R is an organic compound. 

In many cases, a combination of several catalysts increases the 

catalytic effect. Thus, the mixed catalysts CuO + Cr203 and Mn02 + Pb02 

are kncwnj they have greater activity than the oxides taken separately. 

Oxidation catalysts find wide application in technology. Thus, 

the catalyst "hopcalite" having the composition Mn02 - 50$, CuO - 30$, 

Cr203 - 15$, Ag20 - 5$ is used in the oxidation of carbon monoxide by 

atmospheric oxygen at normal temperatures. 

The process of oxidizing carbon monoxide into carbon dioxide by 

means of the oxygen of the air in the presence of hopcalite is used in 

filtering gas masks designed for protection against carbon monoxide. 

To intensify surface combustion in gas torches, catalysts of the 

following composition are used: ThC>2 - 99$, CeC>2 - 1$ and a mixture of 

oxides of MnOg and AlgO^ with 6-18$ added CrgO^. 

Catalysts containing Cu and Ag are used to oxidize methane to for¬ 

maldehyde. 

Self-oxidation of unsaturated compounds such as the terpenes is 

accelerated by rosin and naphthenic salts of Co, Fe, Mn, Cr, Os, and Pb. 
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When dissolved in turpentine, these salts sometimes cause the turpen¬ 

tine to ignite spontaneously with the air. 

TABLE 104 

Some Catalysts used in Hypergolic Propellants 

[1, 3, 4] 

1 XlTJMHMTOp 2 OopMyji* 3 Toiuiniq u Kyju «boamtc» 
“ MIBJIMMrOp 

6 XJiopiioe xcMx 

7 H Hipar »MC« 
8 }Kc.iciiur cojib mifiy- 

Tii.iiiai|)Ta.iiiHCyab> 
l|»KIICAOTU 

9 Co-iu opraiiMMCCKHX 
KHCJIOT 

10 McaiiociiHepoAHCTkiA 
kmiiA 

11 Okhcjim u coa h mcah 

12 CoCAHliemie B3IIIAHH 

13 CofAMHcuim MapriHua 
(ncpMaiiraiiaiu) 

FeCIa-GHtO 

Fc (NO»)» 
I(GH,)jCi.H»SO,|,Fc 

;RCOO)í-jMe 

KiCu (CN)« 

CuO 
CuiCl» 

VjOiCI«-5HiO 

KM11O» 
NaMnO» 

Ca (M11O4)» 

AaoniaH Kiicaoia, auiiHU, 

HenpcAcabiibic 14 
To «re I5 
ricpcKiicb HOAopoaa, niipo- 

Kaicxmi, pacTDopiiicaii 
16 

AjoriiaH Kiicaoia, aMimu, 
HenpcAMbiibie I7 

hcpcKUCb noAopoAa. nu- 
paaiiiiriiApar, Mcinao- 
hmiI cmipi 18 

Aaonian Kiicaoia, iicn|>c- 
Afabiibie, nepcKiiCb no- 
Aopoaa 19 

(IcpcKiiCb DOAopoaa, ropo- 
>icc 20 

ricpcKiicb noAopoAa, ropio- 
ice 21 

S OKIICaHTUIb 

B OKiicjiHienb 
B ropn'icc 

B ropiosee 

B ropiOMCC 

B OKIOIITCab 

B ropiOMCC 

BnphiCKimacTcii 
b ABiirair.ib 

1) Catalyst; 2) formula; 3) propellant; k) where 
catalyst is introduced; 5) in oxidizer; 6) ferric 
chloride; 7) ferric nitrate; 8) iron salt of di¬ 
butyl naphthalene sulfonic acid; 9) salts of or¬ 
ganic acids; 10) potassium cupricyanide; 11) oxides 
and salts of copper; 12) compound of vanadium; 
compounds of manganese (permanganates); 14) 
nitric acid, amines, unsaturated; 15) same; 16) hy¬ 
drogen peroxide, pyrocatechol, solvents; 17) nitric 
acid, amines, unsaturated; 18) hydrogen peroxide, 
hydrazine hydrate, methyl alcohol; 19) nitric acid, 
unsaturated, hydrogen peroxide; 20) hydrogen perox¬ 
ide, combustible; 21) hydrogen peroxide, combus¬ 
tible; 22) in the oxidizer; 23) in the combustible; 
24) injected into the engine. 

5 

22 
23 

23 

23 

22 

?3 

24 

The activity of a catalyst is graphically characterized by the 

amount of heat liberated in 1 hr upon oxidation of the paraffins of 

petroleum jelly: 
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Heat of reaction, 
kcal/hr 

Manganese stearate. 31 

Manganese palmitate. 

Copper naphthenate. 106 

Manganese naphthenate. 198 

Cobalt naphthenate. 23^ 

In this reaction, the salts of cobalt are more active than those 

of manganese or copper, and in their presence, oxidation proceeds at 

the greatest rate. 

There is a maximum amount of catalyst exceeding of which will pro¬ 

duce no further Increase in the reaction rate. Thus, the heat yield 

from the oxidation of petrolatum with manganese naphthenate increases 

only to a concentration of 0.8$, following which the reaction rate 

does not rise. 

It has been noted that in the oxidation of petroleum fractions, 

a combination of metals may prove to be a more active catalyst than 

salts of the metals taken separately. 

All of the laws'given may be considered in choosing ignition cata¬ 

lysts for reaction fuels. 

Table 104 lists the substances finding application as ignition 

catalysts in reaction fuels. 

The catalysts to some degree act selectively with respect to the 

various combustibles and oxidizers. Thus, such unsaturated compounds 

as aromatic amines are sensitive to the action of catalysts when ignit¬ 

ing spontaneously with nitric acid. At the seme time, aliphatic amines 

are quite insensitive to catalysts. 

Where nitric acid with an admixture of sulfur is employed, i.e., 

"melange," catalysts have less effect upon the ignition lag than where 

pure nitric acid is used. The addition of sulfuric acid to the nitric 
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acid decreases the ignition lag for amines and unsaturated compounds. 

In the first case, sulfuric acid, being more aggressive, increases 

the heat yield of salt formation while in the second case the sulfuric 

acid evidently acts as a catalyst: the sulfuric acid increases the re¬ 

action rates of nitration and polymerization, which may facilitate the 

development of preflame oxidation reactions owing to the exothermal 

effect. 

3. On the Mechanism of Spontaneous Ignition of Organic Combustibles 
and Nitric Acid 

Spontaneous ignition of organic combustibles upon contact with 

oxidizers is preceded by several intermediate reactions which commence 

under normal conditions and proceed at high speed. The initial vigor¬ 

ous heating of the reaction mixture initiates the subsequent preflame 

oxidation reactions that then lead to self-ignition. 

Thus it may be expected that triethylamine with nitric acid will 

form a nitrate accompanied by the evolution of a considerable amount 

of heat: 

(C,H,),N + HNOn-»(C,Ht)#N• HNO» + 27.6 kcal. 

The reaction between a strong acid and a base is of an ionic na- 

tnr-e, and proceeds at high speed; as a result, the heat developed can¬ 

not be dissipated. This in turn leads to heating of the reaction mix¬ 

ture and to oxidation of the entire molecule. 

Upon Interaction of aniline with nitric acid and oxides of nitro¬ 

gen, the following reactions may develop in the initial stage [4], in 

connection with the evolution of heat: 
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NH, 
I 

-r HNO, 

NH, • HNO, 

+ 10,0 kcal 

NH, 
NH, 

i.CrWcal 

z 

$ NO, Oll 
_ N, • NO, 42 I 

I 

+^-0-- 

The possibility of such reactions Is well known In organic chem¬ 

istry [4], and the question lies in the degree to which they actually 

occur. 

In a hypergolic reaction of a hydrocarbon — pentadiene - with 

nitric acid, the following reactions may be supposed to occur ir the 

initial state [5]: l) the attachment of nitric acid at the double bond 

with the formation of a nitroalcohol; 2) addition with the formation 

of a nltroether, and 3) polymerization of the two pentadiene molecules 

under the action of the acid: 

HC-CH 

HÍ ' 

SCH, 

^CH+ HNO, 

/11 MC— C ^ 

il I /NO, + 20,3kcal 
MC C< 
\/ Vi 

CM, 

/H 
HC-C< 

ll I XM 
I /ONO, + i2lccal 
r < 

MG 
II 

MC 

VXh 

a 

A. /<rH\ 
CH-CH 

H, i i¡. + 24 kcal 
CM CM 

x¿h/ X 
For the monoolefins, such as cyclohexene, all three reactions may 

occur, although at a considerably lower rate. Thus, the reaction mix¬ 

ture will be cooled owing to heat transfer, and self-ignition will not 

occur. 
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TABLE 105 

Heat of Reaction and Nominal Heating of Amines and 
Unsaturated Compounds with Nitric Acid [6] 

1 PenDUNI 
Teiuioft 
pClKUNM' 
KMAlmut 

l MOINWS 
paiorpet, 

•C 

ricpno* laAcpwKH 
eiMoiociuiauriic* 
NM« C IMTHoA 

¿1 hnuotoA. ccn. 

C«HiNHt + HNOi - GHiNHrHNO) 
C«H»NH».HNOi + HNOi - C«HiNjNO* + 2H|0 

GH»NH, + HNO» -* GH4/NH,+H|0 
'NO» ‘ 

(CiH»)|N + HNO, -. (C,H,),N •HNO, 
(C»Ha),N + HNO,-. (C»H„),N-HNO, 

C»H,+ HNO,-.OH,C 
\)N0| 

C»H« + HNO, -» C»H,^ 
nNO, 

C»H, + C»H, -* (GH«), 

10 
23 

17 

27,f. 

27,6 

+12 

20,3 

+24 

I • 
247 I 

218 

336 
170 

180 

440 

230 

0,06 

0,06 

0,02 

1 

0,03 

1) Reaction; 2) heat of reaction, kcal/mole; 3) 
nominal heating, °C; 4) Ignition lag with nitric 
acid, sec. 

Table IOS gives data for the nominal heating of a reaction mix¬ 

ture which might be obtained where there are no side reactions and no 

heat expended upon vapor formation. In this case, the heating is de¬ 

termined by the relationship 

„ Q • 1000 

where Q is the heat of reaction; Cp is the heat capacity of the reac¬ 

tion mixture, equal to roughly 0.5 cal/g; M is the total molecular 

weight of the reacting components. 

In actuality, heating of the reaction mixture also occurs owing 

to the oxidation reactions that develop when the temperature rises in 

the nitric acid. 

The special role of the amino groups in the self-ignition reac¬ 

tion of aromatic amines with concentrated nitric acid is clearly in¬ 

dicated by the fact that other light oxidizing substances (phenols, 

naphthols, hydroquinone, pyrocatechol) do not directly ignite spon- 
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taneously with nitric acid. 

As the molecular weight rises, the tendency to self-ignition in 

the homologous group of amines decreases. At the same time, owing to 

the increase in molecular weight, there is a drop in the temperature 

to which the reaction mixture is heated due to the formation of nitrate. 

Thus, for triethylamine, the nominal temperature of heating with nit¬ 

ric acid amounts to 336°, while for triamylamine, it is only 170°. ixie 

structure of the amine is also of considerable importance, however. 

Thus, triethylamine ignites easily, while hexylamine c6hvm2, 
an isomer of triethylamine, does not ignite with nitric acid within an 

acceptable lag period. It is possible that this is connected with the 

basicity of amines, which is higher for the tertiary amines than for 

the primary. The relationship works the other way for aromatic amines, 

i.e., the primary amines are more active in a self-ignition reaction 

than the tertiary amines. This is supported by the fact that the mechan¬ 

ism for self-ignition of aromatic amines differs from that for ali¬ 

phatic amines. 

The aliphatic and aromatic amines also differ in basicity. Thus, 

the dissociation constant of aniline as a base is 4.6*10“^^, and that 

. . _¿i 

of triethylamine is 6.4*10 , i.e., the basicity of triethylamine is 

far greater. 

When nitric acid is reacted with unsaturated hydrocarbons, in the 

first stage it is possible to obtain easily oxidized nitroethers and 

nitroalcohols which can oxidize further as a result of heating. 

Trent and Zucrow [7] attempted to study the self-ignition mechan¬ 

ism of dicyclopentadiene with nitric acid; they isolated intermediate 

products of a delayed reaction between these reagents. 

Dicyclopentadiene ignites spontaneously when mixed with 1-2 ml of 

nitric acid, but if 90^ HN0-, is added carefully in very small portions, 
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drop-wise, to this hydrocarbon, it is possible to avoid spontaneous 

ignition. In this case, there is an exothermic reaction resulting in 

the separation of an amorphous dark-red precipitate which may be iso¬ 

lated and studied. When this substance is heated to 160-200°, an ex¬ 

plosion results; with the addition of several drops of nitric acid, 

the explosion commences as low as 100°. The same reaction may be pro¬ 

duced in a solution of CCl^. 

When dicyclopentadiene and nitric acid are reacted in a solution 

of carbon tetrachloride, solid substances, representing products of 

ohe reaction between and HNO^ were separated. Their properties 

are shown in Table 106. 

TABLE 106 

Composition of Reaction Products for Nitric Acid 
and Dicyclopentadiene 

Ini ■TO pMTCNTOI, « 

Ci.Hu I UNO. 

2AtlMlipHOt 
OTHOHICMIlt 

C,.Hii : UNO. 

OA|i.rioii.uinck 
O TurpAnro 
’»riiicf Tim, « 

ij£/icuriiTapiiMA cocran, % 

N 

) Tdiirp.itypa 
paijiOMfiiMU 

(acnuiiiKa). *C 

13,2 
13,2 
13,2 

6,3 
12,6 
18,3 

11 
12 

3,8 
1(,6 

10,4 

53.79 
51.80 
51,62 

4,69 
4,73 
4,85 

8,19 
9,05 
8,08 

33,33 
34,42 

155-160 
172 
200 

1) Reagents taken, g; 2) mole proportion; 3) solids 
formed, g; 4) elementary composition; 5) dissocia¬ 
tion (flash) point, °C. 

These substances clearly contain a nitroether group and a nitro 

group. They most likely represent high nitrated polymers of dicyclo¬ 

pentadiene, since the latter is easily polymerized under the action of 

nitric acid. 

Experiments designed to obtain reaction products for nitric acid 

and dicyclopentadiene were carried out in a 250-ml glass flask in 

which were placed 0.1 mole of dicyclopentadiene in a solution of 60 ml 

oí carbon tetrachloride. 0.1 or 0.2 mole of 99$ nitric acid was added 

to the solution drop-by-drop. 
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High-speed photography (at a rate of I500 frames per second) of 

the self-ignition process in dicyclopentane upon mixing with nitric 

acid showed that even after 0.002 sec, the formation of a solid phase 

could be observed. The initial ignition of the vapors above the liquid 

phase was observed after 0.005 sec, while the main ignition reaction 

developed in 0.025-0.03 sec. 

High-speed photography of the self-ignition process in other fuels 

in all cases revealed an initial violent boiling of the mixture, fol¬ 

lowed by the appearance of Isolated ignition sites in the vapors which 

combined to form a flame. 

The addition of sulfuric acid to the nitric acid facilitates the 

development of polymerization reactions, and for amines favors salt 

formation and acid catalysis in general, since sulfuric acid is stronger 

than nitric acid. Thus, the addition of 10-20# of concentrated sul¬ 

furic acid to nitric acid promotes ignition and decreases the ignition 

lag. 

4. Method of Investigating Hypergollc Propellants 

One of the important parameters of hypergollc propellants is the 

ignition lag, measured from the instant of contact of the oxidizer 

with the combustible to the appearance of the flame. The ignition lag 

should not exceed O.03 sec. The shorter the time elapsing between the 

start of fuel-component supply to ignition, the lower will be the mass 

of propellant stored in the motor, the less the pressure developed at 

the instant of propellant ignition, and the easier the start. 

Electronic equipment is used to determine the ignition lag of pro¬ 

pellant components (oxidizer and combustible) upon contact. Under lab¬ 

oratory conditions, two basic methods are used to determine ignition 

lag: 

1) combining the two propellant components in the vessel of a mix- 
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Pig. 139. General view of in¬ 
stallation for determining in¬ 
duction .period. 1) Vessel with 
oxidizer; 2) thermostat; 3) 
vessel with combustible; Î) 
rotating mechanism; 5) pulse 
generator; 6) support. 

Pig. l40. Circuit of pulse generator of 
recording installation for determining 
ignition lag. 1) To vessel with combus¬ 
tible; 2) to vessel with oxidizer; 3) to 
sweep generator. R1) 1 Meg; rJ 25,000 

ohms; R^) 100,000 ohms; C) 0.001 (if; L) 

tube; E1) 67.5 V (DC); E2) I.5 v (DC); 
Pj and P2) switches (normally open). 

ing- or drop-type instrument; 

2) causing contact of jets issuing from a special nozzle in a jet 

instrument. 
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The recording equipment may be quite varied. 

Figure 139 shows a general view of an installation for determin¬ 

ing ignition lag for hypergolic propellants in a mixing-type instru¬ 

ment [8] using an electronic timer. A specific quantity of oxidizer is 

poured into the cast glass vessel 1, located in thermostat 2 at the 

required temperature. The combustible is in vessel 3, which is con¬ 

nected to a rotating mechanism. Upon rotation, the combustible is 

poured from the vessel into the oxidizer, following which self-ignition 

occurs. 

The ignition lag is assumed to be the time elapsing between the 

touching of the oxidizer surface by the combustible and the appearance 

of the flame. 

The timing equipment includes a pulse generator, cathode-ray os¬ 

cilloscope, and a photocell with amplifier and signal generator. 

Figure 140 shows the pulse-generator circuit. At the instant the 

combustible makes contact with the oxidizer, a positive charge appears 

upon the control grid (the cathode is connected to a contact touching 

the oxidizer, and the anode to the combustible); as a result, there is 

a certain voltage jump. This pulse is applied to the sweep generator 

and then to the oscilloscope, whose screen shows a horizontal trace. 

The photocell and amplifier register the instant of appearance of the 

light due to the reaction; this causes a vertical deflection of the 

cathode-ray beam. The length of the trace from the initial point to 

the first vertical deflection is a measure of the induction period. 

The oscilloscope screen is photographed continuously with the aid of a 

special photographic attachment. 

Figure l4l shows a typical oscillogram for a propellant consist¬ 

ing of fuming nitric acid and a mixture of furfuryl alcohol (80$) and 

aniline (20$). The frequency of the signal voltage is 200 cps, and thus 
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Fig. l4l. Oscillogram obtained in deter¬ 
mination of the self-ignition period of 
a nitric acid-furfuryl alcohol and ani¬ 
line propellant at temperature of 20° 
(induction period, 0.005*29 = 0.0145 sec). 
1) Appearance of light; 2) sec; 3) Ini¬ 
tial beam position; 4) points. 

Fig. 142. Diagram of transducer for de¬ 
termining ignition lag. 1) Cylinder for 
oxidizer; 2) cylinder for combustible; 
3) openings; 4) weight holder; 5) weight; 
6 and 7) electrodes transmitting pulse. 

the distance between the separate points corresponds to 0.5 millisec. 

Consequently, the 29 markers of the oscillogram correspond to an induc¬ 

tion period of 14.5 millisec, or 0.0145 sec. 8-10 determinations are 

carried out in order to obtain an average result. 

Figure 142 shows the arrangement of a new design for a mixer-type 
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transducer. The details of this device were published in I955 [9]. 

The outer cylinder contains 3 ml of oxidizer, and the inner cylin¬ 

der, 1 ml of combustible. In order to determine the ignition lag, the 

supporting block is removed, and the inner concentric cylinder with 

the combustible is forced by the weight to drop into the outer cylin¬ 

der. As a result, the oxidizer and combustible are mixed through the 

openings in the inner cylinder, and ignition then occurs. At the in¬ 

stant of propellant contact, the first pulse is sent out by electrode 

6, while the second pulse is sent through electrode 7 owing to the ion¬ 

izing effect of the flame. 

Rocket-propellant ignition-lag determinations are made in an ex¬ 

haust hood, since oxides of nitrogen and nitric acid vapors are re¬ 

leased upon ignition of the propellant. Careful precautions must be 

taken to prevent spattering of acid and burning propellant particles, 

especially since in some cases propellant ignition may be explosive in 

nature. 

In the drop-type instrument [10], one of the propellant components 

(the combustible) is added by means of a special dropper to the second 

component, located in a small quartz crucible (Fig. 143). Along the 

way, the drops intercept a light beam that falls upon a photorecording 

camera. Flashing of the mixture is recorded by a second camera with 

i.he aid of a photocell. The ignition lag is found from the photographic 

data. 

With the aid of a capacitor-type pressure transducer and associ¬ 

ated equipment, the device makes it possible to record the change in 

pressure in a special chamber to which the propellant components are 

supplied during the period between mixing and ignition. 

High-speed photography may be used to find the ignition lag in a 

drop-type instrument. 
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Fig. 143. Diagram of drop-type instrument 
for determining ignition lag. 1) Nitric 
acid; 2) self-igniting combustible; 3) 
high-speed camera. 

Fig. 144. Diagram of jet-instrument arrangement for 
determining lag in hypergolic fuels, l) Jets of 
oxidizer and combustible; 2) electrical sensor re- 
cording contact of jets and pulse photocell; 3) 
photocell; 4) cylinders with oxidizer and combus¬ 
tible; 5) cylinder with compressed air; 6) pres¬ 
sure gauge; 7) compressor line; 8) additional cyl¬ 
inders with propellant components; 9) solenoid 
valve; 10) 50 cps. 

High-speed photography has shown that when the propellant compo¬ 

nents are mixed, violent boiling of the mixture occurs followed by ig- 
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nition and propagation of the flame from the ignition sites, which ap¬ 

pear in isolated points of the vapor cloud. 

Drop-type instruments have evidently not found wide application. 

The use of jet devices [10] to determine ignition lag is quite 

interesting, since the mixing of the propellant components occurs in 

jets, which permits the experiment to be set up under conditions ap¬ 

proaching those of a motor. The use of a Jet device makes it possible 

to obtain more accurate results than are possible with a drop-type in¬ 

strument. In the jet-type instrument, the two intersecting oxidizer 

and combustible streams, which flow out from capillaries, form a com¬ 

plex stream at their intersection with ignition occurring on some sec¬ 

tion of the complex stream. The length of the composite stream is pro¬ 

portional to the ignition lag. The ignition lag is determined with the 

aid of a recording instrument in terms of the time elapsing from the 

instant the streams combine to their ignition. 

In order to form the combined stream, each of the capillaries 

serving to supply the propellant components may be raised and lowered. 

In addition, the angle between them may be varied over a 15 to 100° 

range. The capillaries are located in the vertical direction by clamp¬ 

ing each of them to a special coupling that slides along two guide 

rods. In order to fix the capillaries at the precisely specified angle 

to each other, the guide rods are fastened to arms. One end of each 

arm is fastened along a common axis on one side of the instrument. The 

other end of each arm slides along a graduated scale, and may be locked 

to it at any angle. 

The propellant components are kept in special cylinders connected 

with the capillaries by means of vinyl chloride tubes. The propellant 

is supplied with the aid of compressed air at 0.4-0.6 atm (gauge). The 

compressed air is supplied from constant-pressure 20-liter cylinders. 
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The gauge pressure is reduced with the aid of a solenoid escape valve, 

and is recorded by means of a mercury manometer. The pressure is also 

automatically raised to the required limit. There is a permanent elec¬ 

trical contact in the manometer column, installed at a predetermined 

pressure used in the electrical system to maintain the pressure auto¬ 

matically (Fig. 144). 

The instrument is actuated when compressed air is supplied through 

solenoid valves to the pressure line leading to the propellant tanks. 

The propellant-component flow rate is regulated by varying the 

diameter or length of the capillaries, and also by changing the supply 

pressure. The capillaries used were 0.5 in diameter and l80 mm long. 

In this case, with a pressure of 0.9 atm (gauge) the supply of liquid 

amounted to 1 g/sec. The flow rate of each propellant component was 

determined in a separate experiment by supplying liquid to a graduated 

cylinder for a specified time Interval. 

The instrument can be controlled remotely; control centers in a 

small distribution panel upon which there are three switches and a sig¬ 

nal lamp. The main switch controls both supply lines, while the other 

two control the supplies of combustible and oxidizer. The signal lamp 

indicates that the main switòh is closed. 

Preparation for measurements amounts to establishing the flow 

rate and choosing the required height for the capillary output holes 

in order to achieve complete mixing of the streams. 

High-speed photography of the ignition process has established 

that boiling of the liquid fuel in the jet precedes ignition. The pro¬ 

pellant vapors then ignite and the flame propagates along the jet to 

the point at which the components merge into the common stream. 

Figure 145 is a photograph of a jet device in action. 

In addition to the standard instruments, special small laboratory 



’ 0Perati°n of jet induction meter 
with Jet ignition. 

TABLE 107 

Ignition 
98$ HN03 

-Lag Relationships for Butylmercaptan — 
Propellant 

Tempera- Chamber pres- 
ture, °C sure, atm 

+22 1 
-37 1 
+21 O.O6O 
+22 O.O65 

Ignition Nature of 
lag, sec process 

O.035 Combustion 
0.40 Explosion 
O.072 » 
O.095 " 

ZhRD motors are employed to measure ignition lag; they have a thrust 

of about 25 kg [11]. The motor chamber is made from a transparent plas¬ 

tic, and has an inside diameter of 50 mm. There are two jet nozzles in 

the chamber head; they produce streams intersecting at a distance of 

18 mm. The propellant components are supplied from thermostat-controlled 

tanks holding 100 and 200 ml under compressed-helium pressure. When 

pressure is applied to the propellant lines, membranes rupture, and 

the oxidizer and combustible pass through them to the combustion cham- 

ber where they ignite spontaneously upon contact. 

In order to study the self-ignition process under high-altitude 

conditions, the nozzle section of the motor is connected to a chamber 
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in which a rarefied atmosphere is set up corresponding to a flight al¬ 

titude of 20-30 km. The processes of ignition and combustion are re¬ 

corded with the aid of a high-speed camera at a rate of 6000 frames 

per second. 

It is necessary to study the process of propellant self-ignition 

at low pressures in order to develop the high-power ZhRD installations 

used for aircraft. 

For a propellant consisting of butylmercaptan and 9# nitric acid, 

the data shown in Table 107 were obtained for the ignition lag as a 

function of temperature and pressure. 

Both at low temperature and low pressure, the starting of a liq¬ 

uid engine is hindered, although the difficulties arising may be over¬ 

come. 

5. Composition of Hypergollc Propellants and Their Characteristics 

As we have already stated, systems based upon organic compounds 

(amines^ heterocyclic compounds, etc.) and nitric acid may be used as 

hypergollc propellants. 

Table 108 gives the ignition lags for several combustibles with 

98$ nitric acid [12]. 

In order to determine the mean value with an induction meter, 7-8 

parallel experiments are carried out. Experiments indicate that alkyl¬ 

ation of aniline in an amino group increases the ignition lag. Furfuryl 

alcohol has the least ignition lag, and may be used as a base for hy- 

pergolic fuels in combination with amines. 

The diene hydrocarbon dicyclopentadiene has the shortest ignition 

lag with nitric acid. 

Using samples of basic self-igniting combustibles such as furfuryl 

alcohol and aniline, and also a sample of a-methylpyrrolidine, a study 

has been made of the effect of combustible-component relationships, 
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TABLE 108 

Ignition Lags for Various Combustibles with Con¬ 
centrated Nitric Acid [12] 

1 r«p«m< 2 *opuy«a 

3 Sjjicpmm MMOIIOCWaailtlltllM. cea. 

4 Oyp4>ypiM0»Mfl 
cmipr 

5 Aiiiuihh 

6 McnuiaHwiHH 

7 ÄHJTIUUHHaHH 

8 a-MeTiuwHppojw- 
AHII 

9 ilmiHiuionciiîa- 
AIICH 

10 AiiuiiKaoncHTaAiicii: 
11 c 5% MUiauN» 

12 c 15¾ Mcaaiiwa 

as. 
Ç-CH j—OH 

C.H.NH, 

C.H.NHCH, 

C,H, 
C,H4N^ 

QH» 
HjC-CH, 

Hji CH-CH, 

QoHu 

0,012 

0,062 

2 
MWT 

3 
onwr 
oa 

4 
onwr 

13- 

0.0130,012 

0,054 0,0580,065 

0,087 0,131 

0,0590,050 

0,012 

0,0720,0880,0119 

0,0590,0560,064 

{ 
onwr 

0,012 

0,063 

0,011 

0,065 

0,078 

0,051 

7 
onwr 

i 14 
*t r lii uSS 

0,012 

0,069 

0,1630,1530,115 

0,0660,0650,059 

0,012 

0,061 

0,044 

0,032 

0,025 

0,011 

1) Combustible; 2) formula; 3) Ignition lag, sec; 
4) furfuryl alcohol; 5) aniline; 6) methylanillne; 
7J dlethylaniline; 8) a-methylpyrrolidine; 9) di- 
cyclopentadiene; 10) dicyclopentadiene; 11) with 
5# melange; 12) with 15# melange. 

temperature, and nitric-acid concentration upon the ignition lag. The 

physicochemical properties of the self-igniting components are given 

below: 

1 «•yp^ypHJionufl Ahiuiir a-Mcthr* 3 
timpr 2 OHppoaiiAHH 

4 MoacKyanpHbiii bcc 08,1 03,8 85,0 

5 nflOTHOCTb ... • 1,133 1,022 0,804 
6 T. na., *C ... —30 -6,2 . — 

7 T. HHn., *C . . . 170 189,4 81,8 

1) Purfuryl alcohol; 

a-methylpyrrolidine; 
weight; 5) density; 
°C; 7) boiling point 

2) aniline; 3) 
4) molecular 

6) melting point, 
, °C. 

Figure 146 shows the change in the ignition lag with nitric acid 

as a function of mixture composition for: furfuryl-alcohol-aniline, 
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a-methyIpyrrolidine-aniline, furfuryl alcohol-a-methylpyrrolidine, and 

also for mixtures containing all three components (Pig. 1^7). 

The ignitiun lag does not vary additively with mixture composi¬ 

tion, but is characterized by concave curves with a minimum for a spe¬ 

cific composition. This minimum occurs for the following mixtures: 

Content, % 
1. Furfuryl alcohol. 6O-7O 

Aniline. 30-40 

2. Methylpyrrolidine. 7O-8O 

Aniline. 20-30 

3. Furfuryl alcohol. 30 
Methylpyrrolidine. 70 

Three-component mixtures of combustibles do not have more favor¬ 

able ignition lags than two-component mixtures. Curves for these sys¬ 

tems are plotted from points found as averages from ten determinations. 

The nitric-acid concentration has a substantial effect upon the 

Ignition lag. Acid concentration has the greatest effect for the less 

active combustibles such as furfuryl alcohol as compared with the com¬ 

bustible consisting of 20$ aniline and 80$ furfuryl alcohol. Nitric 

acid concentration in the 96-99$ range has no noticeable effect upon 

the induction period at normal temperature. 

With a drop In the temperature of the propellant components, the 

ignition lag rises to various degrees depending upon the activity of 

the combustible. Figure 154 shows the variation in the ignition lag 

for a mixture of furfuryl alcohol (80$) with aniline (20$) and 93»5$ 

nitric acid, depending upon temperature in the -30 to 30° range. For 

self-igniting combustibles to be used in ZhRD, the ignition lag with 

nitric acid should not exceed 0.03-0.04-0.05 sec at -30, -40° [9]. 

The increase in ignition lag with decreasing temperature is con¬ 

nected both with the lower rate of chemical reaction and with the in- 
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O.OO8 

0.009 

0.012 
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creasing viscosity of the mixture components, which impairs mixing. 

The quality of component mixture has a large influence upon self¬ 

ignition. Thus, where the concentrated nitric acid is suppli«dHre- the 

combustible in the form of drops of various sizes, a decrease in acid 

drop size below 5 mm will lead to an increase in the ignition lag (es¬ 

pecially at low temperatures). 

In addition to the hypergolic furfuryl alcohol-aniline propellant, 

a hypergolic triethylamine-m-xylidine propellant has found employment. 

Technical xylidine is obtained from m-xylol, and contains 50-60# of 

the 2,4-dimethylanlline isomer: 

OH, 

CH, 

Figure 148 shows the influence of the triethylamine and xylidine 

proportions upon the ignition lag with 98.8# nitric acid. Minimum lag 

is observed where the mixture contains 60# triethylamine and 40# xyli¬ 

dine by volume. 

These compounds have the following physical properties: 

1 VammiuA 
dcc 

2 T. rwi., »C 3 T. Kim., *C 

0,729 -114,8 80.5 TpllOTIMiaMIIII . 

Kchjiiiaimi (2,4- 
AiiMCTiMaiiiMiiii) . 0,978 — 213 
Aiiiiaiih. 1,022 —G,2 154 
Oyp^ypiiAOBbiii 

cmipr .... 1,13 —32 171 

.Tennor.i n6pa- 
( .1011.1111111, 
kmi/moa* 

+42,33 

+46,2 
-7,08 

+63,1 

l) Specific gravity; 2) melting point, C; 
3) boiling point, °C; 4) heat of formation, 
kcal/mole; 5) triethylamine; 6) xylidine 
(2,4-dimethylaniline); 7) aniline; 8) fur¬ 
furyl alcohol. 

Optimum mixture composition will correspond roughly to the equi¬ 

librium relationship of the two substances. 
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A hypergolic propellant having a low ignition lag (0.02 sec) may 

be obtained from mixtures of triethylamine and aniline with 98.8# nit¬ 

ric acid (Pig. 149). 

The effect of nitric acid composition upon the ignition lag of a 

combustible consisting of 60# by volume of triethylamine and 40# by 

volume of xylidine is shown in Pig. 150. 

The ignition lag for the triethylamine-xylidine propellant called 

"Tonka-250" in the literature can be decreased by introducing cata¬ 

lysts into the nitric acid: salts of iron, copper, nickel, chromium, 

etc. [12]. 

Figure 151 shows the effect of the amount of catalyst added to 

96.4$ nitric acid upon the ignition lag of this fuel. 

A mixture of dissolved salts having the composition Pe - 75$, 

Or - 15$, Ni - 10$ is added to the nitric acid as a catalyst. 

For nitric acid containing up to 1$ of the catalyst (in the form 

of a metal), the ignition lag drops from 0.021 to 0.013 sec. 

Fig. 148. Influence of composition 
of the self-igniting combustible tri¬ 
ethylamine -xylidine on self-ignition 
lag with 98.8$ nitric acid. 1) Lag, 
m/sec; 2) parts by volume; 3) xyli¬ 
dine; 4) triethylamine. 
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Pig. 149. Influence of composition of 
self-igniting triethylamine-aniline com¬ 
bustible on self-ignition delay with 
98.8$ nitric acid. 1) Lag, msec; 2) parts 
by volume; 3) aniline; 4) triethylamine. 

Fig. 150. Influence of nitric- 
acid concentration on self-igni- 
tlon lag of combustible consist¬ 
ing of 60# (C2H5)3N and 40# 

(C^^CgHgNHg. 1) Lag, msec. 

Fig. 151. Influence of amount of 
catalyst on self-ignition lag of 
propellant consisting of 96.4# 
nitric acid and a 60-40 mixture 
of triethylamine and xylidine. l) 
Lag, msec; 2) grams of metal per 
liter of acid. 

Fig. 152. Influence of amount of iron 
dibutylnaphthalene sulfonate in solution 
of combustible [(C2H^)3N - 60#, 

(CH^)- 40#] on self-ignition 

lag with 98.8# nitric acid, l) Lag, 
2) iron salt, g; 3) iron, g. 
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A similar effect may be achieved by adding iron salts of a sulfo 

acid to a mixture of xylidine with triethylamine; the salts are dis¬ 

solved in this combustible. Iron dibutylnaphthalene sulfonate 

^4^9)2^10^5^3½^6 is used for this purpose. 

To achieve the same effect, it is necessary to introduce up to 8 

of Pe per liter of combustible (Fig. 152). 

The use of nitric acid activated by catalysts (metals) evidently 

makes it possible to create inexpensive self-igniting combustibles - 

mixtures of amines with petroleum products. 

Thus, the mixture consisting of 60# xylidine and 4C# kerosene ig¬ 

nites spontaneously with 95$ nitric acid containing 1$ iron, with an 

ignition lag of O.034 sec. 

Table I09 shows the ignition lag for such mixtures. 

TABLE IO9 

Ignition Lag for Mixtures of 
Xylidine with Kerosene and 95# 
Nitric Acid with 1# Iron 

1 Como ropwiero, HcpilOA 9.WPMKN 
caMonocnjMMCHo* 

hub, cck. 2 KCMfliiAiin 3 Kcpocmi 

100 
80 

75 
70 
05 
00 

50* 

70 6 
5 (TpimiiTiaMiu! 

KCHJIHAIIIl) —70 

20 

25 
30 

35 
40 
50* 

30%aDToöcii3iiha 
30 

0,018 

0,020 
0.021 
0,022 
0,028 

0,034 
0,040 
0,047 

0,043 

*The propellant does not ignite 
without a catalyst. 

1) Composition of combustible; 
2) xylidine; 3) kerosene; 4) 
ignition lag, sec; 5) (tri¬ 
ethylamine xylidine); 6) motor 
fuel. 

Self-igniting combustibles may be obtained by adding 40-50# of 
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CnH2n+lí>H2 and ^CnH2n+1^3^ type all<y1Phosphines to kerosenes. If prod¬ 

ucts of pyrolysis are used as the hydrocarbon component, 25-30$ altyl- 

phosphine is sufficient. The mixture consisting of 30$ hexylphosphine 

C6H13PH2 and pyrolysis products ignites spontaneously at -40° with 

a lag of 0.04 sec. 

The results of interesting investigations dealing with a direct 

determination of the ignition lag for reaction fuels of various compo¬ 

sition in chambers of liquid reaction engines have been published [13]. 

Table 110 shows the results of these investigations. 

Such primary aromatic amines as aniline and xylidine when added 

to furfuryl alcohol reduce the ignition lag of the combustible with 

nitric acid. Tertiary amines in both the aromatic and aliphatic group 

increase the ignition lag. 

During the Second World War, employees of the I.G. Farbenindustrie 

Company of Germany developed self-igniting combustibles consisting of 

^yclohexylamine and aniline [12]. As a result, recipes were proposed 

for combustibles which with 96-98$ nitric acid, activated by iron, ig¬ 

nite spontaneously at -40°. The composition and properties of these 

combustibles are given below. 

Content, $ 

cyclohexylamine. 

aniline. 

crude benzene. 

tetralin . 

Pour point, °C. 

Viscosity at -40°, centi- 
stokes. 

Heating yield, kcal/kg... 

"Hypergol-10" 

5O.5 

27.2 

22.3 

-40 

20 

1427 

"Hypergol-l4" 

48.7 

26.5 

24.8 

-4o 

36.8 

Of the well-known self-igniting combustibles, the following reci¬ 

pes deserve the most attention: I. Furfuryl alcohol — 70$, aniline — 

30$ (Figs. 153 and 154). II. Triethylamine - 50$, xylidine - 50$. 
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TABLE 110 

Effect of Combustible Composition (Furfuryl Alco¬ 
hol-Amines) upon Ignition Lag with 9¾¾ Nitric Acid 
in Chamber of ZhRD [13] 

1 ropomc 

2 
Co- 

•me. % 

4 

3 CNipiijrju 

A ¿ 'Í »t X r 1» iU: 
m 

-:.2,5 

ï ^ ä 

¡oí?2 

6 $yp4>ypii4ouifi cmipr. — 0 0,033 1.21 

7 OyiMpypHJiouift cmipr. 
8 Ahiijiiih. 

ir. 
25 

NH, 

Çj-CH.-OHH-Q 

0,018 1,31 

9 ToAyiiaiiH. 
10 $yp<|>ypiijioDuit cmipr. 

• 
•1 

25 
75 

Nil, 

(Ql +(Jj-CH,OH 

O 

0,037 1,32 

AHMCTIUiaillMIIIII. 
1^ <l>yp<t>ypi<vioouii cmipr. 

25 
75 

¿h.-n-üí, 
1 

0 Jl— CH,OH 

. 0 

0,090 Ml 

I? Kciijmiaiiii.• • ... 
1^ $yp<t>iipiMODMii cmipr. 

25 
75 

CM, 
1 

NH, —. 

U-CH, 
O 

0,020 M0 

IS Kciijiiuiiii. 
lb «PypipypiiAOObiH cmipr. 

50 
50 

To *c 0,027 1.5 i 

IT AinTimaiiiMim. 
18 <Pyp(|mpiiAODufi cmipr. 

I 

1 

25 
75 

CjH,—N — C,Hj 
1 

0 lj-CH,OH 
O 

0,055 1.17 

19 TpimiMaMim. 
20 4»ypi|iypiMODui"i cmipr. 

25 
.75 N(CjH,)3 CH,OH 

0,001 

i 

1.75 

1) Combustible; 2) content, 3) formula; 4) ig¬ 
nition lag, sec; 5) oxidizer-combustible ratio; 6) 
furfuryl alcohol: 7) furfuryl alcohol; 8) aniline; 
9) toluidine; 10) furfuryl alcohol; 11) dimethyl- 
aniline; 12) furfuryl alcohol; 13) xylidine; 14) 
furfuryl alcohol; 15) xylidine; lo) furfuryl alco¬ 
hol; 17) diethylaniline; 18) furfuryl alcohol; 19) 
triethylamine; 20) furfuryl alcohol. 

The second combustible is known under the name "Tonka-250." 

Together with concentrated nitric acid, combustibles I and II ig¬ 

nite with an ignition lag of less than 0.03 sec. They are characterized 

by acceptable physicochemical properties, and they may be produced on 
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an adequate scale from available raw materials. 

It is known that the self-igniting furfuryl alcohol-aniline com¬ 

bustible was initially utilized (1952) as the starting combustible in 

the American interceptor rocket "Nike-1." It was placed in the main 

combustible line, and provided instantaneous starting of an engine 

that uses a nonself-igniting combustible [14]. 

In view of the fact that this combustible frequently became guimiiy 

upon extended storage, it was replaced by an improved self-igniting 

combustible - dimethylhydrazine (see below). 

In order to expand the propellant raw-material base, in many cases 

petroleum products or other hydrocarbon components are added to a self- 

igniting synthetic combustible. 

In this case, it is necessary to increase the activity of the ox¬ 

idizer or combustible, which is done by adding activators or catalysts. 

pig* 153* Influence of nitric- 
acid concentration on self¬ 
ignition lag with various com¬ 
bustibles. 1) Furfuryl alcohol; 
2) QOfo furfuryl alcohol and 20$ 
aniline. A) Self-ignition lag, 
msec; B) HNO^ concentration, $ 

by weight. 
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Thus, the addition of 10# sulfuric acid to 98# nitric acid in¬ 

creases its activity with respect to the self-ignition reaction. With 

such nitric acid, it is possible for turpentine, which basically con¬ 

sists of a-plnene, to ignite spontaneously. With standard nitric acid, 

turpentine will not ignite spontaneously. 

The greatest activity is shown by an oxidizer consisting of nit¬ 

ric acid, sulfuric acid, and perchloric acid (14): HNO^ - 89#, H2S0^ - 

1#, HCIO^ - 10# (specific gravity I.615). 

Turpentine will ignite spontaneously with this oxidizer, even 

when mixed with kerosene, alcohols, or acetone. Aniline, xylidine, and 

furfuryl alcohol ignite spontaneously with a HNO^-HCIO^ oxidizer, with 

a short lag. 

Furfuryl alcohol 

Xylidine. 

Aniline. 

Ignition lag, sec 

Nitric acid 
(98#) 

0.021 

O.O62 

0.06 

Mixture of 
nitric acid 

(90#) + 
perchloric 
acid (10#) 

0.005 

0.03 

0.03 

For a residual pressure of 250 mm Hg and a temperature of -38°, 

furfuryl alcohol ignites spontaneously with an oxidizer containing per¬ 

chloric acid, with a lag of 0.013 sec. 

It has been proposed that a mixture of pyrrole and ethyleneimine be 

used as a self-igniting combustible with nitric acid, having a very 

short lag at low temperatures. 

The mixture of pyrrole and ethyleneimine has a low pour point and 

an ignition lag that is less than that for any of its components: 
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1 nappM, % 2 9Tiw«aaMBa, % 3 T«nnepiTypi 
mctumun*, * C 

90 

80 

80 

75 

10 
20 
20 
25 

-33 

-30 

-02 

43aA«p*x»cJM«Mcnu- 
MCMCIIjU, cea. 

0,009 (npn 21*) 

0,007 (npu 24*) 

0,011 (npu—40*) 

0,008 (npa-40*) 

1) Pyrrole, 2) ethyleneimlne; 3) pour 
point, °C; 4) Ignition lag, sec. 

Recently [14] Information has appeared on hypergolic propellants 

based upon nitric acid, oxides of nitrogen, and combustibles contain¬ 

ing hydrazine and methylhydrazine as the active initiators of self¬ 

ignition. Thus, the ignition lag for a hydrazine-aniline propellant 

with nitrogen tetroxide varies as a function of composition as follows: 

1 COACPMINHC, % 2 HcpilOA laXepWKN CfMO* 
•ocnp-iMcneiiHa 

« NlO«, CCN. 
3 rxxp.iiHH 4 «1111X1111 

0 

20 
60 
80 

100 

80 
40 

20 

0,35 

0,003 
0,012 
0,076 

1) Content, 2) ignition lag 
with NgO^, sec; 3) hydrazine; 
4) aniline. 

Pig. 154. Influence of temperature on 
self-ignition lag of propellants. 1) 
Nitric acid 93-5^) + furfuryl alcohol; 
2) nitric acid (93.5$) + mixture of fur- 

(°0$) with aniline (20^). 
t ^-^^“isnition lag, msec; B) tempera- 
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As the data given shows, the addition of 20# hydrazine to aniline 

decreases the ignition lag by nearly a factor of ten. 

Triethylamine, which enters into self-igniting combustibles, is 

obtained by amination of ethyl alcohol by ammonia under a pressure of 

40-50 atm and at a pressure of 300J1000 over a catalyst containing ox- 

ides of aluminum, tungsten, etc. 

The reaction occurs with the formation of all three possible 

amines: 

CjHgOH -f NHj CjHjNH, + H,0 
2 CjHjOH + NH3 - (C,H|),NH + 2 HjO 
3 CjHjOH + NHj - (C,H.)jN + 3 H,0 

The mixture of amines contains from 5 to 20# triethylamine. After 

separation of water and the unreacted ammonia, the mixture of amines 

is disproportionated in order to convert the mono- and diethylamines 

to triethylamine. This reaction is carried out at 350° under a pres¬ 

sure of 20-50 atm over aluminum oxide, and is promoted by metals. 

The following reactions occur here: 

CjHjNH, + CjHjNHj £ (QH^NH + NH, 
(C|H|)| NH + (CjHjJjNH ^ (CjH,), N + 

The amine mixture consisting of 35-36#, (CgH^NH- 

36-38#, c2H5NH2 - 24-26#, is distilled. 

Triethylamine boils at a temperature of 89.5°, diethylamine at 58°, 

and monoethylamlne at 19°. 

In Germany, an interesting method has been developed for synthe¬ 

sizing triethylamine by the combined hydration of acetonitrile and ace¬ 

taldehyde. The basic reaction may be represented by the equation 

0 
M 

(C,H6)3N+ 2HjO. 

H 

The amine mixture obtained from this reaction 
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amine - 62#, diethylamine - 24#, ethylamine - l4#. 

Acetaldehyde is produced by direct synthesis from ethylene and 

oxygen: 
0 

C,H4 -h VA 
MCI, / 

-01,-0 

Acetonitrile may be obtained, with a good yield, from ammonia 

pentane: 

MO* 

C,HU + NH,-► CH, — C s N +3C+ 6H,. 
MoO, 

Triethylamine is also obtained from acetaldehyde and ammonia at 

150° over a nickel-chromium-containing catalyst at atmospheric or 

slightly elevated pressure: 

0 

3CH, - C + NH, + 2H, - (C,H,),N + 3HA 
\ 
H 

In practice, an amine mixture is formed which is disproportionated. 

U. P. Vatsulek has described the direct synthesis of a mixture of 

ethylamines from ethylene and ammonia under the catalytic effect of 

metallic sodium or its hydride: 

2oo* CM, — CM, — NH, 
CH, = CH, + NH,->(CH, -CH,),NH 

820-080 am (CH, - CHj),N 

Diethylenetriamine which has recently been mentioned as a compo¬ 

nent of hypergolic propellants is obtained by reacting dichloroethane 

and ammonia under a pressure of 40-50 atm at l8o°: 

HjNQH^'HQH.NH, 
/ 

CIC,H4C1 4- NH, 
\ 

triethylenepentamine, etc. 

The yield of diethylenetriamine amounts to 40-50#. 

Furfury1 alcohol which is contained in certain self-igniting com- 
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bustibles is obtained from furfurole, and the latter by hydrolysis of 

pentosan: 

(CiHA)* + aMjO—> jc QHjqOj 

u \ 

KJ-tS + H,- 0-CH,-OH. 

° \ 

Pentosanes are contained in agricultural wastes: straw, sunflower 

hulls, etc. 

The intermediate product, furfurole, is used in the manufacture 

of plastics. 

Alkyl derivatives of hydrazine are used as active comMOhtnts oj. 

hypergollc fuels: methylhydrazine, symmetric dimethyIhydrazine, and 

unsymmetric dimethylhydrazine, which is now receiving a great deal f 

attention. 

The physicochemical properties of the substances [15] are given 

below: 

1 COOAMICHHC 

8 McTiuniapaniH 

9 CiiMMeTpimiibifi 
AiiMeTiMiniApaaHH 

10 HcCIIMMCTpimHhlft 
AHMeniJirHApasHH 

11 ftiApaaim 

2^opMyfla 3 naoiiiocrfc 
npu 25* * ^ ^ ooP' 

cn^ora 
oOp.nonamoi, 
KKQAlC'MOAb 

7 Tcii.iot.i 
rnpi'imn, 

KKIU/CMOA* 

0,871 —52,4 87,5 -12,7 311,7 

CHjNHNHCH, 0,827 -8,9 81,5 -12,2 473,5 

11,0 
\NNHä 0,783 -52 G3,l -11,3 472,0. 

H,C 
H,NNH, 1,00 -(-2,0 113,5 -12,0 148,0 

I) Content; 2) formula; 3) density at 25°; 4) melt¬ 
ing point, °C; 5) boiling point, °C; 6) heat of 
formation, kcal/g-mole; 7) heat of combustion, 
kcal/g-mole; 8) methylhydrazine; 9) symmetric di¬ 
methylhydrazine; 10) unsymmetric dimethylhydrazine; 
II) hydrazine. 

It has been proposed that phenyIhydrazine C^H^NHNHg [16] be used 

as a component of self-igniting combustibles for fuels based on nitric 
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acid, oxides of nitrogen, and tetranitromethane. A combustible consist¬ 

ing of a solution of anhydrous hydrazine in aniline has been suggested 

for this purpose. 

It is evident that any interest presented by hydrazine and methyl- 

hydrazines will lie outside the framework of propellants based on nit¬ 

ric acid and hydrogen peroxide. 

Propellants based on hydrazine, dimethylhydrazine, oxygen, and 

fluorine show very good energy characteristics. 

In this connection, production of hydrazine and dimethylhydrazine 

has expanded in the United States during recent years. 

Hydrazine is obtained from ammonia and hypochlorite: 

NHj-j- NaOCl -► NHjCl + NaOH 

NH,C1 + HNHj » H,N - NH, + HCI 

NaOH + HCl-NaCl + HA 

Various methods are used to obtain dimethylhydrazine on an indus¬ 

trial scale [I?]. It may be obtained from dimethylamine and ammonia 

with the aid of sodium hypochlorite. In the first stage, the ammonia 

and sodium hypochlorite produce chloramine, while the chloramine and 

dimethylamine then produce dimethylhydrazine: 

NHj-l- NnOCl-o NH5C1; 

(CH3)2NH + C1NI I, -> (Cl MjN - NHj + HCI. 

Dimethylamine may be obtained by alkylation of ammonia by methyl 

alcohol: 

2CH3OH + NII3(CH3)jNH -(- 21-1,0. 

In another method, nitrosamine is obtained from the dimethylamine ; 

the nitrosamine is then reduced further to dimethylhydrazine: 

(CH,)jNH -(- NaNOj -(- HCI -» (CH3)2N - NO -(- NaCl -(- H20; 
(CH3)2N - NO -(- 3H2 — (CH3)2N - NH, -(- H,0. 

After removal of water and distillation of the reaction mass, 99$ 

pure dimethylhydrazine is obtained. 
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Dlmethylhydrazine has a molecular weight of 60.08, a viscosity 

T = O.586 centlpoises, a heat capacity Cp = O.653, a heat of formation 

of I87 kcal/kg, a heat of combustion of 7866 kcal/kg, a latent heat of 

vaporization of 193 cal/g, a critical temperature of 249°, and a crit¬ 

ical pressure of 60 atm. The autoignition temperature of dimethyIhydra- 

zlne with air is 2500. It mixes with water and gasoline in all propor¬ 

tions, and is toxic, although it is not a poison; great care should be 

exercised in working with dlmethylhydrazine. 

The technical specifications for dlmethylhydrazine: 

Content of unsymmetric dimethyIhydra- 
zine no less than. 98$ 

Specific gravity. O.783-O.786 

Melting point. _520 

Fractionation: 

1<# distillation temperature. 61.50 

90# distillation temperature. 64.5° 

It is known that dlmethylhydrazine is used together with oxygen 

in the second-stage motor for the United States "Vanguard" space 

rocket, which produces a thrust of 8 tons. 

In the United States, dlmethylhydrazine is used as a starting com¬ 

bustible for the "Nike" surface-to-air rockets; it is added to the 

kerosenes employed in the ZhRD with nitric acid in order to activate 

the combustion process. 

The following self-igniting combustible mixtures based on dimethyl- 

hydrazine are recommended (in %): 

Aerozin 

Khaydin 

( HSN — N (CHjJj . 

iHjN-NH, . . 

[HjN - N (CH,),. 

J .Q.H4NH, 
)HN( 
l 'CjHjNHj 

50 

50 

GO 

/jO 

This combustible, together with nitric acid containing 15# oxides 

oí nitrogen, develops the following specific impulse (in sec) for a 
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differential p/pQ = 50: 

RP-1 kerosene + nitric acid. 247 

Aerozine " " . 257 

Khaydin " " . 253 

TABLE 111 

Ignition Lag of Propellants Based upon Hydrazine 
and Nitric Acid in a Small Rocket Motor [13] 

1 ropas«« 

7 riupasHH 

8 niap.uiiH 

9 4>yp<}>ypiMiODijj) cmipT 

2 Oopuy/u 
, ^TcMntpj« 

Typ.i 
onurj, *C 

ONMMUTCOk 
5nepiioa 3>iacpMNn 
COUOOOCn^.lUOIICIIMN, 

C«K. 

N-.H« 

N:H* 

0-CMtOH 
0 

+21 

+21 

+21 

Kohii. HNOi 
c 24% NiO« 
96%-iiaH NHOi 

14 To MC 

0,0031 ± 0.0014 

0,005 ±0,0017 

0,0016 ± 0,002-1 

> > 
10 rnapajiiH. 
IIAmmiok c Ao6aBK0M 14% 

rHApaaima. 
12 AuMiiaK c 9,5% ntApa- 

amia .. 
IB Ammhak c 5% THApasHiia 

t 
NjH* 

NH.+ NjH 

NHj + NjH« 
NH« ± NjH« 

-29 
+25 

—3G 

-35 
or —37 
AO —47 

» » 

71,5%-iiaflHNOi 
6 
Komt. HNOj 
c 24% NjO« 
To we 14 

i » 

Or 0,022 ao 0,040 
0,037 

0,006 

0,014 
0,037 

I) Combustible; 2) formula; 3) experimental tem¬ 
perature, °C; 4) oxidizer; 5) ignition lag, sec; 
6) concentrated HNO^ with 24^ ; 7) hydrazine; 

8) hydrazine; 9) furfuryl alcohol; 10) hydrazine; 
II) ammonia with addition of 14$ hydrazine; 12) 
ammonia with 9.5$ hydrazine; 13) ammonia with 5$ 
hydrazine; 14) same. 

For the "Titan" rocket, the propellant recommended consists of a mix¬ 

ture of dimethylhydrazine and hydrazine: (CH-^N*!^ - 40-70$; - 

60-30$ [17]. 

In 1954, dimethylhydrazine cost $13,000 per ton. With mass produc 

tion, it is assumed that its cost will not exceed $2200 per ton (the 

cost of JP-4 petroleum aviation fuel is $7 per thousand liters). 

Propellants containing hydrazine as a combustible have very short 

ignition lags, measured in the thousandths of a second. 

Table 111 shows the ignition lags in a rocket motor for various 

propellants based upon hydrazine and nitric acid as a function of pro¬ 

pellant composition and temperature. 
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TABLE 112 

Effect of Adding 5$ of Surface-Active 
Substances upon Ignition Lag for 
Self-Igniting Combustibles with 97# 
Nitric Acid (Drop Method) [18] 

1 AodaiK* 

riepiloa JiacpiKKM MMOOOC- 
2 naaMciieiiiiii. ccK. 

0yp4iypiiao- 
auA CnilpT — 

a3%.)ic4>riiioe 
ropwicc—17% 

Ai'iliiKaoncii- 4 
raancii—37%, 
iic<t>rnioc ro- 
pio'icc - 63% 

5 Hct. 

D Amha oacinionofi KHcaom . . . . 

7 TpiDTaiioaaMiiiioacai. 
6 raimcpHaoacar . 

9 UcTiianiipnamiOpoMiu. 
10 HarpHAcyaupopnmniaT. 

11 HaipiiHaaKiiaapiiacyaujioiiaT .... 
12 HaTpHHaaKiiacyaupai. 

0,031 

0,023 
0,023 

0,023 

0,031 

0,010 
0,023 

0,023 

0,070 

0,039 

0.031 

0,039 
0,047 

0,047 
0,047 

0,031 

1) Additive; 2) ignition lag, sec; 
3) furfuryl alcohol — 83#, petroleum 
combustible - 17#; 4) dicyclopenta- 

7 37#, petroleum combustible - 
o3#; 5) none; 6) amide of oleic acid; 
7) triethanolaminoleate; 8) glyceryl— 
oleate; 9) cetyl pyridine bromide; 
10] sodium sulforicinate; 11) sodium 
alkyl aryl sulfonate; 12) sodium al- 
kylsulfate. 

TABLE II3 

Effect of Adding 0.5# Surface-Active 
Substances on Ignition Lag in a Mix¬ 
ture of Furfuryl Alcohol (83#) and 
Petroleum Combustible (17#) with 
99.5# Nitric Acid (Jet Set-up) [18] 

1 AoCaaiu 2 HcpilOfl 3.1/tcpjKKK 
CiMODOClMaMCNe- 

iiim, ccK. 

3 Her. 

^ r/iiiKo/iwvieaT. 
5 UeTiwnHpiiamiöpoHna ... 
0 HaTpHMiia(})Taaiiiicyab4)oiMT .. 

7 HaTpHAcyjiujxjpimmtaT ... 
0 HaTpafiaaKHacyawpat .... 

1) Additive; 2) ignition lag, sec; 
3] non®i glycoleate; 5) cetyl pyr¬ 
idine bromide; 6) sodium naphthylene 
sulfonate; 7) sodium sulforicinate; 
0) sodium alkyl sulfate. 

0,0203 
0,0109 
0,0200 

0,0184 

0,0195 

0,0192 
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TABLE 114 

Ignition Lag of Furfuryl Alcohol - 
Nitric Acid Propellant with 0.5# 
Surface-Active Substances as Addi¬ 

tives [8] 

1 Ao&mk* 

2 ncpHUA MACPWKH. CCK. 

NanrAMiuA CTpyAiiMl J 
HCTOA 

5 Her . . . . 
6 H«TpiicuaiiCMi»MKiuicyjiui>oiiaTa *, 

CMcmaimaii c ropwmiM. 
7 HaipueoaH ctwib aaKHacyawpara, 

CMeuiaiiHax c okmg/iiitcjicm . . . 

0,023 

0,023 

0,023 

0,0209 

0,0144 

0.0227 

^Evidently of the type. 

y 
SO.N« 

1) Additive; 2) lag, in sec; 3) drop 
method; 4) jet method; 5) none; 6) 
sodium salt of alkylsulfonate mixed 
with combustible; 7) sodium salt of 
alkyl sulfonate mixed with oxidizer. 

Fig. 155. Influence of surface-active 
agent (sodium alkylaryl sulfonate) on 
surface tension at phase boundary between 
nitric acid and cyclohexane, l) Nitric 
acid-cyclohexane; 2) nitric acid-cyclo¬ 
hexane + 1# sodium alkylaryl sulfonate. 
A) Surface tension, dynes/cm; B) HNO^ 

concentration, #. 
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In addition to the effect upon self-ignition of temperature, com¬ 

bustible composition, concentration of acid and catalysts, a study has 

recently been made of the role of physicochemical factors determining 

the rate of mixing of the components prior to the onset of the chemical 

reaction. These factors are the surface tension and viscosity of the 

propellant components. 

The surface tension of combustibles may be changed by introducing 

small quantities of surface-active substances. The effect of surface- 

active substances upon the ignition lag of a combustible with 97$ nit¬ 

ric acid is shown in Table 112. 

The effect of surface active substances on the ignition lag in a 

Jet installation is shown in Table II3. 

Table 114 gives the ignition lags for furfuryl alcohol with 98$ 

nitric acid determined by various methods under comparable conditions. 

The surface tension at the nitric acid-cyclohexane phase interface 

in the presence of sodium salt of alkylsulfate [sic] appears in Pig. 155. 

The results of the experiments depend upon both the method of de¬ 

termination and upon the method of adding the surface-active substance, 

which decreases the surface tension at the phase interface, and thus 

improves mixing of the reacting components and, consequently, their 

ignition as well. 

6.__ Characteristics of Heating Value, Specific Thrust, and Combustion 
Temperature for Hypergollc Fuels —' 

In addition to having good ignition and combustion properties, in 

operation, propellants should provide high exhaust velocity for the 

combustion products and high specific thrust, while the combustion tem¬ 

peratures should not be very high. 

Tables 115 and II6 show the characteristics of these properties 

for propellants based upon nitric acid, nitric acid with oxides of nit- 
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TABLE 115 

Characteristics of Nitric-Acid Based Propellants 
U2, 19] 

2 0, ., X • 4 . J 
5¡SÍ> 
S&Ï8S 
b E tM * 

3 M i 

Am *3»0S 

co«. 
D1- Ä * *7 .. 0 « 
at t * 
ií*'S 
Stil* 

s* 
"2e 
R. a 

7s; 

ar S 
0 « c 
<3 2¾ 

Bfj ! 

lîâ 

1 Tomnm 
it** 
III 

10 A joman Kiicnora + 
+ MIIAKIIÍI UOAOpOA 

llAMTiiao KiicAora 
c oKiiCAAMH aaoTa + 
+ aiiiiAiiii. 

.12 AJOTiian Kiicjtora + 
+ amiaim. 

'IS Asoman Kiicaoxa + 
+ (Jiyptjiypiiaouu/l 
cniipi. 

l^Mcaaii>K+ Monosma- 
aimaHH. 

15 Asoman Kiicaoia + 
+ riiApasmi.... 

16 Asoman Kiicaora + 
+ amiAHH. 

I? Asoman Kiicaora 
(C0%), OKiicau 
asoia (40¾) + ' 
+ aniiAHH. 

1885 

1440 

1535 

0,01 

1,37 

1,37 

1,300 

1,28 

1,37 

1,452 

0,93 

0.0 

0,93 

24 

20,0 

34.5 

18,1 

38.5 

26.6 

21 

21 

21 

21 

24 

21 

21 

20 

2030 

2103 

2120 

2000 

2390 

2205 

298 

221 

218 

214 

210 

243 

103 

225 

2706 

2700 

2020 

2560 

2759 

2707 

1) Propellant; 2) heating value, kcal/kg; 3) spe¬ 
cific gravity; 4) excess-oxidizer factor; com¬ 
bustible content of propellant, $; 6) chamber pres¬ 
sure, atm; 7) exhaust velocity, m/sec; 8) specific 
impulse, sec; 9) combustion temperature, °C; 10) 
nitric acid + liquid hydrogen; 11) nitric acid 
with oxides of nitrogen + aniline; 12) nitric acid + 
+ aniline; I3) nitric acid + furfuryl alcohol; 14) me¬ 
lange + monoethylaniline; I5) nitric acid + hydra¬ 
zine; 16) nitric acid + aniline; 17) nitric acid 
(60$), nitrogen oxides (40$) + aniline. 

rogen, and tetranitromethane. 

In practice, the specific impulse of propellants based upon nit¬ 

ric acid and amines at a chamber pressure of 21-25 atm is of the order 

of 215-220 sec. 

Figure 156 shows the effect of propellant composition upon the 

specific impulse (specific thrust), combustion-product exhaust velocity, 

and the combustion temperature. 

Maximum specific impulse is obtained with a negative oxygen bal¬ 

ance (a = 0.75-0.85), where the combustion temperature is lower than 

for the stoichiometric composition. 
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TABLE 116 

Characteristics of Propellant Mixtures Based upon 
Nitric Acid, Oxides of Nitrogen, and Tetranitro- 
raethane [19-21] 

1 Toimnmo 

1 Trii.Hfii|x>' 
¡V,v*amimA I 
I Hrc iTciiMincrb, 

nA*il»/4V 

9 
10 

11 
12 

$ 

¡Vl'|XK'llII -¡- A30TII.1R KIIC/IOTR 

KcpociiM a jot M.i «. Kiifflora (60*#) ti 
•icnapcxoKHfi. .rioxa (40*#) 

Ahii.imii + .iJOTiiaq kik.iota 
Aiiii.thh -f a.ioTiiaR kiicrotr 

RCTMpcXOKIICb RJOTR (AO’») 

Aiiimmh-f TtTpaiiiiipoMeTaii . 
Kcpocmi + TcrpaiiirtpoMCTaii. 
Bojopoa + aaoTHRR Kiicaora. 
0yp«|»ypiuioDun cnitpr -¡- ajoniaR kiic- 

(60%) 

aora 

1,:170 

1,450 
I ,.178 

1,452 
1,502 
1,505 
0,1105 

1.-.75 

1472 
1440 

1555 
1040 
1500 
1885 

A Brri.priii 
TfMlipp.i. I 'irrK.iu 

T)'|i.i r.i|>p | CKO|i<K'ri>‘ 
NMN, *C HfTCXnlNR, 

MlttK 

1.570 

2002 

2707 
2047 

27o7 
2022 
2802 
2012 

2770 

2140 

2180 
2175 

2205 
2210 

2100 

2545 

2100 

Tn.,«■(« 
•ipi k.m 

Ck»j,n, n. 
|WkP7M, M.'tm 

184.» 

1050 
1870 

1075 
2025 
2O|0 

1207 

~6 

‘¥För"chamber pressure of 20 atm and nozzle section 
pressure of 1 atm. 

1) Propellant; 2) specific gravity; 3) heating 
value, kcal/kg; 4) combustion temperature, °C; 5) 
theoretical exhaust velocity, m/sec; 6) theoretical 
rocket velocity, m/sec; 7) kerosene + nitric acid; 
oj kerosene + nitric acid (60$) and nitrogen tet- 
roxide (40$); 9) aniline + nitric acid; 10) ani- 
/orSi* acid (60$) and nitrogen tetroxide 
(40^); 11) aniline + tetranitromethane; 12) kero¬ 
sene + tetranitromethane; 13) hydrogen + nitric 
acid; 14) furfuryl alcohol + nitric acid. 

The maximum specific Impulse of a propellant consisting of nitric 

acid and aniline corresponds to a ratio of oxidizer to combustible by 

weight equal to three. At the same time, the stoichiometric composi- 

1 ion of this propellant has a ratio close to four. Table 11? gives cal 

culated characteristics for propellants based upon nitric acid with 

various contents of oxides of nitrogen and "T-250" combustible (50$ 

triethylamine and 50$ xylidine), in accordance with the data of M.I. 

Shevelyuk [22]. 

In order to increase the specific impulse in modern motors, there 

is a pressure of 40-50 atm in the chamber, which yields an improvement 

in the specific Impulse of 20-25 units in comparison with the motors 
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TABLE 117 

Specific Impulse of Propellant Based upon 
Triethylamine (CgH^N with Xylldlne 

(CH3)2C6H^NH2 and Nitric Acid with Oxides of 
Nitrogen [22] 

1 OKHC/IIITCJIb 
2 y.Vfli-iiijfl iiMny/iu: (cm.) npu ncpcnixc 

JWMCIIH« 

20 am 30 am 40 am SO am | 00 am SO am 3 

^ AaOTHOR KHC/IOT.1 OS*«-MOM 

5 Aaornoi'i kkcaotn 80¼ . . . 
Okiicjioo aiora 20¼ .... 
A30TIIOÛ KHC.10TIJ 00¼ . . . 
Okiicjioo ojoto 10% . . . . 

220 

0-1¾ 2« 

245 

248 

252 

252 

25' 

258 

250 

258 

202 

202 

205 

208 

l) Oxidizer; 2) specific Impulse (sec) for 
pressure drop of; 3) atm; 4) nitric acid 
(98$); 5) nitric acid (80$); 6) oxides of 
nitrogen (20$); 7) nitric acid (60$); 8) ox¬ 
ides of nitrogen (40$). 

Fig. 156. Effect of proportions by weight of oxi¬ 
dizer and combustible (propellant of nitric oxide 

with 20$ oxides of nitrogen + aniline) upon spe¬ 
cific thrust and combustion temperature from design 

data (for chamber pressure of 21 atm). 1) Combus¬ 
tion temperature; 2) temperature; 3) kg/cm2; 4) 
specific thrust, kg-sec/kg; 5) molecular weight; 
6) specific thrust; 7) molecular weight of gases; 
8) ratio of weights of oxidizer and combustible in 
mixture. 
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a 

Pig. 157- Diagram of installation for studying com¬ 
bustion rate of hypergolic fuels. 1) Bomb with ob¬ 
servation window; 2) two-component nozzle; 3) ox¬ 
idizer supply (nitric acid); 4) combustible supply; 
5) worm piston supply system for propellant compo¬ 
nent; 6) electric motor with worm transmission; 7) 
pressure reduction valve from nitrogen supply; 8) 
combustion-product exhaust; 9) sensor. 

first designed. 

7. Combustion Rate for Hypergolic Propellants 

The combustion rate, together with the induction period, is the 

essential characteristic of a rocket propellant. 

Recently, the literature has reported investigations of normal 

and turbulent combustion rates for a mixture of vapors of combustibles 

with air, oxygen, and oxides of nitrogen. Data on the combustion rates 

of hypergolic fuels' is lacking. 

In 1955* [23] was published; it presented a study of the combus¬ 

tion rate of hypergolic propellants under pressure' for which a special, 

original installation was developed. This installation consisted of a 
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Pig. 158. Outside view of installation for study¬ 
ing combustion rate of hypergolic propellants, l) 
Bomb for combustion; 2) tank with combustible; 3) 
tank with oxidizer; 4) nitrogen line; 5) pump. 

/ 4 

j 
i 

1 

Fig. 159* Arrangement of two- 
component nozzle for studying 
the combustion rate of hyper¬ 
golic propellants. 

bomb containing a special burner. In the wall, there is an inspection 

window, covered with thick glass (Pig. 157)* Oxidizer and combustible 

are supplied to the burner with the aid of a special supply system 

driven by a motor. The outside appearance of the Installation is shown 
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1 

Pig. l6o. Combustion rate for 
hypergolic propellant mixture 
of butylmercaptan-nitric acid 
as a function of pressure, l) 
Combustion rate, cm/sec; 2) 

t 

Pig. 161. Nature of flame for 
mercaptan-nitric acid propel¬ 
lant upon combustion in bomb. 

in Fig. 158. The arrangement of the two-component noz2ile is shown in 

Fig. I59. 
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The propellant components were a self-igniting combustible con¬ 

sisting of a mixture of mercaptans: propylmercaptan 27.8$, butylmer- 

captan 65.3^, amylmercaptan 6.6%, hexylmercaptan 0.3$. 

This mixture was obtained from a petroleum refinery. 96.6% nitric 

acid was used as the oxidizer. 

Using the 0.3 mm cross-section N76 nozzle, the combustion rate 

(flow rate) of the propellant will vary with pressure as shown in Pig. 

160. In the 3*5 to 13.5 atm range, the combustion rate varies from 

about 5*0 to 70 cm/sec. 

The combustion rate of hypergolic propellants is far greater than 

that of diergollc propellants. Figure l6l shows the nature of the 

flame given by this fuel. 
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Chapter 5 

NONHYPERGOLIC HYDROCARBON NITRIC-ACID-BASED FUELS 

Petroleum products generally do not ignite on their own at stand¬ 

ard temperatures with nitric acid. Therefore, a special ignition sys¬ 

tem is required for engine starts, and the burning process is generally 

less stable than in the case of hypergolic combustibles. However, 

petroleum products offer a substantially greater base for the deriva¬ 

tion of jet fuels than does any other form of raw material. Cracking- 

kerosenes and aviation kerosenes can be used as combustibles, as can 

other products from the processing of petroleum, coal, and shales. 

In 195O-I952 reports began appearing in the press on the utiliza¬ 

tion of kerosene with nitric acid as a combustible (fuel) for rocket 

engines of experimental models designed to develop low thrust of up to 

^59 kg. Note was taken here of the substantially greater engine pulsa¬ 

tion which occurred with the use of kerosene in comparison with hyper- 

golic combustibles (fuels) [1, 2]. 

In 1955 it was announced that a fuel consisting of nitric acid 

and kerosene [3, 4] was being used in the engine, developing a thrust 

of 8-12 tons, of the American anti-aircraft radio-guided "Nike" rocket. 

Thus kerosene with nitric acid has found application as a com¬ 

bustible (fuel) in rocket engines. 

During the first stages of the development of rocket engineering, 

synthetic hypergolic combustibles with nitric acid were used in ZhRD 

(liquid rocket engines), since”this made it easier to use the engines. 

In connection with the interest expressed in petroleum products 
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as possible combustibles in fuels for rocket engines, investigations 

have been carried out on the interaction of hydrocarbons with nitric 

acid at various temperatures. 

These works, published between 1952 and 1954, are of interest only 

from a theoretical standpoint and cannot be used directly for the es¬ 

tablishment of engine cycles. However, they expand our range of know¬ 

ledge about the reaction capacities of various hydrocarbons with re¬ 

spect to nitric acid, and this can be used to advantage in the selec¬ 

tion of propellants (fuels). 

1. Thermal Effect of the Interaction between Hydrocarbons and Nitric Acid 

Among the hydrocarbons, only the diene and certain acetylene hy¬ 

drocarbons ignite spontaneously on contact with nitric acid. For exam¬ 

ple, dicyclopentadiene is hypergolic with 99# nitric acid, exhibiting 

a lag of O.032 seconds [5]. However, olefins, and aromatic and satu¬ 

rated hydrocarbons only heat up when mixed with nitric acid at standard 

temperatures, but do not Ignite by themselves. In this connection, it 

has been proposed■to characterize the reaction capacity of hydrocarbons 

in terms of the heating temperature of the hydrocarbon mixture with 

nitric acid. 

In 1952, Trent and Zucrow published the results of their investi¬ 

gation [6] on the interaction of hydrocarbons with nitric acid at low 

and high temperatures. It was the purpose of their work, as the authors 

themselves point out, to study the behavior of certain pure hydrocar¬ 

bons under conditions close to the conditions prevailing in a jet en¬ 

gine. 

In mixing nitric acid exhibiting a concentration in excess of 90# 

with unsaturated hydrocarbons, a vigorous exothermic reaction similar 

to an explosion takes place, and this is particularly true in the case 

of polyolefins and acetylenic hydrocarbons. In this case, the tempera- 
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Fig. 162. Device for determina¬ 
tion of temperature effect of 
interaction between hydrocar¬ 
bons and nitric acid, i) Line 
to oscillograph; 2) mixer 
drive, with motor turning at 
6OOO rpm; 3) water level in 
thermostat; A) vessel for sup¬ 
ply of HNO^ under a nitrogen 

pressure of 150 mm Hg; 5) agi¬ 
tator; 6) cylinder guide to 
agitator. 

ture of the reaction attains its maximum within a short period of time. 

Trent and Zucrow assume that the rate of heat liberation in the 

reaction between the hydrocarbons and the nitric acid is proportional 

to the rate of the reaction and may serve as a criterion for the com¬ 

parison of relative liquid-phase reactions between hydrocarbons and 

nitric acid. 

Consequently, the maximum temperature attained during the interval 

of time T can give some indication of the reaction capacity of hydro¬ 

carbons with nitric acid. 

The temperature effect of the reaction produced by the interaction 

of hydrocarbons with nitric acid was studied by these authors in the 

device shown in Fig. I62. 
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The reactor is a tube made of borosilicate glass inside of which 

there is an agitator rotating at 6000 rpm. The agitator provides for 

the energetic mixing of the oxidizer with the combustible. The supply 

of nitric acid is carried out under a low pressure (155 nun Hg) from a 

vessel; the combustible is contained directly in the reactor; the tem¬ 

perature is measured by means of a platinum-platinorhodium thermo¬ 

couple; the readings are recorded by means of an oscillograph. The 

total quantity of fuel components amounts to 5*^ ml, with an acid-to- 

hydrocarbon ratio of 3îl* 

The results are presented in Table 119. 

It follows from the data in Table 118 that the paraffinic hydro¬ 

carbons of normal structure (decane) do not react with nitric acid; 

monoolefins and cycloolefins react vigorously; diolefins with conjugate 

double bonds react most vigorously. 

Aromatic hydrocarbons react less vigorously with HNO^ than do the 

monoolefins, but more actively than do the naphthenes and paraffins. 

The above can be presented by the following series: 

diolefins >■ olefins > aromatic hydrocarbons > 

> naphthenes > paraffins 

The naphthenes interact with nitric acid with approximately the 

same heating as do aromatic hydrocarbons. However, the time required 

to attain the maximum temperature in the case of the naphthenes is 

longer by a factor of approximately 15-20 than is the case with the 

aromatic hydrocarbons. 

Among the aromatic hydrocarbons, indene yields the greatest heat¬ 

ing - 421° - and ignites within 1 to 2 seconds. This can be explained 

by the fact that one. of the bonds in the five-member ring of indene is 

unsaturated. 

Table 119 shows the temperature effect produced by the interaction 
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TABLE 118 

Temperature Effect Produced by the Interaction of 
Hydrocarbons with 100.2# Nitric Acid [6] 
Initial Temperature, 25° 

1 VrM»MopM MmM* MMAAI*MAN 
TCMiirp.ii y p«, 

2_1_ 

Vac.ni'ifiiHf 
^ernicparypM 

"'i 

lIpPMM /|l»C'iilMC> 
MUH MaKPIIMH.Ik* 

no4 TCMfiriMfypM 
T. cm. 

ÜCUCII-I . . . 

7 Ack*jiii(»'I.3 . 
8 3-MenuiHOWH>3 
9 Uckíjiiiím-1.3 . 

5 /UujKWiwtecKue yuemikipadu 

. fZ7,ri 

. 170,0 

. 128,5 

. 100,0 

102.5 
115,0 
103.5 
HI ,0 

11 /limit mionciiTUMCH 
12 UHK.ioreKceii . . . 
13 McTiuiiiHiuioreKcaH 
14 ariMiuiiiuiorcKcaH . 
15 UiiiuoreKcaH . . . 

17 Bciixm. 
18 Ttwiyoji. 
19 a-McTiuna(|)Ta.iiiii . 
20 o-Kcimo.i ... . 
21 Mciiitii.ich ... . 
22 arimfeiuon . . . 
23 HionponimdcioM . 
24 Hhkh. 

10 A*Ul[IIKAUWCKUe ySAÏAnÔoptldbi 

. ...... 25 CaMoaocn^aMCHCHiic 
110 
71 
80 
5.3 

l6 ApOMQinmccKue yiActodopodu 

02,5 
95,5 
HO 
101 
122 
125 
124,5 
/.4 

85 
40 
55 
28 

07,5 
70.5 
85 
70 
97 

101 
99.5 

396 

0,100 

0,305 
0,320, 
0,535 

0,04 
0,24 
2,48 
2,55 

17 

0,100 
0,120 
0,120 

0,133 
0,103 
0,273 
0,352 
3,170 

1) Hydrocarbon; 2) maximum temperature, °C; 3) in¬ 
crease in temperature At, °C; 4) time required for 
attainment of maximum temoerature, t, in sec; 5) 
aliphatic hydrocarbons; 6) decene-1; 7) decadiene- 
1,3; 8) 3-m thylnonene-3; 9) decadiene-1,3; 10) 
alicyclical hydrocarbons; 11) dicyclopentadiene; 
12) cyclohexene; 13) methylcyclohexane; 14) ethyl- 
cyclohexane; 15) cyclohexane; 16) aromatic hydro¬ 
carbons; 17) benzene; 18) toluene; 19) a-methyl- 
naphthalene; 20) o-xylene; 21) mesitylene; 22; 
ethylbenzene; 23) isopropylbenzene; 24) indene; 
25) self-ignition. 

of nitric acid of reduced concentration (93*27#) with unsaturated hy¬ 

drocarbons. 

Acetylenic hydrocarbons react with nitric acid at approximately 

the same rate as do diolefins. The rate of cycloolefin interaction with 

nitric acid is greater than for olefins with an open chain, and this 

can be seen from the example of decene and the pinenes. 

With a nitric-acid concentration beüow 95#, the rate of interac- 
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tlon with decene-1 drops significantly. 

Nitrogen dioxide, dissolved in 98# nitric acid, increases its rate 

of reaction with olefins. Thus, for example, the reaction between de- 

cene-1 and 95-86^ nitric acid, containing 3.3# NgO^, attains its max¬ 

imum temperature within 0.4 sec. However, this reaction with nitric 

acid (of the same concentration), but containing nitrogen oxides, re¬ 

quires O.38 sec to attain the same evolution of heat. 

Probably one of the initiating reactions is the combination of 

nitric acid to the double bond in the form H-ONOg with the formation 

of nitroethers. The presence of several peaks on the time-temperature 

curve indicates that the reaction involved several successive stages, 

each stage exhibiting its own rate and energy of activation. 

TABLE 119 

Temperature Effect Produced by the 
Interaction of 93-27^ Nitric Acid 
with Unsaturated Hydrocarbons* [6] 

1 VrjirnoAopoA 
KCM M .1Ml .1N 

TCMncu.irypa, 
O *C 

ynr/iM'irinie 
rcMiirp.irypM 
3 At, #C 

ilipCMM AOCTH* 
MCIIIIU MilKCll• 

MaAMlOri TCMflf 
parypM t, cck. 

6 

I 
9 

10 
II 
12 

/10111111-1. 
/Ick.iai'oii-1,3. 

ßcKaaiicii-l.ö. 
ücKaAiicii-1,9 ... . 
Aoucii-I. 
a-rimicii. 
ß-niiiicii. 
A»UIIKAOIICIITaA>ICII . . 

KHI 

lili 
124 
120 
105 

m 
122 

125 

M2 
MI» 

IM 
02 
80 
M:i 

02 
OH 

0,100 

0,170 

,0,107 

0/.75 
0,770 

0,085 

0,152 
0,107 

*The oxidizer-to-hydrocarbon ratio 
is 10.7; the nitric acid has the fol¬ 
lowing composition: HNO3, 93.2$; 

N0g, 0.63$; HgO, 6.11$. 

1) Hydrocarbon; 2) maximum tempera¬ 
ture, °C; 3) increase in temperature, 
At, ÖC; 4) time required to attain 
maximum temperature, t, sec; 5) de¬ 
cene-1; 6) decadiene-1,3; 7) deca- 
diene-1,9; 8) decadiene-1,9; 9) de¬ 
cene-1; 10) a-pinene; 11) ß-pinene; 
12) dicyclopentadiene. 
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~ jîikrnA?ljf'l8nlM°n TeinPerature for Hydrocarbon» with 

The self-ignltlon temperature and the self-lgnitlon lag In the 

case of low (+40 ) and high (300-500°) temperatures are a measure of 

the reaction capacity of organic combustibles with respect to nitric 

acid. 

TAÜLK 120 

Thermal Self-Ignition Temperature and Lag for Com- Zlt [7] 9B% Nltrl° AOld at “S11 ¿Peía- 

1 Topuwcr F1 Va 

llH.llll.1ll TOM- 
nrparypa 

caMiinornnaHe 
HCHMH. * C 

i nrpiii.i uflcpwiHii ctMonociMiiMru. 
Miiw (ccH.) n|>H TCMneparypr, *C 

SAO SOU 400 

4 TpiiiTwiauiiH ... . 
5 <l*yp<iiypiW0BWfi Cmipr 
6 OypgiypHJioiwft cmipr 

7 a-riiuicii.. 
8 Acrxoe mbcjio miponii.ia . . 
9 KpcKiiHr-xcpocmi ... . 

10 KepociiH nppMoA roiixii T-l 

(60Î») •}• aiiii.imi 

xa) 
m 
425 
Ü0Ü 

0,017 

0,040 

0,035 

0,025 

0,050 
0,050 

0,080 

0,(140 

0,050 

0,050 

0,045 

0,0()0 
0,005 
0,120 

0.075 

0,080 

0,080 

0,093 

0,093 
0,120 

OC-ÏÏ self Tr felfTuition temperature, 
oc- 4 la? (sec^ at a temperature of, 
furvl ^ furfuryl alcohol; 6) fur- 
8) ÏLS on ni60^ î ai?illn® (W); 7) a-pinene; 

011 of Pyrolysis; 9) cracking kerosene; 
of T-l Produced by the direct distillation 

Under standard temperature conditions, petroleum products are not 

hypergolic with nitric acid, whereas the amines and dienic compounds 

ignite easily by themselves. However, at high temperatures (300-400°) 

all combustible substances are hypergolic with nitric acid, with some 

lag. At 200-400 this process begins with the vaporization of the sub¬ 

stances, but in this state the hypergolic organic substances (for ex¬ 

amples, the amines) ignite with nitric acid above 200-30° [sic], and 

petroleum products ignite at a higher temperature. The self-igni¬ 

tion temperature and lag, determined at high temperatures in nitric- 
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acid vapors, are referred to as the temperature and lag of "thermal 

hypergolic ignition." With certain limits, these are characteristics 

of fuel combustion in ZhRD (liquid rocket engines). 

/ t .1 

Pig. 163. Installation for the determination 
of thermal hypergolic ignition temperature 
and lag for liquid-reaction-engine propel¬ 
lants (fuels), l) Support for mounting of 
instrument; 2 and 3) spray nozzles (injec¬ 
tors) for combustible and oxidizer; 4) elec¬ 
trically heated furnace; 5) thermocouple and 
galvanometer; 6) electrical sensor to estab¬ 
lish instant of fuel feed (closed by nitric- 
acid stream); 7) photocell recording flash; 
8) instrument recording hypergolic-ignition 
lag. A) Nitrogen; B) p = 500 mm Hg. 

This method of ZhRD propellant characteristics was first proposed 

in 1951 by Ya.M. Paushkin [?], and subsequently in 1952 and 1954 there 

viere brief reports by American investigators. 

In the determination of the thermal period of induction according 

to the method of Ya.M. Paushkin [7], the components of the propellant, 
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in vaporized state, were fed into the heated furnace chamber by means 

of compressed nitrogen and here the hypergolie-Ignition temperature 

and lag were determined. The installation for the determination of the 

thermal hypergolic-ignition lag is shown in Pig. I63. 

The results obtained here are presented in Table 120. 

The nature of the change in the periods of hypergolic-ignition 

lag for vapors of various combustibles in nitric-acid vapors as a 

function of temperature is presented in Pig. 164 [7]. For combustibles 

of grèater reaction capacity (Tonka-250 - a mixture of 50$ triethyl- 

amine with 50$ xylidine), the curves in temperature-time coordinates 

are lower than the curves for combustibles of lower reaction capaci¬ 

ties (direct-distillation kerosene, aromatic hydrocarbons). 

Fig. 164. Nature of change in thermal 
self-ignition lag for various combus¬ 
tibles in vapors of 98$ nitric acid, l) 
Aromatic hydrocarbons; 2) lamp kerosene; 
3) n. paraffin; 4) T-l kerosene; 5] 
cracking kerosene; 6) Tonka-250. A) Tem¬ 
perature, °C; B) time, sec. 

The hypergolic ignition temperature and lag are not physical con¬ 

stants, since they are functions of the conditions under which the ex¬ 

periment is being carried out; but if they are determined under stand¬ 

ard conditions they characterize the comparative activity of the fuels 

(propellants) and, apparently, reflect in qualitative terms the induc¬ 

tion period in the ZhRD chamber: the higher the hypergolic ignition 

temperature and lag, the greater the propellant induction period in 
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TABLE 121 
Minimum Hypergolic Ignition Tempera¬ 
ture for Combustibles Based on Hydro¬ 
carbons and Their Mixtures in Nitric 
Acid [6] 
(HN03, 99.1$; N204, 0.39$; H20, 0.51#) 

1 

2 
ropio'ici 

MHHnuaAkMI 
rcMneparypa 

tiMotocnjuu«* 
NCHNIi * C 

12 
3 JlHUHiuioneHTaAiieii 

4 ^huiimioncHTiAHCH (45%) + ACKan (55%) 
» (35%)+ » (65%) 

5 » (30%) + acuch-I (70%) 
» (25%) + ACKan (75%) 
» (20%) + acuch-I (80%) 
» (10%) + » (90%) 

6 .flcucil (65%) + KCMflOJl (15%) + MCTMH*)»- 
rafliiH (20%).. 

7 McsniHACH. 
8 Jlcucu*l V ... 
9 rt-UllMOA.. 

10 H. ilexan .. . . . 
11 ABIUUHOHIlUfi Kcpocilll.. . . . . 

CaMonocn.naMC- 
hhctch npu or* 
pimareAbiioft h 
oÓUMHOH Tenn«- 

parypax 
8 

85 

143 

154 

183 

213 

217 

308 

302 

383 

34 » 

370 

l) Combustible (fuel); 2) minimum hy¬ 
pergolic ignition temperature, °C; 
3) dicyclopentadiene; 4) dicyclopen- 
tadiene (45$) + decane (55$); 5) di¬ 
cyclopentadiene (30$) + decene-1 
(70$); 6) decene (65$) + xylene (15$) + 
+ methylnaphthalene (20$); 7) mesi- 
tylene; 8) decene-1; 9) p-isopropyl- 
toluene; 10) n. decane; 11) aviation 
kerosene; 12) self-ignition occurs 
both in the case of negative and 
standard temperatures. 

the ZhRD chamber. 

The device used by Trent and Zucrow for the determination of the 

minimum hypergolic ignition temperature consisted of an aluminum block 

75 mm in diameter and 200 mm long. A 500-watt heater, capable of main¬ 

taining a constant temperature by means of an electronic temperature 

regulator, was employed to heat the block. The propellant (fuel) com¬ 

ponents were fed to the heated block through two glass spray nozzles 
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TABLE 122 

Products of the Reaction Between Olefins with Nit¬ 
ric Acid and Nitrogen Oxides [8] 

1 VtMMUWP«« 2Pi*rtiir l 4 flpojiyKr pe»KitNN 

aii»c-cH*-cni-CH, 
C.H. 

CH.-CH—(CH,),—CH, 

CHt-CH. 

C*H|* 

n u 
CHt—CH—CH—CHj 

CH, CH, 

CH,—(t « CH, 

CH, 

CH,-C=CH, 

CH, 
I 

CH,-C=CH, 

CH,=CH—CH=CH, 

5 A:iotm jM 
KiicJiora 

6 To ate 

Asoman 
Micnora 

(95-100%. 
nan) 

Asoman 
KiiCAora 

(9C%-Han) 

7 Okiic/iu 
a sox. 

To MC 

» » 

a » 

70-75* 

00-10U* 

» » 

» » 

80’ 

60-65* 

30’ 

8 
B 3<j)itpe 

To we 

9 
5ca pac 
TDOpHTCan 

I10 I PacwopH' 
hcaii nan 
j naponan 
I (jiasa 

CH,—CH,—CH,—CH-C—CH,—NO, 

C,H, 

CH,»C—(CH,),—CH, 
I 
NO, 

HO—CH,—CH,—NO, 

GHi.(NO,), 

h-mo. 

u 
GH«N0, 

CH, CH, 
I I 

CH,—C-C-CH, 
I ! 

NO, NO, 

CH, CH, 
I I 

CH,—C-CH 
I I 

ONO, NO, 

CH, 
I 

CH,—C—CH, 

NO,—¿ NO 

CH,—CH=CH—CH, 

NO, 
I 
NO, 

l) Hydrocarbon; 2) reagent; 3) conditions; 4) re¬ 
action product; 5) nitric acid (8($); 6) the same; 
7] nitrogen oxides; 8) in ether; 9) without sol¬ 
vent; 10) solvents or vapor phase. 

(Injectors) by means of compressed air. The streams of the two liquids 

impinged against one another not too far away from the heated block. 

Table 121 shows the minimum hypergol1c ignition temperature for 

hydrocarbon mixtures with nitric acid. This temperature was defined as 

the lowest furnace temperature at which fuel self-ignition occurred as 

the propellant came into contact with the heated surface. This tempera¬ 

ture also serves as the criterion for a preliminary evaluation of hy- 
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drocarbon propellants for liquid reaction engines. 

In certain cases, a parallelism is observed between the minimum 

hypergolic ignition temperature and the maximum quantity of heat 

evolved. However, this parallelism is not preserved throughout. In a 

number of cases, the hydrocarbon mixtures which exhibit the greatest 

temperature rise have minimum hypergolic ignition temperatures; in 

other cases, this quantitative relationship is not preserved. 

Fig. 165. Effect of additions 
of dicyclopentadiene on the hy¬ 
pergolic ignition temperature 
of a hexane-dicyclopentadiene 
mixture with concentrated nit¬ 
ric acid. 1) Minimum ignition 
temperature, °C; 2) content of 
dicyclopentadiene in n. hexane. 

Probably, the divergence in this case is associated with the mu¬ 

tual effect of thermal instability and the concentration of unstable 

chemical compounds formed during the reaction process. 

The ease of Ignition for unsaturated compounds can be explained 

by the fact that they react easily with the oxides of nitrogen and with 

nitric acid. 
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The Interaction of nitric acid and the oxides of nitrogen with 

olefins at low temperatures was studied during the nitration of these 

compounds (Table 122). 

In the interaction of nitrogen oxides with olefins, depending on 

the conditions, four types of compounds are formed [8]: 

— CH - NO - CH - NO, 

— CH — ONO, - CH - ONO 
nitrosates nitro- 

nitrites 

-CH-NO, -CH-ONO 

-CH-NO, -CH-ONO 
dinitro dinitrites 

compounds 

Only the dinitro compounds, of similar types of compounds, are 

stable. The remaining types of compounds are unstable, they are easily 

converted, and yield other reaction products. We can therefore anti¬ 

cipate that their formation will enhance the more intensive conversions 

which are important from the standpoint of the ignition of hydrocar¬ 

bons with nitric acid. 

Figure I65 shows the minimum hypergolic ignition temperature for 

a mixture of dicyclopentadiene and n. decane with nitric acid, depend¬ 

ing on the concentration of the dicyclopentadiene. 

A temperature of 340° is required for the ignition of n. decane 

with nitric acid, whereas a mixture of 25 and 35$ dicyclopentadiene 

with decane ignites at 154 and 85°, respectively. 

In a special investigation of the reaction between octadecene-1 

and butadiene-1,3 with nitrogen tetroxide in an ether solution at 

-10° and -30°, respectively, in order to clarify the formation of in¬ 

termediate reaction products in the case of self-ignition [8], it was 

established that the reactions take place as follows: 

CH, (CH,)15 -CH (NO,) - CH, (NO.) 
/ 

CH, (CH,)„ — CH = CH, + N5O4 

CH,(CH,)„CH -CH, 
I I 

ONO NO, 
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As a result of the reactions, 1,2-dinitrooctadecene and a combina 

tlon product of the nitronitrite type are formed. 

Fig. 166. Effect of additions 
of turpentine to gasoline on 
self-ignition with nitric acid 
and a mixture [melange].* l) 
96# HN03; 2) 95# HN03 with 15# 

oleum (fuming sulfuric acid); 
3) 5# HN03 with 20# oleum; 4) 

98# HN03 with 15# H2S02|. A) 

Time, sec; B) content of tur¬ 
pentine in gasoline, #. 

Butadiene reacts with the oxides of nitrogen to form 1,4-dinitro- 

butene-2: 

CH, = CH - CH = CH, + NA - CHa - CH - CH - CHa. 
' I I 

NO, NO, 

In connection with the high activity of the unsaturated compounds, 

the addition of these compounds to petroleum products may activate the 

self-ignition of the fuels (propellants) with nitric acid and in par¬ 

ticular with melange [mixture]. Figure I66 presents data on the effect 

of an addition of turpentine on the ignition of gasoline with nitric 

acid and melange [mixture]. 

The basic part of the turpentine (up to 6O-7O#) consists of a- 

plnene - an unbranched bicyclical unsaturated hydrocarbon: 

*see MS page 485 
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This hydrocarbon is hypergolic with nitric acid and in particular with 

melange [mixture]. 

The addition of turpentine may activate the ignition process of 

petroleum products, but not to such an extent as-to make it possible 

to produce the hypergolic ignition of the propellant with a small 
4 * * 

period of induction. 

3. Self-Ignition of Combustible Drops Falling into Nitric-Acid Vapors 
at High Temperaturëi —-^- 

In other works [9] a study was undertaken of the hypergolic prop¬ 

erties and the combustion of drops of a number of combustible sub¬ 

stances, employed in the composition of rocket propellants, as they 

fall into nitric-acid vapors at high temperatures. 

The investigation was carried out on a device such as that shown 

in Pigs. 167 and I68. The device consists of a quartz reaction tube h, 

heated by means of an electric coil to 3OO-6000. The reaction tube is 

filled with nitric-acid vapors which are formed in an acid-vapor gen¬ 

erator 2 during boiling. The acid vapors are heated in a superheater 3 

and enter into the reaction tube where the combustible drops, on com¬ 

ing into contact with the nitric-acid vapors at a temperature of 30^~ 

600°, ignite on their own and burn up. 

The instant of drop separation is determined by a photoelectric 

cell 6. As the beam of the photocell is cut, the stopcock 5 is opened, 

as a result of which the drops fall into the reaction chamber. 

The ignition and combustion of the drops is determined by means 

of high-speed photography (Fig. 169). The ignition of drops of triethyl- 
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Fig. 167. Diagram of device 
used to study hypergolic prop¬ 
erties of drops in nitric-acid 
vapors. 1) Flask with nitric 
acid; 2) nitric-acid evaporator; 
3) nitric-acid vapor super¬ 
heater; 4) quartz reaction 
tube; 5) stopcock; 6) photo¬ 
electric cell; 7) pipette with 
combustible. 

amine takes place after 28.6 milliseconds. After 31.2 milliseconds, 

the combustion becomes intense. 

Figure 170 shows the effect of the temperature of the nitric-acid 

vapors on the hypergolic ignition lag for combustible drops having a 

diameter of about 3-3-1 mm, said drops falling through the nitric-acid 

vapors. The composition of the initial acid is as follows: HN03, 98.08^; 

N20^, 0.12$; and H20, 1.7$. 

The temperature of the combustible is 19°. Figure I7I shows the 

effect of the initial propellant temperature on the hypergolic ignition 

lag. 

The least ignition lag is exhibited by trie thylamine, and this 

lag does not change in magnitude within a range of temperatures from 
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350 to 550°. Cyclohexene - a substance that is not hypergolic with nit¬ 

ric acid — produces the Ignition of the drops at a temperature of 

around 475°, and the ignition lag changes markedly as a function of 

temperature. Allylamine occupies a middle position between triethyl- 

amlne and cyclohexene, so that it reacts less vigorously with HNO^, 

but more vigorously than the unsaturated hydrocarbons. 

The hypergolic substances react with nitric-acid vapors at sub¬ 

stantially lower temperatures than do the majority of the hydrocarbons 

(with the exception of the dienes). This represents the difference be¬ 

tween the hypergolic and nonhypergolic combustibles under rocket- 

engine operating conditions; the process of ignition and combustion 

for nonhypergolic combustibles in ZhRD chambers requires a greater 

period of time than is needed for hypergolic combustibles. This is, un 

the whole, reflected in the stability of the combustion process in con¬ 

nection with a great induction period. 

4. Concentration Limits, Combustion Temperature, and Normal Rate of 
j^ame Propagation for Mixtures of Combustibles with Nitrogen Oxides 

To conceive of the mechanism of propellant combustion in a ZhRD 

chamber we must know the concentration limits and the rates of flame 

propagation in the nitrogen oxide-hydrocarbon system. However, there 

are almost no data about this in the literature. 

Below we present some of the limited data which are known in this 

area. 

Figures 172-175 show the concentration limits for the propagation 

of flames produced by propellant mixtures consisting of nitrous oxide 

with such hydrocarbons as methane, propane, propylene, and butane, 

with various combinations of combustible mixtures and low pressures [10]. 

The nitrous oxide is an endothermic oxidizer, and the combustion 

oi the hydrocarbons with NgO can be presented by the following general 
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Fig. l68. General view of device used to 
study the hypergolic properties of drops 
falling into nitric-acid vapors. A) Pho¬ 
tocell; B) oscillograph; C) stopcock; D) 
heated quartz tube with oxidizer vapors; 
E) dropper; F) light source; G) photo¬ 
cell for recording of ignition; H) heater 
(boiler) to produce nitric-acid vapors. 

equation: 

C„H,,nf2 + (3rt + I) N.,0 -. «CO, -J (« + I) H.0 + (3n + I) Nj. 

As the molecular weight of the hydrocarbons increases in the 

transition from methane to butane, the ignition range is reduced, par¬ 

ticularly toward the rich mixtures. 

Normal rates of flame propagation for vapor-air rocket-propellant 

mixtures are not presented in the literature. These data are known 

only for the simplest of systems. 

Adams [12] determined the normal rate of flame propagation for 

mixtures consisting of NO + H2, N^ + H2, and NH^ + NO, for which ex¬ 

tremely varied normal rates of flame propagation were obtained for the 

stoichiometric composition. 

Table 123 presents the normal rates of flame propagation and com- 
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Fig. I69. High-speed photograph of self¬ 
ignition and combustion of triethylamine 
drops in nitric-acid vapors, during the 
following intervals: a) 28.6 milliseconds; 
b) 31.2 milliseconds; c) 31.9 millisec¬ 
onds; d) 32.7 milliseconds; e) 33.4 mil¬ 
liseconds; f) 3^-1 milliseconds. 

bustlon temperatures for several combustible mixtures. 

The rate of flame propagation for combustible mixtures with nitro¬ 

gen dioxide is substantially higher than in the case of nitrogen oxide. 

In a study 01 the combustion of methane with nitrogen oxide, the 
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Pig. 170. Effect of temperature on self-ignition 
lag for drops of cyclohexane, allylamine, and tri- 
ethylamine, falling into nitric-acid vapors, a) 
Ignition of vapor phase of drop; b) combustion of 
drop; la and lb) cyclohexene, drops 3.09 + 0.12 
mm; 2a and 2b) allylamine, drops 3.I0 + G.13 mm; 
3a and 3b) triethylamine, drops 3.00 + 0.14 mm. 
1) Hypergolic ignition lag, sec; 2) temperature, °C. 

following lines were observed in the flame spectrum for 0¾ + NO: CH, 

ON, NH, and OH, which indicates the presence of corresponding inter¬ 

mediate reaction products [12-14]. 

5. Theoretical and Operational Parameters for a Kerosene-Nitric Acid 
Propellant ' 

Similar data on the utilization of petroleum products together 

with nitric acid as an oxidizer in rocket engines are not given. Only 

in individual articles [6, 7] is the theoretical and practical possi¬ 

bility of using petroleum products in rocket engines examined. These 

articles describe a test stand with an engine chamber capable of de¬ 

veloping 225 kg of thrust, and this device was employed to test pro¬ 

pellants consisting of nitric acid and kerosene, with a chamber pres¬ 

sure ranging from 20 to 40 kgf/cm2. 

Figure 176 shows the design of a combustion chamber of an experi- 
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onhvÍI^o?ífe?t ?f,inltlal Propellant temperature 
/u yPergolic ignition lag for drops of propellant 

iÄ£rÄ\v;18 ^ fa!iing 
Mon™?U8tl?n °f Ä ÎS)0hypVSgonc°flgnïPa: 
3a Mdf%f îrî»?hn? dí'0p: and allylaminfi 

sec- 21 í«™™ífílne- V «yP61’«01^ ignition j-dg, sec, 2) temperature of combustible, °c. 

mental engine operating on nitric acid and kerosene. 

Figure 177 considers the calculation (theoretical) specific-thrust 

terlstics of a propellant consisting of kerosene and nitric acid 

function of various weight ratios between the oxidizer and the 

combustible [1], 

4» The speclflc thrust obtained experimentally with nitric acid and 

aviation kerosene, with an optimum oxidizer-to-combustible weight ratio 

of 4.5 and for various chamber pressures is presented below. 

Pressure, Specific 
atm impulse, 

sec 
20 222 

235 
40.7 246 

Figure 178 shows the results obtained from a determination of the 

effect, for the same propellant, of the composition of the propellant 
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Pig. 172. Area of ignition of 
methane with nitrous oxide. 
1) Pressure, mm Hg; 2) concen¬ 
tration of methane, % by vol¬ 
ume . 

Fig- ITS. Area of ignition 
of propane with nitrous 
oxide. 1) Pressure, mm Hg; 
2) concentration of pro¬ 
pane, % by volume. 

TABLE 123 

Normal Rate of Flame Propaga¬ 
tion and Combustion Temperature 
for a Number of Combustibles 
with Oxides of Nitrogen [12-14] 

1 
KoMnonciinw 

HopMa.nbii.ifl 
CKopocTb pac- 
npocrpaneiiHH 

n/iawciui, 
p CmIuk 

TeMneparypa rope* 
2 »HR, • C 

ITCOpCTM- 
^ 'iccKan 

»KCncpM- 
MCHTOJIb* 
S Man . 

Hj+ NO 
H, + ViNOj 
NH,+ IViNO 
CjHs + 5NO 
CjHj + 7NO 
CtH, + 7NO 

30 

260 
70 

2840 
2660 
2675 
3090 
2855 

2820 
2550 
2640 
3095 

2865 

l) Component; 2) normal rate of flame propagation, 
cm/sec; 3) combustion temperature, °C; 4) theoret¬ 
ical; 5) experimental. 
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Fig. 174. Area of 
propylene ignition 
with nitrous oxide. 
1) Pressure, mm Hg; 
2) concentration of 
propylene, % by vol¬ 
ume. 

Fig. 175« Area of 
butane ignition with 
nitrous oxide, l) 
Pressure, mm Hg; 2) 
concentration of bu¬ 
tane, $ by volume. 

1 

mixture on specific thrust with a combustión-chamber pressure of 40.7 

atm. The greatest specific thrust is developed at a = O.85.* 

Aviation kerosenes of the JP-3 and JP-4 types are employed as com¬ 

bustibles with nitric acid; these kerosenes are saturated. However, 

these combustibles, as was demonstrated above, are not too active and 

this has a negative effect on engine operation. 

Pyrolysis products exhibit greater chemical activity in ZhRD, 

since these contain a significant quantity of unsaturated hydrocarbons; 

.it is for this reason that the USA developed a special combustible 

based on products of pyrolysis, which is known as "HF-D." This combus- 
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Pig. 176. Design of ZhRD combustion chamber operat¬ 
ing on kerosene and nitric acid to produce 220 kg 
of thrust (dimensions given in inches). 1) Acid; 
2) kerosene. 

Fig. I77. Effect of propellant 
composition (weight ratio of 
oxidizer to combustible) and 
pressure in combustion chamber 
on specific thrust (specific 
impulse), obtained with a kero¬ 
sene-nitric acid propellant. 
1) Oxidizer-to-combustible ra¬ 
tio - 4.8; 2) 5.53; 3) 6.32. 
A) Specific thrust, kg*sec/kg; 
B) pressure in combustion cham¬ 
ber, atm. 

tibie has the following characteristics: 
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Fractional composition: 

start of boiling.-122° 

50# distilled at temperature.... -I650 

end of boiling.-220° 

Specific weight. 0.94 

Freezing point not above.-730 

Viscosity at 21° not above.-1.71 centlstokes 

The "HF-D" combustible burns better than the JP-4 gas-turbine fuel. 

Fig. 178. Effect of oxidizer (nitric 
acid)-to-combustible (kerosene) weight 
ratio on specific thrust at a cham¬ 
ber pressure of 40.7 atm. 1) Specific 
thrust, kg/sec*kg; 2) oxidizer-to- 
combustible weight ratio. 

TABLE 124 

Energy Characteristics for Kerosene-, Nitric Acid-, 
and Nitrogen Oxide-Eased Fuels [l6] 

1 OXHCJIHTCAh 
2 y^biiufl HMny^i.c (cck.) npii a^o^chiui 

20 am 30 am <0 am 50 am 00 am 80 ani" 

4- -AabTHan* Kiicjiera - 9â%.Has._>^. -- 226( 237 2\'i 247 253 260 

5 AaoTiiofi KitaioTu 80% l 
6 Okhc-iob 33013 20% f 

228 238 244 250 254 262 

7 A.iOTiioii NiiaioTU 00% i 
8 OkIICJIOB 330T3 40% J 230 m 24U 255 260 265 

l) Oxidizer; 2) specific Impulse (sec) at pressures 
of; 3) atm; 4) 98^ nitric acid; 5) 80$ nitric acid; 
6) 20$ nitrogen oxide; 7) 60$ nitric acid; 8) 40$ 
nitrogen oxides. 

We know of propellants for rocket engines that have been derived 
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from coaltars. Monocyclical and polycyclical aromatic hydrocarbons are 

contained in the tar, as are monatomic and biatomic phenols. 

We also know of reaction (jet)-engine combustibles derived from 

shale tars. 

Table 124 presents the energy characteristics of propellants based 

on kerosene, nitric acid, and nitrogen oxides (Table 124). 

Nitric acid with nitrogen oxides is a more perfect oxidizer than 

98# nitric acid. 

In the USA, 98$ nitric acid was replaced for anti-aircraft rockets 

by an oxidizer consisting of 80$ nitric acid and 20$ nitrogen oxides 

[15]. This was a result of the need to increase the stability of the 

oxidizer, since the 98$ nitric acid loses oxygen during storage, and 

this oxygen is needed in order to develop a higher pressure in the 

tanks. 

The utilization of an oxidizer consisting of 20$ N^O^ and 80$ HNO^ 

results in an increase in specific impulse by 2 to 3 units. 
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480 Weight ratio, 4.5. 

485 Melange refers to a mixture containing 
and 7*5# HgSO^ (generally, about 10#). 



Chapter 6 

FUELS BASED ON CONCENTRATED HYDROGEN PEROXIDE 

Concentrated hydrogen peroxide (concentration 80-90$) has come 

into use as an auxiliary fuel in liquid reaction-thrust engines (to 

drive turbopumps) and as a monopropellant fuel for aviation starter 

engines, and was used earlier (in Germany) as an oxidant for jet-pro¬ 

pulsion fuels. 

Hydrogen peroxide has been used in the following objects [1]: 

1) rocket-propelled interceptors; 

2) guided aerial torpedoes; 

3) starting devices for launching winged missiles; 

4) booster engines to assist aircraft in taking off; 

5) marine torpedoes; 

6) the turbines and turbopumps that feed fuel into rocket engines. 

And, finally, concentrated hydrogen peroxide is used as a source 

ox oxygen in the submarine fleet. 

During 1942-1945, concentrated hydrogen peroxide was used in liq¬ 

uid-fuel rocket engines in combination with hypergolic combustibles. 

The nature of the reactions of hydrogen peroxide with a number of 

combustible substances is shown in Table 125. 

The reactions of hypergolic combustibles with hydrogen peroxide 

are promoted by catalysts, including salts of iron, copper and vanadium, 

Hydrazine hydrate self-lgnites well with hydrogen peroxide. Among 

organic materials, certain alcohols, aldehydes, and ketones also self- 

ignite in the presence of catalysts. Amines, do not self-ignlte as well 
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as alcohols and ketones. In this respect, hydrogen peroxide differs as 

an oxidant from nitric acid. 

Two typical combustible compositions have been used [2] as self- 

igniting combustibles with concentrated hydrogen peroxide 

The first recipe is basedr on methyl alcohol and hydrazine: 

I. Methyl alcohol. 57$ 

Hydrazine hydrate. 30$ 

Water. 13$ 

Catalyst - potassium copper cy¬ 
anide K^CuiCN)^. 0.24# 

Heating value. 1020 kcal/kg 

Specific impulse (at 20 atm). I80 sec 

Hydrazine was of interest as a combustible in fuels based on hy¬ 

drogen peroxide and is now attracting attention as a combustible for 

fuels based on other oxidizers. 

Hydrazine is a substance with a high melting point of +2° and a 

boiling point of 114°. With alcohols (methyl, ethyl, etc.), hydrazine 

forms low-freezing mixtures [3]: 

Freezing 
point, °C 

• j 

N,H«.C'Hs0H -47,3 
N,H4-2CH,OH -57,8 
N,H«.4CH,OH -69,5 
N'jH. CjHjOH -31,2 • 

Figures 179 and ISO show the phase diagrams for the N^-CH^OH 

and NgH^-CgHrOH systems as functions of composition. 

Hydrazine hydrate N^-HgO has a melting point lower than that of 

hydrazine, i.e., -4o°; its boiling point is +119°. 

A recent development is the "AR" hydrogen-peroxide liquid rocket 

engine, which was designed for use on "FI-4" pursuit-interceptors, 

which take off from the decks of ships in the US Navy [4]. In the mid¬ 

dle of 1959, several modifications of the "AR" engine were built to 

operate on 90# hydrogen peroxide and a jet combustible of the type of 
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1 
TABLE 125 
Nature of Reactions of Certain Combustibles Diluted with Equal Quanti 

ties of Acetone with Concentrated Hydrogen Peroxide [2] 

Combustible 

Nature of reaction in presence of cata¬ 
lyst 

VoCLCli, *5HoO CuClp* 2HpO 

Trie thy lamine.. 

Butylamine. 

Trie thanolamine. 

Aniline. 

Xylidine. 

Cyclohexylamine. 

Hydrazine hydrate. 

Methyl alcohol. 

Ethyl alcohol. 

Isopropyl alcohol. 

Isobutyl alcohol. 

Isoamyl alcohol. 

Tetrahydrofurfuryl alcohol.. 

Furfuryl alcohol. 

Allyl alcohol. 

Benzaldehyde. 

Cinnamic aldehyde. 

Furfurol. 

Reaction without ignition 

Reaction 

ft 

If 

Ignition with time 

delay 

Reaction 

Ignition 

Reaction 

It 

Ignition with time 

delay 

Ignition 

Ignition with delay 

Ignition 

Ignition with delay 

Ignition 

Reaction 

II 

Vigorous reaction 

Ignition with delay 

Same 

Ignition Ignition 

II ,f 

" Ignition with delay 

» Ignition 

ft ,f 

h H 

Ace i/0ne • • • • • 

Octylene.... 

Benzene. 

Cyclohexane, 

Vigorous reaction 

Ignition with Reaction 
delay 

Does not react 
h h it 

JP-4 or JP-5 kerosene. 

The thrust of the AR-2 engine is controllable between 136O and 

2720 kg at an altitude of 10.7 km. It burns for three minutes, weighs 

104 kg, and is 800 mm long. Other modifications of the engine - the 

AR-2-1 and AR-2-2 - work for seven minutes; these engines are l44o mm 

long. The combustible is used to cool the engine; its combusta.un tem- 
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Fig. 179. Diagram of state of NgH^- 

-CH^OH system. 1) Temperature, °C; 

2) CH^OH content, mole 

perature is 2700° and the pressure is 35-^2 atm, depending on the 

thrust. 

A silver-coated metallic screen 230 mm in diameter is used as a 

catalyst for decomposition of the hydrogen peroxide. The hydrogen per¬ 

oxide is stored in a fuel tank with a capacity of ll4o liters, the con¬ 

sumption of oxidizer is 380 liters/min, and the weight ratio between 

the oxidizer and the combustible is 7:1* 

In 1959> more than 100 flights were made by an interceptor equipped 

with this engine. Over 104 minutes of operating time were logged. Plans 

for further refinement call for increasing the thrust of the engine to 

5500 kg. 

Another type of combustible used in conjunction with hydrogen 

peroxide includes combustibles containing monobasic phenols [2]: 
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II. Raw pyrocatechol. 30$ 

Methyl alcohol. 62.5$ 

Catalyst K^CuiCN)^. 7-5$ 

Heating value. 1100 kcal/kg 

Specific impulse. 18O-I83 sec 

The combustible self-ignites with concentrated hydrogen peroxide, 

with a short time delay. In ten experiments, the delay time of self¬ 

ignition was determined to range between 0.014 and O.033 sec. The av¬ 

erage self-ignition delay was 0.024 sec. 

Table 126 presents theoretical characteristics of fuel mixtures 

based on hydrogen peroxide and a number of combustibles. 

Fig. I80. Diagram of state of N^- 

—CgH^OH system. 1) Temperature, °C; 

2) CgH^OH content, mole-$. 

Fuels consisting of 90$ hydrogen peroxide with kerosene have en¬ 

ergy data close to those of fuels based on nitric acid, although they 

are somewhat inferior to the latter as regards specific Impulse and 
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TABLE 126 

Theoretical Characteristics of Fuels Based on 
Hydrogen Peroxide [2]* 

KollU<!IIT|M* 
UM» HCpCKIlCN 

ooAonoju. 

1 ^ 

Top»»«« 

'2 

Otiioiiichiic 
OKIICTIItTCJIM 
K ropwMCMy 

n^OTIIOCTb 
ron/iMaa 

4 

Tcuntp»- 
Typ» rope- 

»■«. * C 

D 

Cxopocrb 
NCTC'ICMM», 
, *ltCK 

b 

VjlCJIbMU* 
NMnyjibc, 

CCK 

7 

100 

' 100 

100 1 

1ÜO 1 

87 ¡,. 

87 ..1 

87 ' 

1 ;'i 

8 rHflpasMii 

9 Kcpocim 

0 (Snuionkifl cniipT 

92,5%-Hufi) 

1 HiiTpoMeraii 

■" • 

2 McTiuionufi .cmipr, : 

. ! ■ . i» : j i-».;,;: 

1 !.i 1: 

1,45 

5,75 

3,40 

0,67 

1,00; 

3,70; 

! 5,70: 

• 'ti.i 

1,23 

1,28- 

1,22 

1.27 

1,28; 

.1,19: 

.1,24; 

Í \, ! 

2450 

2580 

2440 
i 

2690 

'2550 

.2280 

.1938 ‘ 

2420 

2300 V 

. .2250 

2230 

2250/ 

2210 

1960 

‘él* 1 

247 

' 233 

• 229 

227 

229 

225 

199 

*At a chamber pressure of 21 atm. 

I) Hydrogen peroxide concentration, 2) combus¬ 
tible; 3) ratio of oxidizer to combustible; 4) den¬ 
sity of fuel; 5) combustion temperature, °C; 6) 
outflow speed, m/sec; 7) specific impulse, sec; 8 
hydrazine; 9) kerosene; 10) (ethyl alcohol, 92.5¾ 
II) nitromethane; 12) methyl alcohol. 

specific gravity. To secure stable combustion of fuels based on hydro¬ 

carbons and hydrogen peroxide, it has been proposed that the peroxide 

first be catalytically decomposed so that the combustion process will 

take place in heated decomposition products [4, 5]. 

TABLE I27 

Theoretical Characteristics for Hy¬ 
drogen Peroxide as a Monopropellant 
Fuel* [4] 

IXoiiUfiirpauii» 
IICPCK HCM 

•OJiopoAJ, % 

?Tcn,onpoH3. flCKopocr. 
"T7™-:, . ' P«™hh. I MCrclcHM», 

HOCTb, 1 M/ftK 

2 Vac/ii.iiun 
HMnyjibc, fi« 

100 

00 

,. 80 

394 
296 
1S5 

975 
738 

580 

1430 

1300 

• 

145 
131 . 

90 

*Chamber pressure 21 atm. 

1) Hydrogen peroxide concentration, 
2) heating value, kca.l/kg; 3) tempera¬ 

ture of decomposition products, °C; 4) 
outflow speed, m/sec; 5) specific im¬ 
pulse, sec. 
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TABLE 128 

Density and Viscosity of Concentrated Solu¬ 
tions of Calcium Permanganate [6] 

1 KoMUtHTpau»* 

mom* MnO", 
% 

2 rblOTHOCTk 3 DniKocTb. caiminayiu 

10* LîS* «o* 10* 25* 40* 

20 

30 

40 

52 

1,209 

1,347 

1,506 

1,750 

1,201 

1,336 

1,493 

1,734 

1,187 

1,324 

1,479 

1,719 

1,667 

1,704 

3,230 

9,360 

1,181 

1,542 

2,310 

6,270 

0,886 

1,175 
1,877 

4,520 

1) Concentration of MnOjJ Ion, #} 2) density; 

3) viscosity, centipolses. 

It appears that hydrogen peroxide will not be used to any signifi¬ 

cant extent in the future as an oxidant for bipropellant fuels. How¬ 

ever, concentrated hydrogen peroxide can be used as a single-component 

fuel. In this case, the hydrogen peroxide is decomposed with evolution 

of a large quantity of gases that have been heated to high temperature. 

But the specific impulse that results is considerably smaller than that 

available from ordinary rocket fuels (Table 127). 

The properties of the decomposition products of 90$ hydrogen per¬ 

oxide are listed below: 

Heating value. 617 kcal/kg 

Temperature of gases. 730 

Volume of gases. 1700 liters/kg 

Partial volume of . 0.299^ mole 

Partial volume of H^O. O.JO76 mole 
Og content in gaseous mixture. 42.3 $ by weight 

Figure 181 shows the most important characteristics of HgOg as 

functions of concentration. It will be seen from these characteristics 

that at a 64.5$ H202 concentration, so much heat is evolved that the 

entire solution is vaporized at 100°; at an 80$ concentration, the 

HgOg gives a vapor-gas mixture with a temperature of 460 , while 100$ 

H902 gives a vapor-gas mixture heated to 950°- 



Figure 182 presents a temperature-enthalpy diagram showing the 

final decomposition temperature as a function of the H202 concentra¬ 

tion and the pressure £. 

Hydrogen peroxide is used as a monopropellant fuel in combination 

with aqueous solutions of calcium or sodium permanganate as a catalyst. 

Such a fuel was used for the "Focke-Wulf" and "Heinkel" aircraft, 

whose engines developed thrusts of 300, 500, and 1000 kg, and in the 

starting devices for winged missiles. 

TABLE 129 

Freezing Point of Aqueous Solu¬ 
tions of Calcium and Sodium 
Permanganates [6] 

1 Ko h tic ur pa tin * 

nona Mn O;, , % 

5 
ló 
25 
35 
/il 

/i2 

45 
52 

2 Tc«ncp.iTypa ajwcpi.iHiia 
pacTlopa. * C 

Ca(MnO.), HiO ¡ NaMnO,-311,0 

-1 
-/».5 
-10 
-22 

-37 
-53 
-40 

l) Concentration of MnOj" ion, 

2) freezing point of solu¬ 
tion, °C. 

In these systems, catalytic decomposition of hydrogen peroxide is 

effected with Ho02 and a concentrated solution of NaMnO^ or Ca(MnO;4)2 

fed simultaneously into the chamber of the liquid rocket engine. The 

reaction begins quickly with a smooth rise in pressure to 50-70 kgf/cm 

in 0.01-0.02 sec. The catalyst contains 40-50$ of the ion MnO^ in aque¬ 

ous solution and is taken in quantities of about 5-6$ to the hydrogen 

peroxide. The catalyst must enter the reaction chamber slightly in ad¬ 

vance. 
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Pig. l8l. Vapor temperature t^ 

and physical parameters as 
functions of concentrations of 

solution at pressure of 

1 atm and Initial temperature 
of 0°. a,b,c) Region of liquid 
phase, wet vapor and super¬ 
heated vapor; d) temperature 
level at which complete evap¬ 
oration takes place; e) curve 
of oxygen content. 1) HgOp con¬ 

centration, $; 2) fraction of 
H202; 3) fraction of 02; 4) 

kcal/kg; kcal/kg; 5) Cp, 

kcal/kg*°C; 6) y, g/cm^. 

Thus, a necessary component for a fuel of this type is the per¬ 

manganate solution, which can be replaced by a solid catalyst inserted 

into the combustion chamber. 

It is appropriate to list the physicochemical properties of per¬ 

manganate solutions in connection with their use in rocket engines 

(Figs. 183 and 184; Tables 128 and 129). 

Figure 184 shows the freezing temperatures of calcium permanganate 

solutions as functions of concentration. 
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to to To To Tõ 
3 KOHUtHmpaHUK H,0,. % 

Fig. 182. Final decomposition tem¬ 
perature tg and moisture content x 

of HgOg solution as a function of 

heat of decomposition Q^. and the con¬ 

centration of H202 at various pres¬ 

sures and an initial temperature of 
0°. 1) atm; 2) kcal/kg; 3) H202 

concentration, 

Special measures are required in technical use of such unusual 

permanganate solutions. Thus, for example, these solutions liberate 

oxygen quite readily and can ignite many organic materials. 

"Summer" and "winter" permanganates were used in Germany [1]. 
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— ""-*1 

Fig. I83. Density and viscos¬ 
ity of calcium permanganate 

solutions, l) Density, g/cm^; 
2) viscosity, centipoises; 3) 
permanganate content, $. 

Fig. 184. Freezing point of 
aqueous solutions of calcium 
permanganate as a function of 
Ca(MnO^)2 concentration, l) 

Temperature, °C; 2) perman¬ 
ganate content, 
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Fig. 185. Gas-generator chamber of Wal¬ 
ter engine, l) Steel housing; 2) bracket; 
3) gas-exit tube; 4) cover; 5) injector 
nozzles; 6) pipeline for hydrogen-perox¬ 
ide feed; 7) catalyst carrier; 8) per¬ 
forated plate. 

Fig. 186. Influence of concentration and cham¬ 

ber pressure on specific thrust produced in cata¬ 
lytic decomposition of hydrogen peroxide, p) Cham¬ 
ber pressure; p0) pressure at nozzle exit section. 

l) Specific impulse, sec; 2) P/Pq ratio. 
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Sodium permanganate could be used in summer. But its low solubil¬ 

ity and the resulting high freezing points of the solutions did not 

permit its use in winter. Under winter conditions, therefore, the more 

soluble and lower-freezing calcium permanganate was used, e.g., in the 

following composition: 

Ca(Mn04)a . . .. 38,6% 
NaMnO« .. 1,75% 
Mg. OicAbi 1 
K.>.. Her 2 

3 rtlOTHOCTb (24°) . 1,406 
pH...4,91 

4 TeMneparypa aaMepaaHim . . —20° 

1) Traces; 2) none; 3) density 
(24°); 4) freezing point. 

Concentrated hydrogen peroxide is used to drive fuel-feeding tur¬ 

bopumps [?]. Catalytic decomposition of H20o results in a vapor-gas 

mixture that drives the turbine. 

Catalytic decomposition of hydrogen peroxide takes place in a spe¬ 

cial gas generator which has a chamber filled with a solid catalyst, 

such as fragments of cement, porcelain or some other silicate material 

impregnated with permanganates. The catalyst must have mechanical 

strength and high activity over the entire operating period. 

Figure I85 shows a chamber for decomposition of hydrogen peroxide 

as used in the Walter gas-generator motor, which operates on hydrogen 

peroxide [8], 

The auxiliary gas-generator motor developed 90 hp. The motor was 

designed to feed oxidizer (hydrogen peroxide) and combustible (alcohol- 

hydrazine) into the combustion chamber of the main liquid rocket engine, 

which develops a thrust of I7OO kg. The Walter engine was installed on 

interceptors [9]. 

Figure 186 shows the influence of concentration and combus¬ 

tion-chamber pressure on the specific impulse developed in catalytic 



1 
decomposition of hydrogen peroxide [10], 
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Chapter 7 

FUELS BASED ON LIQUID OXYGEN, OZONE, AND FLUORINE 

Fuels based on liquid oxygen are distinguished by high heating 

values and high energy indicators. As a result, they have come into 

use in long-range rockets. 

Ozone and fluorine and its compounds can be used as oxidants for 

rocket combustibles. Table 130 shows the physicochemical properties of 

the oxidizers listed. 

TABLE ISO 

Physicochemical Properties of 
Certain Rocket Oxidizers 

OKIICAIITCJIb 

1 
! T. nn , •CiT. Kim., 

j2_.b.— 

In^omocru npii 
•CL TcMm-p.uypc 

kiinciiiiK 

5 Kioopoa . . . ! 

6 Ojoh.! 
7 «Dlop.I 
8 Okiicu (|)Topa . ! 

9 TpCXt|)TOpilCTUii ' 
Xflop .... 

10 ncpx;iopiui¡)Topiu 
11 TcTpai¡)Topnup.i- , 

3UH.! 

-210 

—224 

- 82,6 

-146 

-182 

-111,1 
—187 

-145 

+ 11.7 
- 46,8 

- 75 

1.14 
1,46 

1,51 
1,53 

1,77 

1,392 

1) Oxidizer; 2) melting point, 
oc; 3) boiling point, °C; 4) 
density at boiling point; 5) 
oxygen; 6) ozone; 7) fluorine; 
8) fluorine oxide; 9) chlorine 
trifluoride; 10) perchloryl 
fluoride; 11) tetrafluorohydra- 
zine. 

As we have already noted, liquid oxygen is the basic form of ox¬ 

idizer for long-range rockets. The combustible components used with 

such oxygen-base fuels are alcohols and hydrocarbon mixtures. 
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Alcohols containing varying quantities of water were first used 

for this purpose. Such a composition of the rocket fuel ensures favor¬ 

able conditions for cooling the walls of the engine by the combustible 

component of the fuel, while a lower temperature is developed in the 

engine's combustion chamber than is the case with combustion of a fuel 

consisting of hydrocarbons and oxygen. 

Theoretical characteristics for liquid-oxygen-based fuels are 

listed in Table 131. 

Nitrogen-containing combustibles (ammonia and hydrazine), used 

with oxygen, provide a fuel distinguished by a higher specific thrust 

than the hydrocarbon-based fuels, but a lower combustion temperature. 

A liquid-hydrogen/liquid-oxygen fuel gives the highest specific 

thrust, but has a low density (O.33). 

Recently, ever-increasing attention has been devoted to hydrazine 

and its homologs (methyl hydrazine and dimethyl hydrazine). The prop¬ 

erties of these compounds were dexcribed in Chapter 4 (Part Two). 

Hydrazine is an extremely active combustible. The ignition range 

of hydrazine vapor with oxygen is extremely wide; this is accounted 

for by the endothermic nature and high chemical activity of hydrazine.* 

Nitrogen-containing combustibles are more efficient than kerosenes, 

as will be evident from the following example: 

1 fopiO'iCC 
2 
rUOTIIOCTb TOIMHDa 3 VacaioimA iiMnyjibc 

(p/p, = 50), ccK. 

1. Kepocmi.. 
2. N:H4 - 50% .1 

HjN, (CUjJj — 50%.J 
3. HjNa(CHj)j —60%. 

NH (CANHs), - 40%.' 
4. HjNj (CH,),. 
5. N2H4. 
6. NH,. 

1,02 

1,02 

1,02 

0,98 
1,07 
0,89 

300 

312 

300 

310 
313 
294 

1) Combustible; 2) density of fuel; 3) specific im¬ 
pulse (p/p0 = 50), sec. 
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TABLE 131 

Theoretical Characteristics of Oxygen-Based Fuels* 

r 

1 ToiMN(0 

9 KucjiopoA + nnaopoA . . 
10 KurviopoA + auMiiaK . . 
11 Knc.iopoA-j* riiapaimi . 
12 Knc.iopoA + riiApaiHii . 

13 KiicaopoA -r niApajiiH. . 
14 KncaopoA -r !00?«-huA 

STiiaoDufi cnnpr . . . 

15 Ki'caopoA + 95%-iiuh 
3Tiuk«juA cmipr .. , 

16 K»MopoA+ 75%-iiuri 
sTiiaouhift cmipr . . , 

17 KncnopoA+ 100%-iiuh 
MCTiiaoouit cnnpr . . 

Io KioopoA -f- Meran . . . 

19 KnoiopoA + raJo.niH. . 
20 KucanpoA + Cciuiui . . 

21 KlICAOpOA + MCTIIAaMHII. 

22 KucjiopoA + HiiTpoMcraii 
23 Ojoii + To/iyoa. 

s r 
a t» 2 *- 
“ » r 

4 
il V . 

N ■ ■ 
o£S 
X uS O»« 

K c 

r» ■ 

0,330 
0,080 
1,090 
1,050 

3,00 
l/iO 
0,57 
0,50 
0,33 

0,85 
1 
1 
0,83 
0,63 

IGtiO 
3523 
2500 
2G20 
25Í0 
2414 

255 
358 
267 
259 
246 

0,966 1,50 

0,998 - 

0,994 1,30 

0,89 2020 

1070 

1760 

2340 

2420 

2310 

243 

239 

. 0,895 

. 0,985 

. 0,985 
1,1390 

1,25 
3,00 
2,50 
1,56 
2,00 
0,08 

0,92 

0,92 

1870 

2270 

2300 
2460 
2340 
2280 
2600 
2220 
2820 

238 
255 
242 
244 
266 
225 
265 

2366 
2733 

2480 

2910 

2770 

2860 
2750 
3000 
2240 
3060 
2590 
2705 

"WTth a combustion-chamber pressure of 21 atm and 
expansion of the combustion products to 1 atm. 

1) Fuel; 2) density of fuel at 20°; 3) oxidant: 
: combustible ratio; 4) excess-oxidant ratio; 5) 
heating yield, kcal/kg; 6) outflow speed, m/sec; 
7) specific impulse, sec; 8) combustion tempera¬ 
ture, C; 9) oxygen + hydrogen; 10) oxygen + am¬ 
monia; 11) oxygen + hydrazine; 12) oxygen + hy¬ 
drazine; 13) oxygen + hydrazine; 14) oxygen + 100$ 
ethyl alcohol; 15) oxygen + 95$ ethyl alcohol; 16) 
oxygen + 75$ ethyl alcohol; 17) oxygen + 100$ 
methyl alcohol: 18) oxygen + methane; I9) oxygen + 
+ gasoline; 20) oxygen + benzene; 21) oxygen + 
+ methyl amine; 22) oxygen + nitromethane; 23) 
ozone + toluene. 

The second combustible. No. 2, which is known as aerozine, has 

superior indices. 

According to data of the theoretical rocket-fuels division of 

North American," rocket fuels based on liquid oxygen have the charac¬ 

teristics indicated in Table 132. 

In recent years, JP-4 gas-turbine kerosene has been replaced by a 
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table 132 

Characteristics of Liquid Rocket Fuels Based 
on Oxygen and Ozone 

1 Tmmmbo 
2uccoiioc 
OTHouicmie 

ORHCJIMTCJIN 
K ropn<tcHy 

riRorHOCTb 

npii 27* 

7 ÜH»TIMeilTpiUHHII . . . 
0 Ammiuk. 

9 anuioBuficniipi 75S-A 
10 » » 92,5-A 
11 rilApaSHH ...... 
12 BoAopox. 

1R JP-4. 
14 OKiaii. 
13 AHMCTiwniApaaHH . . . 

I7 Ojoii + JP-4 . 
2g Ojoii — 30% 

KiicaopoA—70% 
in Ojoii — 70% 
^ KiiCAopoA—30% 

+JP.4 

+JP-4 

6 KucÂopod 

1.5 
1.3 
1.3 
1.5 
0,75 
8 
2.3 
2.4 
1.4 

1,00 
0,88 
0,09 
0,98 
1,00 
0,43 
0,98 
0,90 
0,96 

16 Oxh 

2,4 

2.3 

2.3 

1.14 

1,01 

1,08 

Vac« bit ui 
Nuny/ihc (npn 
21 am), cea. 

258 
255 
225 
232 
207 
300 
247 
252 
249 

200 

252 

257 

TeMneparypA 
ropeHw*, *C 

3005 
2725 
2845 
2950 

3190 
3200 
3120 

3525 

3290 

3415 

1) Fuel; 2) weight ratio of oxidizer to com¬ 
bustible; 3) density at 27°; 4) specific im¬ 
pulse (at 2o atm), sec; 5) combustion tempera¬ 
ture, °C; 6) oxygen; 7) diethylenetriamine; 
8) ammonia; 9) 75# ethyl alcohol; 10) same, 
92.5#; 11) hydrazine; 12) hydrogen; I3) JP-4; 
14) octane; 15) dimethyl hydrazine; 16) ozone; 
17) ozone + JP-4; 18) 30# ozone and 70$ oxy¬ 
gen + JP-4; 19) 70$ ozone and 30$ oxygen + 
+ JP-4. 

special "RP-l" rocket-engine kerosene. The physicochemical constants 

of this kerosene are more stable and it Is more highly purified. 

"RP-l" rocket kerosene has a heating value ^ = 10,280 kcal/kg, a 

density of 0.8, a freezing point no higher than -40°, a flash point of 

-43.3° [sic], and a boiling range from I85 to 274°. 

The use of "RP-l" kerosene in the US ballistic rockets "Thor" and 

"Atlas" and in the "Vanguard" space rocket has been reported [5]. 

The problem of using liquid hydrogen in rocket engineering is un¬ 

der intensive study in the USA. 

Liquid hydrogen has been in production in the USA since 1957 at 
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two small plants, and by 1959 a plant had been placed In operation In 

Florida to produce several tons of hydrogen per day. The hydrogen is 

produced by partial oxidation of methane [C], 

The liquid hydrogen is stored at the plants in special 106-m^ 

tanks and in spherical reservoirs with capacities of 380 nr*. The evap¬ 

oration losses in these containers come to O.06 to 0.2^% per day. The 

reservoirs are connected with the plants by pipelines to return the 

gaseous hydrogen, and the liquid-hydrogen pipelines are vacuum-insu¬ 

lated. Liquid pumps are used to transport the liquid hydrogen. Tractor- 

trailers carrying 26-m^ tanks are used at the plant to haul the liquid 

hydrogen to its points of use. 

A pipeline more than 1.6 km long was built from the plant to the 

test area to provide for engine testing. About 200 m^ of liquid hydro¬ 

gen was used in a single test. 

Spilled hydrogen evaporates or burns; certain sources regard it 

as less of a fire hazard than gasoline. The possibility of using liq¬ 

uid hydrogen has been under study in the USA for more than 10 years. 

Thus, as long ago as 1952, tests of a fuel consisting of liquid hydro¬ 

gen and oxygen in a static-test engine developing 1350 kg of thrust 

were reported. 

Mixtures of hydrogen with oxygen and fluorine are characterized 

.1n Table 132a. 

The largest engine developed for liquid hydrogen develops a thrust 

of 68 tons at the surface and has already been tested dozens of times. 

Engines developing 800 kg and 68OO kg of thrust are under development; 

these will be used for the last stages of the "Saturn" cosmic rocket 

vehicle in the USA. 

Liquid hydrogen can be used as a working fluid for nuclear rocket 

engines. ^ 
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TABLE 132a 

Characterization of Fuel Mixtures Based on Hydrogen 

1 OKMOlNrCJU 

7 KlOopOA . . . ; 
» 

» 

» 

8 Oaow. 
9 Orop. 

» 

» 

> 

2 Ornomcmie 
I PKIICJIlireJIh; 
I ropoiee 

3 nJtOTIIOCTb 
Tonxiioa 

3.4 
22,5 
3.5 
2.9 
2,55 

0.26 
0,69 
0,26 
0,23 
0.23 

4,54 
29,80 
19,0 
4.0 

0,38 
0,91 
0,75 
0.32 

4 TcMiiopj'ypa 
ropcmiH, *C 

3/(AnpciiHe VammimU 
• KAMcpp, am , , Mxnyjii« 

(P/P«-<«).CCK. 

2420 68 388 
2580 <' 

2140 
2420 
2500 
4300 

2700 

58 
33 
19,4 
19,4 
68 
68 
41 
41 

244 
366 
357 
373 
398 
316 
345 
381 

1) Oxidizer; 2) oxidizer:combustible ratio; 3) den¬ 
sity of fuel; 4) combustion temperature, °C; 5) 
chamber pressure, atm; 6) specific impulse (p/p0 = 

= 40), sec; 7) oxygen; 8) ozone; 9) fluorine. 

The physicochemical properties of liquid hydrogen are listed be¬ 

low and at the end of the book. 

Molecular weight. 2.01b 

Boiling point, °c. -252.78 

Melting point, °c. -259.1 

Density of liquid H2 at -252.7°.-0.0695 

Heat of evaporation at-252.7°. O.0695 

Viscosity at—252.7°, centistokes. 1.362*10“^ 

Critical temperature, °C. -239.9 

Critical pressure, atm. 12.8 

Density at critical point. O.031 

Heating value at 25°. 28,669 

Heat content of liquid H2 at -259°, 

kcal/mole*degree. 3.31 

Ozone was investigated in Germany (1942-1945) as an oxidizer for 

reaction-thrust engine fuels. Experiments indicated that gaseous and 

liquid ozone cannot be used for this purpose because of the high explo¬ 

sion hazard. Thus, gaseous mixtures of oxygen with ozone are capable 

of exothermic reaction (due to conversion of the ozone into oxygen) in 

rhe tanks and pipelines at ozone concentrations of even 10$ by weight 
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and higher on local heating. However, the initiated reaction is capable 

of stable self-propagation only at ozone concentrations of at least 

17*. When such a mixture decomposes in a closed space, the pressure 

rises to 2 atm. In gaseous mixtures containing 40-50* of ozone, a flame 

appears on decomposition and the pressure rises to 6-10 atm. All this 

renders difficult - if not excluding it altogether - the use of fuel 

mixtures based on ozone, in spite of their high heat yields. 

Fig. 187. Theoretical charac¬ 
teristics of hydrogen-oxygen 
fuel at various compositions. 
1) Combustion temperature, °C; 
2) specific thrust, kg-sec/kg; 
3) ratio of oxidizer to com¬ 
bustible in mixture (by weight): 
4) temperature; 5) p1 = 2I 
kg/cm ; 6) specific thrust; 7) 
molecular weight; 8) molecular 
weight of gases. 

However [6], certain Investigators regard Itas quite feasible to 

use osone as an oxidizer In the form of a 20^ solution in oxygen. Pac 

tory tests have been made with such a system. 

Figures 187, I88, and 189 present theoretical characteristics of 
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Pig. 188. Theoretical specific 
impulse (pud> of a number of 

fuels as a function of excess- 
oxidizer ratio (a) at various 
chamber pressures. 1) Kerosene- 
nitric acid; 2) 93.5# ethyl 
alcohol-liquid oxygen; 3) kero¬ 
sene-liquid oxygen. A) Pud; b) 

(60 atm abs). 

oxygen-based fuels with such combustibles as hydrogen, kerosene and 

75# ethyl alcohol. 

Figure 188 shows the theoretical specific impulse as a function 

oí excess-oxidizer ratio for various pressures, while Fig. 189 shows 

the theoretical specific impulse of the A-4 engine's fuel (liquid oxy 

gen and 75# ethyl alcohol) for various altitudes. 

At an altitude of 28-30 Ion, the specific impulse increases by 15- 

17#, after which it undergoes no further change. The engine thrust in¬ 

creases in accordance with the specific thrust. As will be seen from 

Fig. 189, the theoretical and actual engine thrusts are quite similar 

[2]. 

According to recent data, the specific thrusts of fuels at p/p0 = 
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35 are as follows: kerosene-oxygen, 265; kerosene-fluorine, 275; 

oxygen-ammonia, 270; fluorlne-a»onla, 305: hydraxlne-oxygen, 280,- hy 

drazine-fluorine, 320; and hydrogen-fluorine, 375 see. 

Table 133 lists the composition of the combustion products and 

the basic parameters of the process as functions of the fuel-mixture 

composition for a liquid-oxygen-and-gasoline fuel. 

TABLE 133 

cnaraeteristios of Combustion Process 
sisting of Liquid Oxygen and Gasoline 

of Fuel Cen¬ 
ts] 

'1 CoiTfiii npnjiyKToii crops. 
«•i» • usurpe flnwr.iTcx» 

npH TcMiirp.irypc rope- 
NH*. MMNpllUO AMU 

2 Cocían roiMiina, % 

.0, - no. 
■S fiCIIAIIII 
r -so 

I Ol - 68. 
firirnii, 

-.14 

O, - 60,2, 
öriniiM 
-IM 

0,-72.4. 
6rii.ui U 
—St ,6* 

0,-73.6 
¿CtllHIl 
-26.4 

0,-75. 
6CII1II,| 

-25 

0.-77,3. 
örinnit 

-22.7 •• 

CO 

CO, 

H, 
II,0 
H 
OH 

0, 
0 

o.'.rú 
0,023 

0,382 
0,125 
o.nno 
O.OiTO 
0,0iK) 

0,000 1 

0/(11 

0,07!» 

0,215 

0,278 

0,012 
0,000 
0,000 

0,(100 1 

0,37 

0,100 

0,152 
0,320 

0,02fi 

0,028 
0,003 

0,002 j 

0,322 
0,137 

0,105 
0,330 

0.028 

0,001 

0,008 
0,000 1 

0,280 
0,100 

0,070 
0,330 

0,027 

0,085 
0,010 

0,010 

0,243 
0,180 
0,057 

0,325 

0,025 
0,104 
0,023 

0,016 

1 

0,108 

0,202 

0,038 
0,305 

0,021 
0,124 
0,085 

0,020 

^TcMficparypa, ° C 

5yaMw.uA HMnyAbc, 
COK. 

l'iHü 

200 

2590 

23G 

2830 

2^(0 

3020 

242 

3000 

241 

3110 

238 

31.30 

2.34 

- O.92. 
**a - 1.0. 

Table 134 shows the influence of pressure on the combustion char, 

acteristics of the fuel. 

ith increasing combustion-chamber pressure, the specific thrust 

increases and the combustion temperature rises slightly. 

Alcohols [3, 5, 6, 7] were used as combustibles in the first en- 

glnes. 75$ ethyl alcohol and liquid oxygen were used as a fuel t„ the 

German long-range A-4 rocket. Alcohols are still of some importance at 
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Pig. 189. Theoretical specific 
impulse of A-4 engine burning 
liquid oxygen and 75# ethyl al¬ 
cohol and theoretical and ac¬ 
tual engine thrusts as func¬ 
tions of altitude. Pud is the 

theoretical specific impulse 
and Pn is the theoretical 

(solid line) or actual (broken 
line) engine thrust, l) P, tons; 
2) Pud> sec; 3) Pn (real); 4) 
Pn (theoretical); 5) Pud (the¬ 

oretical); 6) Pudi0; 7) H, km. 

the present time as rocket combustibles [8]. 

Let us consider the properties of the homologous series of ali¬ 

phatic saturated alcohols from the standpoint of their usefulness as 

rocket-engine combustibles (Table 135). 

TABLE I34 

Influence of Pressure on Combustion 
Characteristics of Fuel Consisting 
of 75$ Ethyl Alcohol and Oxygen [2] 

1 Xjp.lKTCpilClHKa 
2/I.in;icJiMC n KflMcpe, am 

10 20 50 

IcMnepaTypa, 0 C. 
VaMbiiUM iiMnyjii.c, ccK. . . . 

2574 
210 

25S5 
2.15' 

2013 
250 
* 

1) Characteristic; 2) chamber pres¬ 
sure, atm; 3) temperature, °C; 4) 
specific impulse, sec. 

Alcohols from methyl to propyl have a slightly lower efficiency 
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1 
TABLE 135 
Comparative Characterization of Fuel Mixtures 
Based on Alcohols and Cyclohexane [2] 

1 ropMiec 
5 
•bopu/jia 

! 
s> 

¡ 

fo
 
_

1 

¡4 _ Tcímo- 
Tüopiin« 
cnocoC' 
IIOCTht 
kkhaIkj 

5 Cocrai 
TOIl/IHII*. % 

8 
Vacjihiio« 
ruoofipi- 
loua line, 

V« 

0 
Vaca b lia K 
Tcnnonpo* 

iianoAii* 
TeAbllOCTb, 
kkqaIkj 

ig.. 
pOCTI. 

HCTCHO* 
IIHR, 

m/cck • 
6 
cniipr 

«IICJIO« 
^POA 

11 MoTH/ioouft cniipr 

12 3TMJionwfi * » 

13 npomuiobufi > 

14 ftyTHAOUUli > 

15 FcXCtMIODUft > 

16 UMMiorcKcaH 

CM,OH 

CjHjOH 

CjH,OH 

C,H,OH 

C,H„OH 

C,H„ 

- M,0 

-127 

- Sü.H 

- 51,6 

5330 
7180 

8050 

8000 

~ 

/.0 
32/. 
20/. 

27,3 
22,7 

60 
57,C 

70.6 

72.7 

77,4 

830 
' 780 

7C8 

7C3 
748 . 
747 

1870 
2020 

2100 

2200 
2270 

2280 

2380 
2410 

2550 

2610 

2GÖ0 

2660 

TTTH a fuel mixture with oxygen at 25 atm. 

1) Combustible; 2) formula; 3) melting point, °C; 
4) heating value, kcal/kg; 5) fuel composition, #; 
6) alcohol; 7) oxygen; 8) specific gas production, 
liters/kg; 9) specific heating yield, kcal/kg; 10) 
outflow speed, m/sec*; ll) methyl alcohol; 12) 
ethyl alcohol; 13) propyl alcohol; 14) butyl al¬ 
cohol; 13) hexyl alcohol; 16) cyclohexane. 

in fuel mixtures than hydrocarbons. The combustion-product exit speed 

for a fuel based on methyl alcohol is 2380 m/sec, and that for a fuel 

based on ethyl alcohol is 2410 m/sec, i.e., values lower than that for 

a fuel based on oxygen and cyclohexane, for which we have 2660 m/sec. 

At the same time, the combustion temperatures of ethyl and propyl al¬ 

cohols are lower than those of the hydrocarbons; this is the great ad¬ 

vantage of alcohol-based fuels. 

As regards their melting points, alcohols from methyl to hexyl 

(melting point -51.6°) satisfy rocket-fuel requirements. It is inter¬ 

esting to direct our attention to the fact that the specific heating 

values of the lower alcohols are much lower than those of the hydrocar¬ 

bons: by almost 50$ for methyl alcohol and 30$ for ethyl alcohol. At 

the same time, the heating yield drops by only 9-18$ in fuel mixtures 

of alcohols with oxygen. As a result, the combustion-product outflow 

speed and specific thrust for fuels based on the lower alcohols are 
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only 9-10$ lower than those for fuels based on hydrocarbons. 

In addition to the lower combustion temperatures as compared with 

hydrocarbons, alcohols have still other advantages related to their 

physical properties (Table 136). One of these properties of, for exam¬ 

ple, the lower alcohols, is their excellent solubility in water, which 

makes it possible to use them in aqueous solutions. This results in a 

drop in the combustion temperature of the fuel in the engine. Aqueous 

solutions of alcohols also possess good coolant properties. 

Analysis of the data in Table 136 indicates that the lower alco¬ 

hols have higher heat capacities than do petroleum products. Alcohols 

may be injected into the fuel mixture in large quantities, and this 

makes possible superior cooling of the engine-chamber walls as they 

are washed by the combustible. Moreover, the lower alcohols have latent 

heats of evaporation that are 3 to 4 times higher than those of petro¬ 

leum products. This also promotes better cooling of the inner chamber 

liners of the engine on evaporation of the alcohol, particularly when 

it is mixed with water. 

TABLE 136 
Physicochemical Properties of Certain Alcohols, 

Water and Kerosene 

1 ncmccToo 
2 PflCTDOpHMOCTb 

» now. % 

3 
T. Kim.. *C 

; 
TcnancMKocTi. 

(npn 20—25'). 
KKQa!Ki’iPCkd 

5 CltpMTaR 
TCIl/IOTO 

ncmpriuiR, 
kkqaIkù 

6 
DniKOcrb 

npn 20’, tern 

CM,OH 
QHjOH 
Q,H,OH 
C,MBOH 

C,Hi,OH 
8 Dofta 
9 KcpOCHH 

J HcorpamiMCiman 
• 
• 

5,G 
2 

04,6 
73,3 
97,8 

117,7 
137,9 
100 

150-300 

0,000 
0,58 
0,59 
0,5 
0,5 
1,00 
0,45 

203 
214,5 
159,4 
148,0 
120,19 
530 

51 

0,54.8 
1,70 
2,195 

4,5 
1,0 
a.o 

l) Substance; 2) solubility in water, 3) boiling 
point, °C; 4) heat capacity (at 20-25°), kcal/kg- 
•deg; 5) latent heat of evaporation, kcal/kg; 6) 
viscosity at 20°, centistokes; 7) unlimited; 8) 

water; 9j kerosene. 
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TABLE 137 

Characterization of Fuels Based on Liquid 
Oxygen and Ethyl Alcohol 

1 XipmepiicmKa 1 
ropwatro 

CocTao Tonanoa, % Tciuioiipo 
U 3110,111« 

TcJll.llOCTh 
- a/*i 

Vacarno« 
ruooópa. 
loimiiNc, 

6 ÁlKt 

XaptKTCpH' 
CTHK4 OXJiaW- 

AaioiUNx 
yCOOftCTi • ^MCJlOpOA ¿jCnupT 

8 OiHpr: 
100% 
95% 
90% 
85% 
80% 
75% 
70% 
50% 

9 Kcpocmi 

67,60 
66,-4 
65,11 
63,9 
62,53 
61,0 
59,4 
55,6 
75,80 

32.4 
33,6 
34,89 
36,1 
37,47 
39,0 
40,60 
44.4 
24,20 

2020 
1980 
1935 
1880 
1820 
1770 
1705 
1560 
2280 

870 
797 
805 
814 
823 
834 
845 
870 

1,9 

2.2 

2.4 

2,8 

1.0 

^Relative heat required to heat combustible 
to boiling point with total evaporation. 

1) Combustible.: 2) composition of fuel, 
3) oxygen; 4) alcohol; 5) heating yield, 
liters/kg [sic]; 6) specific gas production, 
liters/kg; 7) characteristic of coolant prop¬ 
erties*; 8) alcohol; 9) kerosene. 

A characterization of fuels based on oxygen and ethyl alcohol at 

various concentrations appears in Table I37. 

Cyanogen and other unsaturated compounds containing triple bonds 

and having negative heats of formation are under consideration as pos. 

sible combustible components for rocket fuels. 

This group Includes acetonitrile, dicyanogen, and acetylene di- 

n-’trile. Their combustion in oxygen proceeds in accordance with the 

following reaction: 

N==C — Cs=N + 202-* 2C02 + Nj. 

The characteristics of these fuels are listed in Table I38. 

The combustion of cyanogen derivatives is attended by high tem¬ 

perature. Thus, the temperature reaches 464o°K in the case of dicyano¬ 

gen and 5300 K in the case of acetylene dinitrile. 

A considerably higher specific impulse can be obtained with cy- 
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TABLE 138 

Characteristics of Fuel Mixtures 
Based on Nitriles 

5 

1 Toimmro 
2 Tciuiora 
ortp.VlOlUIIM« 
ropnscro. 
kkoj/moj» 

Jlcnaonpou** ROA'irMk* NOCTk. 
kkoa/ki 

VammuS 
AMAVAM 

(P/Pi- SO), ten. 

CH.CN -f- 0, 
N=C—Cf.:-C—CsN+ 0, 
HiiKAorcKcaii -f Oi 

- 10,9 
-130,0 
-!• 37,0 

2200 
2/.40. 
2970 

303 
310 
300 

1) Fuel; 2) heat of formation of com¬ 
bustible, kcal/mole; 3) heating value, 
kcal/kg; 4) specific impulse (p/p0 = 

= 50), sec; 5) cyclohexane + 0^. 

anogen derivatives than with kerosene. 

Apart from oxygen and oxidizers based on it, the use of fluorine 

and its compounds as oxidizers is conceivable [9]. Fluorination of or¬ 

ganic compounds is accompanied by liberation of a large quantity of 

heat [10], e.g., for heptane: 

C7H1(1 + 16Fj->C7Fu-j- 16HF+ 1G60 kcal, 
C7H„ + 22F,-,7<:F4+ I6MF -f- 2211 kcal. 

In the case of complete combustion, the heat effect of the reac¬ 

tion per kg of fuel mixture comes to 2650 kcal/kg. 

The final products of combustion of hydrocarbons in fluorine are 

hydrogen fluoride and carbon tetrafluoride. 

Fluorine possesses exceptionally high chemical activity and can 

cause ignition with a number of organic materials in the liquid state 

[11], Fluorine is highly toxic, causing inflammation of the respiratory 

tract. An Isolating gas mask is required for protection from it, since 

the activated carbon of a filtering gas mask oxidizes readily after ab¬ 

sorption of a sufficient quantity of fluorine. 

The use of fluorine as a rocket oxidizer is possible only when it 

is in its liquid form, i.e., at its boiling point of -I870. However, 
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such use of fluorine would require development of methods for trapping 

and condensing fluorine vapor and protecting the servicing personnel 

from its effects. 

Copper, nickel and even steel are used as structural materials 

for the storage of fluorine. Thus, for example, fluorine was stored in 

Germany in steel bottles under a pressure of 30 atm [11]. 

In recent years, fluorine has been under intensive study as an 

oxidizer for rocket engineering, and these studies have been going on 

for more than 10 years in the USA. 

Thus, it was reported in 1958 [12-14] that the firm Bell m the 

USA was experimenting with fluorine in combination with hydrazine and 

dimethyl hydrazine in a rocket engine developing a thrust of 16 tons. 

In 1959, plans for static engines to burn fluorine and develop 

thrusts of 5.5 and 36 tons were under consideration. The projected re¬ 

search program required 1000 tons of liquid fluorine per year. 

One of the major problems in using fluorine in rocket engines was 

the transportation and storage of liquid fluorine. This problem is now 

regarded as solved. Thus, fluorine is stored and transported in special 

2.3- and 25-ton tanks with a daily loss no greater than 0.75$ of the 

load, and can be stored from 15 to 25 days. The basic problem here is 

preventing escape of fluorine into the atmosphere, since in view of 

its high toxicity, the maximum admissible fluorine concentration in 

the air may not exceed 0.0001$. 

The combustion products of fluorine-containing fuels are also 

toxic, but the use of these fuels in the second and subsequent stages 

of the rocket will not represent difficulty from the viewpoint of tox¬ 

icity. However, setting up static tests of engines operating on flu- 

01 ine oxidants, taking contamination of the atmosphere into account, 

is an extremely complex problem. 
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The theoretical characteristics of fuels based on fluorine and 

its compounds (according to North American) for a pressure drop p/p = 

= 28 are listed in Table 139, while Table l40 shows a series of spe¬ 

cific-impulse values for fluorine oxidants with various combustibles. 

According to M.I. Shevelyuk [7], the theoretical characteristics 

of fuels based on fluorine have the following values for p/Pq = 40: 

Specific Combustion 
impulse, tempera- 

sec ture, °C 

Fluorine-hydrazine. 345 4217 

Fluorine-ammonia. 340 4252 

Fluorine-ammonia (50$), hydrazine 
(50$). 342 4122 

Fluorine oxide-kerosene. 320 4257 

Fluorine oxide-die thy lamine. 330 4137 

Chlorine trifluoride-hydrazine. 285 3587 

Oxygen-kerosene. 282 3337 

According to the same author, the heating value of a fluorine- 

kerosene fuel is 2680 kcal/kg, and that of the oxygen-kerosene fuel is 

2280 kcal/kg. 

Ihe specific impulse of fuels based on fluorine is considerably 

higher than those oí oxygen-based fuels, and the combustion tempera- 

ture is also higher - by almost 1000°. 

We compare the specific-impulse values for fuels based on flu¬ 

orine and oxygen according to other sources [8]: 

impulse with 
drop p/p0, sec 

35 atm 40 atm 

275 295 

265 282 

320 345 
280 298 

Apparently of interest is the use of combustibles such as boron, 

Specific 
pressure 

28 atm 

Fluorine-kerosene. 275 

Oxygen-kerosene. 267 

Fluorine-hydrazine. 28O 

Oxygen-hydrazine.,., . 267 
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beryllium and lithium In fluorine-based fuels, as will be evident from 

consideration of the following fuel mixtures: 

Heating Specific 
yield, impulse 
kcal/kg (p/p0 = 50), 

sec 

Fluorine-pentaborane (B^). 3700 4oo 

Fluorine-decaborane (B10Hl4). 3740 395 
Fluorine-boron. 3940 33(^ 

Fluorine-silicon. 3570 284 
Fluorine-lithium. 3300 405 

Fluorine-hydrazine. 2450 355 

Boranes and alkyl-substituted boranes in combination with fluorine 

are definitely of Interest. 

Apart from fluorine, a certain amount of interest attaches ~ 

series of oxidizers based on it (Tables I39 and l4o). 

In the USA, chlorine trifluoride is regarded as a potential oxi¬ 

dant for rocket fuels that would be comparable to nitric acid. Let us 

consider the characteristics of a number of fuels based on CIF^ and 

HNO^. 3 

I OKiichiirc.il, 

CIPj 
cm, 
GIF, 

II.vo.,, NA 

2 I'npiO'icc 

V=Hi •!• 11:,(Cl 1,). 
IIjN’jfCII,), I Nil (CslUNHs), 

5 Kcpoam HIM 
» RIM 

3 n.ioruncri. 
lon.mn.l, 

.■/cm' 

1/,5 
M3 
1/,1 
1,30 

y.v.n.uMf. 
HMiiyni.c (/’//i. ',2). 

cu,;. 

Jiln 
251 

RP-1. 

As compared with liquid-oxygen-based fuels, fluorine-based fuel 

has a considerably greater density and a somewhat larger specific 

thrustj this should ensure long flight ranges for rockets. 

Fluorine oxide is also distinguished by this same advantage over 

liquid oxygen. 
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TABLE 139 

Characteristics of a Number of Liq¬ 
uid-Rocket Fuels Based on Fluorine 
and its Compounds 

1 Ton/inao 

2 flrcnnoK , 
OTIIOIIICIIUC 

OKIH'JlIirCAh: 
ropioMce 

3 1 
IMomocrb 

npii 27* 
HMny.nuc 

npu 28 am, 
tea. 

5" 
Tcxncpa- 
rypa rope- 
im«. * C 

Y JP‘4 , ,, 
8 Ammiiak 

9 I iwpaaMH 
10 BOAOpOA . 

6 <t>mop 

2.9 1,19 
3 1,16 
2 1,3 
9.4 0,46 

275 
300 
280 
330 

3980 
4020 
4280 
4480 

11 Jlut/imopud KucAo/inda 

12ii. Oktjii.j 3.8 I 1,22 
13 riiApaaiiii.j 1,1 j 1,23 

14 Tpui/imopud xAopa 

15 Ammiiak.I 3 1 1,26 
lo riiApajHii.i 2,5 ! 1,16 

I I 

257 

238 
247 

4Ui0 
3520 

2750 
3875 

1 ( Ik’Hinutlimoput) (ipoMa 

l8 Ammiuk.I (i. ! 1,8 ¡ 245 3630 

1) Fuel; 2) oxidizer:combustible 
weight ratio; 3) density at 27°; 4] 
specific impulse at 28 atm, sec; 5) 
combustion temperature, °C; 6) flu¬ 
orine; 7I JP-4; 8) ammonia; 9) hydra¬ 
zine; 10) hydrogen; 11) oxygen diflu¬ 
oride; 12) normal octane; 13) hydra¬ 
zine; 14) chlorine trifluoride; 15) 
ammonia; 16) hydrazine; 17) bromine 
pentafluoride; 18) ammonia. 

Chlorine trifluoride has no advantages as an oxidizer for long- 

range rockets with conventional combustibles. 

Figure 190 shows the variation of specific thrust as a function 

of the weight fraction of fluorine in the fuel for a hydrazine-fluorine 

fuel. 

Fluorine has advantages as an oxidizer for a number of metals and 

nonmetals such as magnesium, silicon and boron. With the last two, it 

forms gaseous combustion products (SiF^ and BF^) [11-13 ]. 

Apart from the energy indicators of the fuels, the combustion 



TABLE 140 

Specific Impulse of a Series of Fuels 
Based on Fluorine and its Compounds 

2 3 
Ucco.ioe 

OTHOUiClllie 
i OkMC/lft* 
Teju : ro* 

piosee 
(P/P#-42). 

1.8 
2,\ 

2,55 27/. 

1.1 274 
2.1 208 
2,19 225 
2,04 27C 

2,08 318 
4,40 '381 

317 
272 

282 

1) Fuel; 2) oxidant:combustible 
weight proportions; 3) specific im¬ 
pulse (p/p0 = 42), sec; 4) fluorine- 

kerosene; 5) fluorine-hydrazine; 6) 
fluorine-hydrogen; 7) chlorine tri¬ 
fluoride -un symme trie dime thyIhydra- 
zine; 8j chlorine perfluoride-hydra¬ 
zine; 9) chlorine trifluoride-hydra- 
zine; 10) bromine pentafluoride- 
hydrazine; 11) nitrogen trifluoride- 
hydrazine; 12) oxygen difluoride- 
unsymmetric dimethylhydrazine; 13) 
oxygen-kerosene. 

rates of fuels based on oxygen and fluorine in the liquid-fuel rocket 

engine are of great significance. 

Development of lightweight combustion chambers for high-powered 

rocket engines Involves solution of the problem of attaining high heat- 

evolution rates in the combustion zone. Until recently, it was be¬ 

lieved that physical processes (evaporation of drops, mixing, etc.) 

represented limiting factors. 

Recently, serious attention has been attracted to the question as 

t0 whether the rate of chemical reaction in a gaseous medium cannot, 

under certain circumstances, become the factor determining the rate of 

- 518 - 



Pig. 190. Variation of theoretical 
specific thrust (specific impulse) 
of hydrazine-fluorine fuel as a func¬ 
tion of weight fraction of fluorine 
in fuel with p/p0 =21. 1) Specific 

thrust, kg-sec/kg; 2) weight frac¬ 
tion of fluorine in fuel. 

the process [I5]. In this connection, the rate of rocket-fuel heat evo¬ 

lution was computed for various conditions from the rate of the chem¬ 

ical reaction, proceeding from the equation of N.N. Semenov, in which 

the normal combustion rate is linked to the rate of the reaction: 

where pQ is the density of the fuel mixture, L0 is the heat of combus¬ 

tion (cal/g ), is the thermal conductivity, Q is the heating value 

(cal/mole), T^, is the adiabatic combustion temperature, w is the rate 

of the chemical reaction in the temperature range from Tq to T^., and 

Uf is the rate of laminar combustion. 

This equation is modified: 

where 

pressure. 

V/ 
-, / -kl RT« - / 1 \ V ~cp ■ pahv • 4 ' ir)1 

Is the thermal conductivity, is the heat capacity, jo is the 

AHv is the heat of combustion per unit volume (kcal/cm^), q 
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TABLE 141 

Volume Rates of Heat Evolution for Various 
Rocket Fuels 

1 Tonjimo 

2 

JUbjiciimc, 

am 

3 
A;uia6aTii- 

•ICCKdR 
rcMncpary- 
pa ropciuiM, 

•c 

(4 
Siicpnm 
AKTilOA* 

UNII, 
KaAjMO.it 

^opfciajb« 
Nan CKO* 
pocTb ro* 

pen HR, 
CMjctK 

6 
MiKCHu.i^iiiiaa 

CKOpOCTb TcnJIO* 
• MAC/ICIIIIII, 
kkqaJ m} ' HOC 

Crilii + 0,. 

CiHu + 0». 
NHj + O,. 
NHj+O,. 
H.+ O:. 

Ha + 0». 
Ha+F,. 

H,+ F,. 
Ha + Fa. 

i 
IS 

1 
15 

1 
15 

1 
15 

1 

3056 
3422 
2782 
3011 
3018 
3381 
3962 
1516 
3962 

10000 
10000 
19500 
19 500 
18000 
18 000 
5 000 
5000 

10000 

100 
OSS 
110 
no 

1010 
3117 

10000 
33800 

l-10'* 
2,1.10'» 
1,3-10" 
2,7-10'* 
1,1.1013 

MO'« 
6,1.10" 
1,1.10" 
6,8.10" 

1) Fuel; 2) pressure, atm; 3) adiabatic com¬ 
bustion temnerature, °C; 4) activation energy, 
cal/mole; 5j normal rate of combustion, 
cm/sec; 6) maximum rate of heat evolution, 

kcal/m^'hr. 

TABLE 142 

Comparison of Theoretical Rates of 
Heat Evolution with Experimental 
Rates in Rocket Engine 

l 
9 

1 Toimiido 

2 
Aan.ir* 

IIHC. 
Ú//I 

06i*rMii.in CKopocrii dnac^c- 
n iinu Tciuia, kkoa/m*• HOC 

jKCncjMlMCll* 
m/iMi.i n d 

4 ttPA 
pacicTiiaN 

5 

». TcnTaii — KiiAKiu'i n; . . 

)Kiukiu"í Hj — JKHAKiii'i O: . . 

ra3oo6p.i3Huii Ha—/KiiAKiiii O2 
rasooCpa.niufi Ha—/Kuakiim O; 

18,1 
10,9 
20,1 
25,2 

6,3).10* 
3,17.10» 
7,17.105 
7,56.10» 

3,56.10" 
1,78-1013 
1,78.10" 
6,23-10" 

l) Fuel; 2) pressure, atm; 3) volume 

rate of heat evolution, kcal/m3*hr; 
4) experimental, in liquid-fuel 
rocket engine; 5) theoretical; 6) 
normal heptane-liquid 0^; 7) liquid 

H2-liquid 02; 8) gaseous H2-liquid 

02; 9) gaseous H2-liquid 02> 
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is the average volume rate of heat evolution (cal/cm3-sec.atm), and R 

is a factor equal to 2.4213-10-2 cal/cm3-atm. 

By transforming this last equation, we obtain the following ex¬ 

pression for calculating rate of heat evolution: 

. _ F E T,-T, n C. t . 
*»« TfoTïl ’ Iff ’ ”17" * 5* * H/ ‘ ST * 

where n is the order of the reaction and E is the activation energy. 

The data shown in Table l4l were calculated according to this 

equation. 

The calculations were carried out for stoichiometric composition 

of the mixture and two pressures, 1 and 15 atm. 

The rate of heat evolution is highest for hydrogen with fluorine. 

Table 142 lists volume heat-evolution rates observed in rocket 

engines, and, for comparison, the theoretical values. 

The rate of heat evolution was determined in experimental engines 

from the rate of fuel Infeed and the completeness of its combustion. 

It is evident from the experimental and theoretical data listed 

that only a minor fraction of the possible volume rate of heat evolu¬ 

tion is realized in contemporary rocket engines. 

The theoretical volume rate of heat evolution in liquid-fuel 

rocket engines may be increased by several orders and the size of the 

combustion chamber reduced accordingly. 
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Chapter 8 

MONOPROPELLANTS FOR LIQUID REACTION ENGINES 

Propellants for liquid reaction engines are classified on the ba¬ 

sis of the method of propellant accomodation and supply as: a) bi- 

propellants, consisting of an oxidizer and a combustible supplied sep¬ 

arately to the combustion chamber (from two tanks), and b) monopropel¬ 

lants, which include oxidizer and combustible elements, and which are 

supplied from a single tank. 

Despite the advantage offered by monopropellants in comparison 

with bipropellants, they have not as yet received widespread applica¬ 

tion as power sources for rocket motors. The reason for this is that 

the presently known monopropellants háving heating yields of from 1000- 

1500 kcal/kg and specific impulses of 200-245 sec, are liable to ex¬ 

plode under the conditions governing their use in rocket motors. 

On the other hand, the low-energy-yield explosion-proof monopro¬ 

pellants presently employed are used solely in turbopump units of 

ZhRD, where the energy characteristics are not the chief consideration. 

A monopropellant offers the following advantages in comparison 

with bipropellants. 

1. A motor installation for a monopropellant is simplified, since 

one propellant tank and half of the piping may be eliminated. 

2. In a monopropellant motor installation, there is no need for a 

special device to maintain the propellant-component ratio constant; 

this permits a decrease in the emergency reserves of propellant. 

3. There is a substantial simplification in the motor-head struc- 
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ture in connection with the fact that a monopropellant does not require 

good component mixing upon injection into the combustion chamber. In 

many cases, unstable combustion of bipropellants in a rocket motor is 

related to unsatisfactory mixing of the combustible and oxidizer, which 

is eliminated in monopropellant motors. 

4. It is possible to use the full flow of a monopropellant for 

regenerative motor cooling; this simplifies the cooling problem, arm 

permits a considerable decrease in fuel losses due to internal cooling 

of the combustion chamber and nozzle. 

5. Rockets using monopropellants will be more reliable, owing to 

the decrease in the number of propellant components and the simplifica¬ 

tion of the motor installation. 

Calculations indicate that for medium-range rockets, a monopro¬ 

pellant having a specific impulse of 225 sec is equivalent to a bipro¬ 

pellant having a specific Impulse of 250 sec, a fact explained by the 

simplicity of the monopropellant motor arrangement. 

Monopropellants may take the form of individual compounds such as 

nitromethane, methylnitrate, as well as solutions of nitro and chlorine 

derivatives of hydrocarbons in nitric acid. These systems may have 

heating yields of 75O-I50O kcal/kg. All of these substances have ex¬ 

plosive properties, present in various degrees. 

For this reason, monopropellants may be dangerous to handle, and 

they are not as widely employed as are separately supplied propellants. 

Systems that liberate large quantities of heat and gases upon 

combustion in a ZhRD chamber may be considered as monopropellants. They 

include the following propellants. 

1. Propellants based upon solutions of organic substances in nit¬ 

ric acid and oxides of nitrogen. The organic substances in solution 

should be stable with respect to nitric acid. 
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2. Propellants based upon nitro compounds (nitromethane) and nitro 

ethers (ethylnitrate, propylnitrate). 

3. Propellants based upon solutions of organic substances in tet- 

ranitromethane. 

4. Propellants based upon hydrogen peroxide and solutions of or¬ 

ganic substances in hydrogen peroxide. 

5. Propellants based upon many other compounds that can break 

down with the evolution of heat. 

Only those monopropellants may be utilized in practice that are 

sufficiently safe to handle and use. It is an extremely complicated 

matter to select such propellants. 

Under certain conditions, monopropellants behave as fuels, and 

under other conditions as explosives; in this connection, it is firsi, 

desirable to examine the explosive properties of these systems, and 

then to turn to individual types of monopropellants. 

1. Characteristics of Monopropellant Explosive Properties 

a) Conditions for appearance of explosive reaction 

By explosive properties, we mean conditions for the appearance of 

an explosive reaction: sensitivity to heating, shock, friction, the 

mechanical effect of explosion. 

Depending upon the reaction rate, systems containing combustible 

and oxidizer elements (powders, explosives, monopropellants) are 

divided into two basic reaction types: a) normal combustion, b) explo¬ 

sion and detonation [1, 2], 

At atmospheric pressure, the combustion process in liquid and 

solid monopropellants takes place at a rate measured in the millimeters 

or (at a pressure of 40-75 atm) centimeters per second. An increase in 

the mass of the burning material may occur as a result of an increase 

in the combustion surface, by a change in the grain size of a powder, 



and through an increase in the degree of dispersion of a liquid fuel. 

An explosion is characterized by the fact that the explosive chem¬ 

ical reaction propagates at a rate of the order of hundreds and thou¬ 

sands of meters per second. An explosive reaction rate is characterized 

as a nonsteady-state quantity, varying in many cases as a function of 

the conditions under which the explosion has been initiated. 

Detonation is characterized as a steady-state propagation rate for 

the explosive reaction over the mass of the substance - of the order 

of 3000-8000 m/sec. The maximum speed of a detonation is a constant 

characteristic of each explosive. Decomposition in the form of detona¬ 

tion and explosion can evidently occur under appropriate conditions 

for any system capable of supporting an exothermic reaction. 

TABLE 143 

Explosive Properties and Heating Value of Certain 
Systems [1, 2] 

l 
3 
11 
12 

1c, acAHiiciiHe 

Tcn/ionpi> 
H3DOAH* 

TP.H.IIOCIU, 
^koaIkí 

Cnocoô- I CiiocoCiiocTk 
nacTb K actoimiiiui 

K ropi'iimo or croiiAapTiio- 
I n TpyCkc Ac ron.i to p.i 

AcroiintiHA or 
10 ¿-(Miimu- 

g kiiBU 

I iHTpOMCTAII. 

IpOTIIA. 

A3OTIIOKIICAMM AMMOIIHH . 

CHoNOî 
CHjGHj(N0:)3 
NH4NO3 

1030 
1010 
M 

% OpHT 

14 
He ropiiT 

ll) 

15 
He uapunacr 
Bopbinacr 

He oapbioacT 

Bapuaaer l6 

He Bapunaer 15 
CMCCb aaoiiioKHCAoro om 

Moumi c cyAujiaroM a\i 
moiiiiii. 

TcrpaiiiiipoMciaii . . . 
AaiiA enmma . . ... 

NH«NO.i-!- 
(NH 4):50, 
C (NO:), 
PbN, 

250 
500 
3G7 

15 
» » » » • 

» » » » » 
16 BapuDacT 

» 

» 

i I 

*In open charge. 

l) Compound; 2) formula; 3) heating value, keal/kg; 
4) ability to burn in tube; 5) ability to be de¬ 
tonated by standard detonator; 6) detonation by 
10-g grain of explosive; 7) nitromethane; 8) tro¬ 
tyl; 9) ammonium nitrate; 10) mixture of ammonium 
nitrate with ammonium sulfate; 11) tetranltro- 
methane; 12) lead azide; 13) burns; 14) does not 
burn; 15) does not explode; 16) explodes. 

A necessary condition for the explosive reaction of a system is a 

positive heat yield from the reaction at an adequate rate, accompanied 
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by the formation of gaseous products. Since the system goes from the 

solid or liquid state to the gaseous state almost instantaneously, 

while the gaseous products occupy a volume roughly 1000 times greater 

than that taken up by the initial substance, and is at high tempera- 

ture, an instantaneous pressure jump is set up at the point of explo¬ 

sion, amounting to tens and even hundreds of thousands of atmospheres. 

A well-known characteristic of liability to explosive decomposi¬ 

tion is the heating value of the explosive system. Thus, tetranitro- 

methane, whose heat of decomposition is positive and roughly 500 kcal/kg, 

is a safe material in practice, under normal conditions. Selfpropaga¬ 

tion of an explosive reaction is hindered by a low heat yield. 

In the general case, however, the heating value is not a criterion 

of explosiveness. Thus, the detonator lead azide PbNg explodes very 

easily, although its heating yield is 367 kcal/kg. 

In this connection, it is interesting to examine certain systems: 

their ability to participate in an exothermal reaction, and their lia¬ 

bility to detonation (Table 143). 

An explosive reaction is a chemical reaction whose Initiation is 

opposed by a certain energy barrier. The magnitude of the energy bar¬ 

rier is determined by the activation energy. 

The liability of a system to explosive reaction is determined by 

a complex of phenomena: the activation energy, the heat yield of the 

reaction, and the physical conditions under which the substance is 

found. 

Lead azide has a low activation energy for initiation of an explo¬ 

sion. Thus, it may easily be detonated, even by kindling. 

Liquid explosives based upon nitric acid have a large heating 

jield. Owing to their high activation energy, however, they are rela¬ 

tively insensitive to explosion. 
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The heat of decomposition of the oxidizers in explosive mixtures 

plays a substantial role. Where the heat of decomposition of the ox¬ 

idizer is positive, explosive mixtures are very explosion-sensitive. 

Physical factors have a considerable effect upon the possibility 

of explosion propagation. 

For many substances, steady-state propagation of a detonation is 

possible only in the case in which the charge diameter is relatively 

large. Thus, for trinitrotoluene, the charge diameter should exceed 

several millimeters. 

For low-sensitivity liquid explosives, detonation will not propa¬ 

gate in sufficiently thin tubes. As Yu.B. Khariton [3] has shown, this 

is connected with the fact that upon passage of the blast wave through 

the mass of the substance, there is in addition to the chemical reac¬ 

tion a dispersion of the initial substance along the f’ront of the blast 

wave, i.e., in the region where the explosive is converted to explo¬ 

sion products. The explosive reaction is retarded by the dispersion of 

the initial material. 

The dispersion time is roughly proportional to the charge diameter. 

If the time required to complete the explosive reaction is less than 

the dispersion time, the detonation will propagate through the charge 

of substance. 

Any factor increasing the dispersion time such as, for example, 

an increase in charge diameter, or the placing of the charge into a 

massive jacket, should improve detonation propagation; this is actu¬ 

ally observed to be the case. 

It is very important in practice to allow for the possibility of 

detonation propagation. Thus, for example, in order to avoid the prop¬ 

agation of a detonation of a monopropellant from the motor to the tanks, 

the piping must be chosen with a diameter for which propagation of a 
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detonation is impossible. Here it is necessary to allow for the possi¬ 

bility of detonation propagation through the air. 

Certain systems, capable of participating in an exothermal reac¬ 

tion, will not explode in open charges, but do become liable to detona¬ 

tion in a strong Jacket. 

Although in theory, any system capable of reacting exothermally 

and for which the thermal and mechanical effect of the explosion prod¬ 

ucts accelerate the chemical reaction is liable to explosive reaction; 

there may exist systems, however, for which the creation of charges 

with a diameter providing a stable detonation is impractical, since 

this diameter would be too large. 

On the other hand, many substances and mixtures which are not ex¬ 

plosive in practice under normal conditions may explode if the charge 

dimensions are sufficiently large, and If the explosion Is correctly 

Initiated. 

Yu.B. Khariton [3] assumes the following mechanism for detonation 

propagation. 

1) At first, the substance Is compressed as a result of a shock 

wave. The compression causes heating, followed by a chemical reaction. 

This is the way in which a detonation propagates in gases. 

2) The explosive-reaction process may occur as a result of com¬ 

bustion of separate particles of the substance - their ignition. The 

majority of solid explosive substances are quite brittle, and it 

is thus highly probable that in the detonation process, the material 

will break down into fine particles. In accordance with this mechanism, 

liquid explosives disperse into fine drops. The more the substance 

breaks down, the greater the reaction rate, since the rate of particle 

combustion is roughly proportional to size. Assuming that at very high 

pressures, the combustion rate in the explosion wavefront will 
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be very high, a high explosion reaction rate will be created. 

3) The reaction along the blast-wave front may be associated with 

the reaction of two or several substances occurring in the form of 

particles of some degree of dispersion, or in the form of a mixture of 

solid particles and liquid. In this case, the explosive mixture is 

heterogeneous, and the reaction will not take place throughout the en¬ 

tire volume of the substance lying along the detonation-wave front, 

but only at the interface between components, or in regions where the 

components have already formed a molecular mixture. 

For large particle dimensions, an explosive reaction may in gen¬ 

eral turn out to be impossible, since the required mixing will not oc¬ 

cur. 

b) Determination of susceptibility to heating, shock, and friction 

Susceptibility to heating is characterized by ^he flash point, 

i.e., the lowest temperature to which the substance must be heated in 

order for it to ignite. Various methods may be used to determine the 

flash point [1, 2, 4], 

The substance is placed into a test tube previously heated to a 

specific temperature. The determination is made of the lowest tempera¬ 

ture at which instantaneous ignition occurs. If a flash does not occur, 

the temperature is raised, and the experiment repeated with a new por¬ 

tion of substance. If a flash does occur, the temperature is somewhat 

decreased, and the experiment repeated, thus, the minimum flash point 

is found to within 5°« The "instantaneous" flash is an arbitrary con¬ 

cept, and characterizes a flash occurring with no visually apparent ig¬ 

nition lag. 

In order to determine the flash point of a liquid monopropellant, 

the substance is placed into a capillary tube open at both ends, hav¬ 

ing a diameter of 1-2 mm; the capillary tube is emptied into the heated 
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test tube. A tap on the bottom of the test tube causes the substance 

to flow out from the capillary to the heated bottom of the test tube; 

ignition results. In flash-point determination, safety precautions 

must be taten: a panel of thick glass or transparent plastic should be 

placed before the bath, and the eyes of the experimenter should be pro- 

tected by goggles. 

The flash point depends upon the conditions under which the de¬ 

termination is made, and with existing methods, it may be considered 

to be an approximate quantity characterizing the sensitivity of a pro- 

pellant to thermal effects. 

Shock susceptibility characterizes the danger of monopropellant 

explosion in handling. 

It is determined on a standard ram impact machine (Fig. 191) which 

consists of two parallel rails between which a steel weight slides 

freely; various weights may be used in accordance with the standard 

(2.5 or 10 kg), depending upon the shock sensitivity of the substance 

being investigated. Under the load, there is a steel plate on a strong 

base. The device in which the shock sensitivity is determined (Fig. 

132) is installed on the plate. For liquid-explosive tests, the device 

consists of a deep-bottom female die and a steel hammer. A weighed por- 

tion of the substance, normally about 0.03 g is placed into the die. 

For testing solid explosives, a standard device of another design 

is used. 

The solid materials are located on an anvil, in powder form, liq 

uids may be tested in drop form. When the weight strikes the hammer ol 

the device, depending upon the force of the stroke, an explosion does 

or does not occur. The minimum height for which explosions occur 100^ 

of the time, and the maximum height for which misfires occur lou?» of 

the time are taken to characterize the sensitivity of the material 
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Fig. 191. Ram impact machine for 
investigating shock sensitivity 

of explosives, l) Weight; 2) 

guide rails. 

shock; the height for which explosions occur 50$ of the time and mis¬ 

fires 50$ of the time for a given weight is also taken as a character¬ 

istic. A graph is plotted in order to determine the shock sensitivity. 

On the axis of ordinates is plotted the height of the weight or the 

work of the falling load (kgfm), and on the axis of abscissas - the 

percent of explosions. No less than six determinations are made for 

each point. 

The shock sensitivity is not an accurate physical characteristic, 

but is chiefly of value in comparisons. In this connection, when new 

substances are tested for shock sensitivity on a ram-impact machine-, 

the results obtained are compared with the shock sensitivity of well- 

- 533 - 



-1 

Pig. 192. Device for determin¬ 
ing shock sensitivity of mono¬ 
propellants and liquid explo¬ 
sives. 1) Piston; 2) well; 3) 
explosive. 

known explosives. Trinitrotoluene, tetryl, and nitroglycerine are taken 
« 

as standards. 

Liquid monopropellants, which may be considered relatively safe 

when examined under laboratory conditions, are less shock-sensitive 

than trinitrotoluene in transport and storage. 

Explosives may be classified according to shock susceptibility. 

Table 144 gives the sensitivity characteristics for explosives 

and monopropellants by class. 

Friction sensitivity, as in the case of shock sensitivity, charac¬ 

terizes the explosion hazard of a monopropellant. 

In the simplest case, the friction sensitivity is determined in a 

porcelain mortar. A better method is to determine the friction sensi¬ 

tivity with a special friction device. 

- 534 - 



TABLE 144 

Sensitivity Characteristics of Solid Explosives 
Compared with Monopropellant [1, 4] 

6 7 
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Tporiifliy 

OKhakiic cuiioKOkinoneuT- 20 
Hue Ton.nina imaKofi 
TCnAOnpOliaDOAHTCAk* 
HOCTII 
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1) Sensitivity class of explosive; 2) general char¬ 
acteristics; 3) height through which 2-kg weight 
must fall to produce explosion, cm; 4) examples of 
explosives; 5) examples of liquid monopropellants; 
6) very dangerous to handle; 7) mercury fulminate; 
8) 80-90^ hydrogen peroxide + alcohol; 9) nitro¬ 
glycerin; 10) tetranitromethane + benzene; il) com¬ 
paratively safe to handle; 12) pyroxylin; 13) safe 
to handle, store, and transport; 14) trinitro- 
phenol; 15) nitric acid + dichloroethane; l6) tet- 
ryl; 16a) nitromethane; 17) trotyl; l8) safe; nor¬ 
mal properties of explosives not manifested; de¬ 
tonates only under certain conditions; 19) dinit¬ 
robenzene; 20) low-heating-value liquid monopro¬ 
pellants. 

c) Determining the liability of monopropellants to explosive decompo¬ 
sition upon rapid compression 

Bubbles of air or gas can always form in a liquid monopropellant. 

Upon sharp compression of the fluid, owing to the increased pressure 

or hydraulic shock in flowing through piping, these bubbles will in turn 

be compressed; a rapid compression of a gas is always accompanied by a 

temperature rise, which may cause the propellant to ignite spontane¬ 

ously. Thus, the presence of gas bubbles in contact with a monopropel¬ 

lant in fuel lines or in a tank may, in conjunction with a sharp pres¬ 

sure rise due to mechanical shocks or valve operation, be responsible 
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for explosive decomposition of a monopropellant. In this connection, 

it is necessary to allow for monopropellant sensitivity to a sharp 

rise in pressure. To do this, an Installation has been developed to 

evaluate the sensitivity of monopropellants to a sharp pressure rise. 

This installation includes a device which permits nearly instantaneous 

application of high pressure to a specimen of monopropellant in con¬ 

tact with a gas bubble. The installation is provided with apparatus 

for measuring the required parameters. 

The propellant specimen containing the gas bubble is placed in a 

test chamber bounded on one side by a piston that sets up the pressure, 

and on the other side by a burst diaphragm. The chamber Is held a! a 

given low or elevated temperature in a thermostat. The burst dia¬ 

phragm, which is 2.54 mm thick, deforms during the experiment or rup¬ 

tures in the presence of a detonation. The magnitude of the diaphragm's 

deformation is used to determine the pressure developed in the chamber. 

The chamber has a volume of 1.3 ml; propellant specimens having 

volumes ranging from 0.2 to 1.1 ml may be located in the chamber, they 

may be placed in contact with gas bubbles of from 0.2 to 0.9 ml. 

It is assumed that a monopropellant decomposes upon rapid compres¬ 

sion as a result of local heating due to the nearly adiabatic compres¬ 

sion of the gas bubble; as a consequence, the gas is heated to a 

high temperature. It is very probable that the high temperature is 

also responsible for decomposition of the propellant. When the tempera¬ 

ture becomes sufficiently high, the propellant begins to break down 

and to liberate a considerable amount of heat, which facilitates rapid 

propagation of the reaction over the entire volume. 

As experiments have shown, the sensitivity of a monopropellant 

when compressed in the presence of propellant vapors is far less than 

in the presence of air bubbles. This may be explained by the fact that 
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propellant vapors, on the one hand, may condense rapidly when com¬ 

pressed, while on the other hand, the oxygen of the air leads to the 

initiation of an oxidation reaction in the propellant at elevated tem¬ 

peratures. 

If we neglect heat losses over small time intervals, the tempera¬ 

ture of an ideal gas upon adiabatic compression may be determined as 

follows: 

A-l 

from which it follows that the maximum temperature developing upon com¬ 

pression of a bubble is determined, for equal values of k and T, by 

the size of the bubble. 

The work of adiabatic compression (the energy applied to the pis¬ 

ton) is connected with the temperature upon gas compression as follows: 

t 

The installation mentioned above has been used to determine the 

sensitivity of four monopropellants. Bubble volume during the tests 

amounted to 0.2, 0.4, 0.6, and 0.8 ml. The tests determined the minimum 

energy that had to be supplied to the compression process in order to 

cause breakdown of the fuel. 

Tests were made on n-propylnitrate, nitromethane, a mixture con¬ 

sisting of 60$ ethyl nitrate and 40$ propylnitrate, methylacetylene, 

hydrogen peroxide, hydrazine, dimethylhydrazine, and ethylene oxide. 

The measure of sensitivity was taken to be the minimum compression en¬ 

ergy per unit volume of air bubble needed for explosive decomposition 

of the propellant. The results obtained are given below. 
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1 
Propellant 

Ethyl nitrate - 60$. 

Propyl nitrate - 40$. 

Propyl nitrate. 

Nitromethane. 

Methylacetylene. 

Hydrogen peroxide. 

Hydrazine. 

Unsymmetric dimethylhydrazine 

Ethylene oxide. 

Sensitivity, 
kgf’cm/ml 

4.0 + 0.8 

6.7 + 1.2 
10.4 + 1.7 

86.0 + 12 

144 

144 

144 

144 

Hydrogen peroxide, hydrazine, dimethylhydrazine, and ethylene ox¬ 

ide did not decompose under the worst experimental conditions over the 

-20° to +20° temperature range with 115 kgf*cm/ml of energy supplied, 

and an air-bubble volume of 0.8 ml. 

d) Determining the susceptibility of monopropellants to explosive 

reaction 

A monopropellant should provide for safe operation of the motor; 

it is thus necessary to have a propellant that is not liable to explo¬ 

sion or detonation under operating conditions. 

Certain methods are known for determining the liability of explo¬ 

sive systems to detonation and the characteristics of the explosive 

power; they may be used to evaluate a monopropellant. As a rule, the 

so-called brisance test is employed; brisance characterizes the power 

and shattering effect of an explosion. 

In the standard test, 50 g of the explosive or monopropellant is 

placed in a beaker 40 mm in diameter, which contains a standard No. 8 

detonator cartridge [1, 2]. For powdered materials, a paper container 

is used and for liquids (i.e., monopropellants), a glass beaker with a 

top which has a channel for the detonator cartridge. The beaker with 

the material is placed on a steel plate 41.5 mm in diameter and 10 mrn 

thick, which lies upon a lead column 40 mm in diameter and 60 mm high. 

- 538 - 

f 



Pig. 193. Device for studying 
brisance of sample and liabil¬ 
ity to explosion. 1) Beaker 
with explosive; 2) detonator; 
3) steel plate; 4) lead col¬ 
umns; 5) steel plate. 

The column is installed on a massive steel plate (Fig. 193). 

Upon detonation of the charge with the aid of the detonator car¬ 

tridge from a Bickford fuse or electrical fuse, the substance explodes, 

and the lead column is compressed, normally by 8-25 mm. If the sub¬ 

stance under investigation was not exploded by the cartridge, the re¬ 

sulting compression is due solely to the explosion of the cartridge, 

and will not exceed 1-2 mm. 

The compression of the lead column is used to indicate the occur¬ 

rence of an explosion and as a measure of its power. The experiment is 

repeated several times. If no explosion occurs, the experiment is re¬ 

peated at least four times in order to make sure that the substance is 

not subject to detonation. 

Explosive systems that are not susceptible to detonation from a 

No. 8 cartridge may be considered to be quite free of explosion hazard 

in handling, storage, and transportation. Explosive compounds and liq- 
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uid mixtures having heating values greater than 1200 kcal/kg most fre¬ 

quently produce a very large compression and deformation of the column, 

which complicates the measurement. Substances that do not explode un¬ 

der these test conditions as a result of the action of the detonator 

cartridge are safe under storage and transportation conditions, although 

this does not represent a complete characterization of such materials. 

Although trinitrotoluene is detonated by the detonator cartridge, 

it is safe to handle, and a stoichiometric mixture of hydrogen perox¬ 

ide and ethyl alcohol, which can be detonated by the cartridge, is very 

sensitive to shock and friction, and explodes easily from random jolts. 

A monopropellant that is not exploded by the detonator cartridge 

is tested under the conditions mentioned by means of a No. 8 cartridge 

with an additional detonator in the form of a 10-g grain of tetryl, 

which provides a powerful explosive impulse. A separate experiment is 

used to determine the compression created by the tetryl grain with the 

detonator cartridge, in which the beaker is filled with an inert sub¬ 

stance above which the detonator with the tetryl grain is exploded. 

The compression obtained is subtracted from the compression found upon 

explosion of the substance under investigation. 

Monopropellants that do not detonate when the 10-g tetryl grain 

is used are quite safe under ordinary conditions of use, i.e., they 

are insensitive to shock, friction, and small-arms fire. 

A more severe test for liability to detonation is the explosion 

oi a monopropellant in a steel tube 30-40 mm in diameter, using a 10-g 

tetryl grain, since the strong jacket is favorable to the propagation 

of detonation [5]. The nature of damage to the tube is an indication 

of susceptibility to explosion and detonation. 

The results obtained depend to a considerable measure upon the 

experimental conditions. Thus, given a strong tube and a powerful 
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priming charge, the propagation of an explosion will be more probable 

than in a thin-walled tube. 

Fig. 194. Testing an explosive 
for fugacity (lead bomb prior 
to explosion). 

Fig. 195. Lead bomb after ex¬ 
plosion in fugacity test. 

Some substances produce a small compression (3-6 mm) upon testing 

for brisance with an additional tetryl grain, but a detonation does 

not propagate in tubes. In this case, explosion of the layer of sub¬ 

stance adjacent to the detonator is not strong enough to cause explo¬ 

sive decomposition of the succeeding layers of the substance, i.e., 

the explosive reaction is not selfpropagating. 

In many cases, the liability of a substance to explosive decompo¬ 

sition is characterized by the results of a test in a lead bomb [3]. 
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The substance, weighing 10 g, is introduced into a channel in the lead 

bomb. A sand plug is placed above the material, or it is compressed by 

a steel plunger with an opening. The substance is exploded by means of 

a detonator cartridge under these closed-space conditions (Figs. 194, 

195). The expansion of the lead channel serves to Indicate that there 

has been an explosion, and as a measure of its power. This test is 

called a fugacity test, and is characterized by the expansion of the 

interior channel of the lead bomb, expressed in cubic centimeters. 

e) Rate of combustion 

The rate of combustion is an important characteristic of a solid 

monopropellant (powder) where it is necessary to know the rate of com¬ 

bustion as a function of the pressure and temperature in order to prop¬ 

erly set up the powder combustion process in the motor. 

With a liquid monopropellant, the combustion rate cannot be util¬ 

ized directly in motor design, since the combustion process in a ZhRD 

Fig. 196. Installation for investigating combustion 
rate of monopropellants under pressure, i) Pressure 
gauge; 2) oscillograph; 3) chamber; 4) equalizing 
cylinder with nitrogen; 5) pressure escape; 6) bomb; 
7) battery. 
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Fig. 197» Diagram of installation for in¬ 
vestigating combustion rate of liquid 
monopropellants with high-speed photo¬ 
graphic process. 1) Housing; 2) heavy 
glass window; 3) propellant reservoir in 
the form of coupled vessels; 4) tube for 
ignition; 5) high-speed camera; 6) ther¬ 
mocouple. 

is extremely complex. In this case, however, it is also desirable to 

have an idea of the rate and stability of combustion. Many investiga¬ 

tions into the combustion rates of liquid monopropellants have been 

published. 

The installation used to study the combustion rate of rocket mono¬ 

propellants consisting of nitric acid and nitroparafflns under pressure 

is shown in Fig. I96 [5]. 

A glass tube is located in the bomb 6; it is filled with liquid 

propellant. The required pressure in the bomb is set up with the aid of 

the compressed-nitrogen cylinder 4; the pressure is maintained at the 

predetermined level with the aid of a tank receiver. The pressure is 

recorded by the pressure gauge 1. Battery 7 is used for hot-wire igni¬ 

tion of the fuel by igniting the cordite powder which sets off the 

basic substance. The combustion rate is recorded with the aid of low- 

melting wires which are spaced 50 mm apart in the glass tube contain¬ 

ing the substance; the tube is ISO mm long and 5 mm in diameter. A cur- 
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rent of 300 ma is passed through the wires. Interruption of an elec¬ 

trical circuit is recorded by a sensitive galvanometer connected to a 

multichannel oscillograph, which makes It possible to determine the 

motion of the flame front. The photographic paper carries time pips. 

At the same time, electronic timers show the time at which the first 

and succeeding wires were broken. The bomb also has a narrow slot cov¬ 

ered with thick glass through which It Is possible to photograph the 

entire combustion procoss. 

A diagram of a similar installation Is given In Fig. 197 [6], and 

the results of the experiments In Section 2 of this chapter. 

— Propellants Based upon Mltrlc-Acld Solutions 

Nitric acid Is a very reactive substance, and thus there are only 

a few compounds that will dissolve In nitric acid without chemical re¬ 

action. These compounds Include nitro derivatives and certain chlorine 

derivatives. Alcohols, aldehydes, ketones, and ethers will dissolve in 

nitric acid, but only to the accompaniment of vigorous nitration and 

oxidation. 

Solutions of organic compounds in nitric acid have found employ¬ 

ment as liquid explosives, and under certain conditions and for spe¬ 

cific compositions may also be considered as ZhRD propellants. 

Table 145 shows recipes for well-known liquid explosives. 

Solutions of nitro derivatives in nitric acid and oxides of nitro 

gen are characterized by high heating values of the order of 1400-1500 

keal/kg and a significant sensitivity to shock. Mixtures based upon 

oxides of nitrogen are especially sensitive to shock,- they are so dan- 

gerous that they are prepared directly before use. 

mixtures consisting uj-uxi-L dcia and aromr 
-- 'avixj.vaui.Vt 

are not as dangerous to handle as mixtures based upon oxides of nitre 

gen. In standard reaction engines, however, they cannot be used since 
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TABLE 145 

Liquid Explosives Based upon Nitric Acid and Oxides 
of Nitrogen [1-4, 7, 8] 

7 

8 

9 

10 

11 

12 

1 Hdojhhc 

rMurajiiii 

HviyiiiT 

Okcoiiiit 

re/it>ro(|uiT... 

PacTiiop HiirpoMc- 
rana d aaoTiio« 
Kiicaorc ... . 

IlaiiMacTiiT . . . 

2 ! Cn.icpxi.v Tcnjion pmiano 
KOMnOIICIIThl I I.AMre.lUIIOCTb, 

kkoaIks ^ "llc-% tí 

G,! IjNO« 
HNO, 

G H,NO, 
(CH,),GH,NO, 

HNO, 

(NO,),GH,OH 
HNO, 

CoM.i(N03)j 
IINOj 

13 

CHAO, 
HNO, 

ßciuiiii 

N,0, 
GHjNOj 

NA 
CS, 
NA 

28 
72 

58 
42 

40 
fiö 

Ol,S 
38,2 

21) 
70 » 

351 
r,r>) 

20) 
71) 

CxOpoCTb HC' 
TOII.11(1111, 

^ M/fCK 

1470 

1400 

1550 

1500 

1530 

1750 

1710 

1500 

6700 

1710 

7050 

O&nacTb 
gnpiiMciiqnm 

ABHaCoMÕu 14 

AnuaCoMôu l4 

AuiuComOu 14. 

1) Name; 2) components; 3) content, 4) heating 
value, kcal/kg; 5) detonation rate, m/sec; 6) field 
of application; 7) gel'goflt; 8) gellit; 9) oxo- 
nite; 10) tel'goflt; 11) solution of nitromethane 
in nitric acid; 12) panclastite; I3) gasoline; 14) 
aerial bombs. ' 

combustion may turn into detonation. 

Table 146 shows the shock sensitivity of liquid explosive mix¬ 

tures in comparison with standard explosives. 

The lowest shock sensitivity is possessed by a solution of di- 

chloroethane in nitric acid. This liquid explosive mixture can be con¬ 

sidered safe in handling and transport. A stoichiometric mixture of 

dichloroethane with nitric acid is not susceptible to explosion from a 

standard detonator cartridge. An added detonator, however, will pro¬ 

duce an explosion. This mixture burns calmly when ignited in open con¬ 

tainers holding several liters. This is still no guarantee that explo¬ 

sion cannot occur when the mixture is used in reaction engines under 

all operating conditions. 
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TABLE 146 

Sensitivity to Shock for Certain Liquid Explosives 
of Monopropellants [1, 4] 

llaiMKne npoueiir oipuRon, nMy^eii- 
nuA npn naACNNH 

rpyw 10 M c Ducoru 100 r* 

6 HinwopsTaH + ajothia 
Kiicnora.. . ... . , 

7 TpilKIITpOTMyOJI. 
Ô nilKpilllOUaA KIICAOTa . . 
9 ranaro^iiT. 

10 Okcohiit. 

11 Aiixjioparan + aaoTHaa 
KHCAora . 

13 HiiTpoMcrau. 
14 HurpoMcraH + aaoiiia« 

juicnora. 

C-HiClj 
HNOj 

C»Hj(NOj)jCHj 
C|Hj(NOs)iOH 

G1H5NO1 
UNO, 

C,H:(NOj)jOH 
HNOj 

QH.CI, 
HNOj 

CHjNOj 

CHjNOj 
UNO, 

CO 
40 

2« 
72 
58 
42 
50 
50 

02 
38 

350 
3G0 

390 

260» 
300 

17 
50 

90 

95 
25(Bbicoxa najemiB 145cx) 

0 (oucoia naacHim 50 c*) 
5 (to >kc) 
5 (to we) 

1) Name; 2) components; 3) content, 4) flash 
point, C; 5) percent of explosions upon dropping 
10-kg weight from height of 100 cm; 6j dlchloro- 
ethane + nitric acid; 7) TNT; 8) picric acid; 9) 
gel goflt; 10) oxonlte; 11) dlchloroethane + nit¬ 
ric acid; 12) (from 145-cm height); 13) nitro- 
methane; 14) nitromethane + nitric acid; 15) (from 
height of 50 cm); 16) same. 

12 

15 
16. 
16 

Liquid explosive mixtures based upon solutions of aromatic nitro 

compounds in nitric acid are more shock-sensitive than trinitrotoluene. 

When aromatic mononitro compounds, such as nitrobenzene, are dis¬ 

solved in nitric acid, the benzene nitrates to dinitrobenzene. This is 

connected with the considerable heating of the mixture which thus re¬ 

quires good cooling. 

A liquid monopropellant may be obtained by dissolving in nitric 

acid of such solid polynitro compounds as dinitrobenzene, picric acid 

and trinitrotoluene. A drawback to such a monopropellant is the fact 

that when the nitric acid evaporates, the remaining polynitro compound 

is sensitive to shock or friction. 

In order to avoid corrosion of steel by nitric acid, 5-10$ of sul¬ 

furic acid may be added to the mixture. 

A solution of ammonium nitrate in ammonia is a noteworthy example 
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of a monopropellant consisting of a solution of an Inorganic combus¬ 

tible in an inorganic oxidizer. This is a very interesting system which 

is a liquid for a 30-40^ NH^ content, and freezes at -40°, while with 

an 85# content of NH^N03 in 15# NH^, it is a solid, melting at +70°. 

The stoichiometric composition, calculated for complete combus¬ 

tion, is 87.5# NH^NOg and 12.5# NH^. The system containing 75# ammonium 

nitrate and melting at 0° corresponds to a specific impulse of 175 sec 

with p/p0 = 20. 

3. Propellants Based upon Nitromethane and Nitro Ethers 

Of the nitro compounds, only nitromethane presents any interest 

at present as a monopropellant. 

Nitromethane is a liquid, and has a relatively high heating value. 

It is relatively immune to shock or friction. Low-molecular-weight 

nitro ethers are very sensitive to shock and friction, and cannot be 

used in pure form. Tables 147 and 148 show the properties of certain 

liquid nitro compounds and nitro ethers. 

TABLE 147 

Properties of Certain Nitro Compounds 
and Nitro Ethers [4, 9] 

5 

6 

9 
11 

1 Cotflimciiiic 2 'Dopiiyjia 

j Tcnnoiipo* 
1 H.inoAM* 

TC^MlOCTb, 
kma/kí 

4 WyncrmiTCJikiiocTb 
K yaapy (oucora na- 
ACHiin rpyj.i 2 

JlmillTpOMH- 
KOflb. 

HllTpOMimcpilH 

McrilJIllllTpaT , , 

SriijiiiiiTpaT . . 
HiirpoMciaii . . 

Hnipo3Tan , . 

QH^ONO,), 

CjHr,(ONOa), 

CHjONO, 

CîH,,ONOa 

CHaNOj 

QHjNOi 

1581 

1485 

1400 
713 

1040 
G80 

20-25 

4-8 

40 

Ma/io HyDCTuiiTCACH 
ílpaKTtfMCCKH 

iieHyBcniHTcacii 
12 

I) Compound; 2) formula; 3) heating 
value, kcal/kg; 4) shock sensitivity 
(2-kg-weight drop height), cm; 5) di- 
nitroglycol; 6) nitroglycerin; 7) 
methyl nitrate; 8) ethyl nitrate; 9) 
nitromethane; 10) not very sensitive; 
II) nitroethane; 12) practically in¬ 
sensitive. 
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TABLE 148 

Flash Point of Nitro Ethers for 
Various Induction Periods [10] 

1 Ocuicctiio 

2 Teuncparypa «cnuuiKH (* C) npv 
aaxepMKt 

S ÍCK.3 I0-* eex. 3 

4 MemniuirpaT. 
5 SnwmitTpaT. 
O riponitaiuiTpai. 
7 Al'HHTpaT r.THKO.IH . . . 

2G9 
2M 
247 
238 

435 
828 
331 
357 

1) Substance; 2) flash point (°C) 
for lag of; 3) sec; 4) methyl nit¬ 
rate; 5) ethyl nitrate; 6) propyl 
nitrate; 7) glycol dinitrate. 

Dinitroglycol and nitroglycerin have high heating values, but are 

very sensitive to shock and thus dangerous to handle. Combustion of 

these nitroethers easily changes to detonation. 

Methyl nitrate is considerably less shock-sensitive than nitro- 

glycol or nitroglycerin. In this respect, they are similar to hexogen - 

an explosive used for munitions. Methyl nitrate, however, is more sen¬ 

sitive than nitro compounds. Thus, it detonates upon ignition from a 

Bickford fuse in a closed space. Methyl nitrate is an exceptionally 

powerful explosive, detonating at a rate of 80OO m/sec. 

In Germany, a monopropellant based upon methyl nitrate has been 

tested [9]; it consists of 30$ CH30H and 70$ CH^ONO^ with a heating 

value reaching 1000 kcal/kg. 

Nitromethane presents considerable interest as a monopropellant. 

Nitromethane is a liquid explosive with a negative oxygen balance. Its 

decomposition reaction, accompanied by the evolution of 1030 kcal/kg, 

may be written as follows: 

CH3NO3 -CO + HjO -(- VjH. -pViNj. ~ 

Accurate thermodynamic calculations yield the following equation 

corresponding to equilibrium composition at a combustion temperature 
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of 2450°K: 

CHjNOj - 0,2 CO» + 0,8 CO + O.SH-O + 0,7 H, + 0,5 N„ 

and corresponding to a specific impulse of 210 sec at p/Pq = 25, with 

heating value of 1070 kcal/kg. 

Nitromethane is a low-sensitivity explosive. It is not detonated 

by a standard detonator cartridge, does not explode in heavy steel 

tanks ejected from aircraft, but does detonate in thin-walled steel 

tubes when set off with the aid of large charges of tetryl. 

Inadequate treatment is given in the literature to the shock sen¬ 

sitivity of nitromethane in comparison with other explosives. In flow¬ 

ing through tubes, nitromethane may explode under a sudden application 
p 

of pressure of the order of 140 kgf/cm . 

If the tube is closed at one end, an explosion may occur with a 

p 
hydraulic shock of 60 kgf/cm . Explosion may evidently be facilitated 

by contraction of tubes, nozzles, and other obstacles, if the material 

is flowing out under high pressure. 

Nitromethane is stable at temperatures of from 20-50°, and may be 

stored and transported safely in 200-liter steel tanks. 

Explosion did not occur when rifle bullets were fired through iron 

tanks with nitromethane. However, when heavy-caliber 12.5 mm machine 

gun bullets were fired, the nitromethane was observed to explode. No 

explosion resulted when tracer bullets were used. Incendiary bullets, 

however, produced explosions and ignition in all cases. 

The combustion of nitromethane in air proceeds quietly and detona¬ 

tion does not occur. 

The technical product contains 95-96$ nitromethane and 4-5$ nitro- 

ethane, nitrcpropane, and oxidation products. Nitromethane containing 

almost no impurities may be obtained by purifying the technical prod¬ 

uct. Table 149 shows the properties of technical and purified nitro- 
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TABLE 149 

Properties of Technical and Purified Nitromethane 

TeMncparypj. 

1 C 

9S%.iiu(I £H,NOi i00%-nwA CH«NOa 

yjKJkMwA ice RpM 20* BMKXTb, npu 20*.ffni yACAbiihiA, bec npu 209 
BRSKOCTfe npN 20*, 

cem 

10 
25 
40 

1,140 
1,120 

1,100 

.0,740 
0,025 
0,553 

1,149 
1,128 
1,108 

0,743 
0,625 
0,533 

1) Temperature, °C; 2) specific gravity at 20°; 
3) viscosity at 20°, centistokes. 

methane. 

Nitromethane is utilized in experimental reaction engines as a 

monopropellant, and In conjunction with oxidizers: oxygen and hydrogen 

peroxide. It Is necessary to add combustion catalysts to nitromethane 

where it is used alone in order to obtain complete combustion. T^se 

catalysts are nitromethane-soluble salts of chromium, cobalt, copper, 

nickel, lead, and manganese. Especially favorable results are given by 

chromium acetylacetonate CriC^H^Og)^ which dissolves in nitromethane 

L.0 a concentration of about 2$. Chromium acetylacetonate is prepared 

by heating acetylacetone with ammonia and chromium nitrate. The shock 

sensj-ulvity of nitromethane is increased somewhat by chromium and co- 

bait salts, and lowered by nickel and copper salts. 

Numerous experiments have been carried out with technical 96$ 

nitromethane. It has been established that the addition of 4-10$ of 

gasoline, methanol, and other organic solvents decreases, but does not 

eliminate completely, the tendency of nitromethane to detonation. 

Experiments with nitromethane in reaction engines have shown that 

ior combustion stability it is desirable to employ nitromethane in com¬ 

bination with oxygen or hydrogen peroxide. In this case, there is no 

need for combustion catalysts. Reliable ignition of the propellant is 

of especially great importance in preventing detonation of nitromethane 
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in a motor, since a large ignition lag may lead to an explosion. In 

order to provide for complete combustion of nitromethane in the ab¬ 

sence of an oxidizer, it is necessary to have a motor pressure of the 
p 

order of 38-5 kgf/cm . If the nitromethane is employed in combination 

with hydrogen peroxide, combustion occurs at lower pressure. In this 

case, the propellant may be ignited by means of catalytic dissociation 

of the hydrogen peroxide by permanganate. 

Table 150 gives the working characteristics of a propellant based 

upon nitromethane and several oxidizers. 

TABLE 130 

Working Characteristics of Nitromethane-Base 
Propellants [9, 10] 

1 ToruiHDO 

6 IlliTpOMCTail . . . 
7 ]|iiTpo»ieTan . . . . 
O A30TIMH Kiic.nora . 
7 HllTpOMCT.IH . . . . 
9 00%-wan ncpcKiiCb 

ooAopoaa . . 
7 IlllTpOMCiaH . . . . 

10 KacaopoA ... . 

7 IlllTpOMCiaH . . . . 
11 Toayofl. 
7 HiiipoMCiaii .... 

11 Toa yon. 

Cojirpxanitc 
KOMfiniicMTon. 

Tcnaonponina- 
^¡MTcnuiûcru, 
3 khoaIkí 

Cxopocrb ne 
^MCIIIIII. m/CIK 

Vacni.iiu1'. 
Munyjuc, 

ecu 

10(1 

01,81 
118,2) 

1030 

1538 

1780 

2170 

182 

222 

1500 21-10 218 

71,0) 

28,/ij 
90 1 

10 J 
80 i 

20 } 

1820 

920 

820 

2370 

1690 

1G00 

242 

173 

1G3 

l) Propellant; 2) component content, 3) 
heating value, kcal/kg; 4) exhaust velocity, 
m/sec; 5) specific impulse, sec; 6) nitro¬ 
methane; 7) nitromethane; 8) nitric acid; 9) 
90$ hydrogen peroxide; 10) oxygen; 11) tol¬ 
uene. 

As has been shown above, a nitric acid-nitropropane system has 

been studied as a monopropellant. Nitropropane is obtained by nitra¬ 

tion of propane with 53-67$ nitric acid at 400°. In this process, in 

addition to normal nitration, destructive nitration occurs as a result 

of partial cracking and oxidation of the propane. Thus, technical nit¬ 

ropropane is a mixture of nitro compounds, having the composition: nit- 
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romethane, nitroethane, 26$, 1-nitropropane, 32#, and 2-nitropro- 

pane, 43#. The isomers of nitropropane are separated from this mixture 

by distillation. 

A mixture of 80-90# nitroethane and 10-20# nitromethane is ob¬ 

tained upon nitration of ethane. A more complicated mixture is formed 

upon nitration of n-butane [11]. 

The physicochemical properties of certain low-molecular-weight 

nitroparaffins are shown in Table 151. 

TABLE 151 

Physicochemical Properties of Nitroparaffins 
[12] 

CncAiiiiciiMC 2ri;K>TlinrTb 
n|'ii Si* 

:o 
"O Pr. rut., *C AIKIKneTb UpM 

2û"tcniminyj3U. 

11 
12 

iliirpoMcraii . .. . 
HiiTpoaraii ... , 
1- lliiTponponaii . . 
2- llitTponponan . . 
l-IliiipoCyTa« . . . 
S-lliiTpoöyraii . . . 
U-Aiiiiiuponponaf: 
2.2- iliimiTponponan 
1.3- ZlHmiTponponaii 
TpiniinrpoMCTaii... 

1,1280 
1 ,()-113 
0,00:)/. 
0,0821 
0,9085 
0,9009 
1,2010 
1,3000 
1,35/.0 
1,6150 

1,3818 
1,3017 
1,4018 
1,39-14 
1,4108 
1,4044 

' 1,4339 

1,4654 
1,4454 

-29 

-93 

-132 
-42 

53 
-20 

25 

0,632 
0,661 
0,798 
0,750 
0,931 
0,878 
2,535 

1) Compound; 2) density at 25°; 3) melting 
point, °C; 4) dynamic viscosity at 20°, cen- 
tipoises; 5) nitromethane; 6) nitroethane; 
7) 1-nltropropane; 8) 2-nitropropane; 9) 1- 
nitrobutane; 10) 2-nitrobutane; 11) 1,1-di- 
nitropropane; 12) 2,2-dinitropropane; 13) 
1,3-dlnitropropane; 14) trinitromethane. 

Table 152 shows the thermochemical properties of nitroparaffins. 

An investigation of the combustion rate for stoichiometric mix¬ 

tures of 2-nitropropane with 98# nitric acid in a bomb (Fig. I98) 

showed that combustion is supported at a pressure of 10 atm [13]. At 

100 atm, the combustion rate of the mixture in glass tubes 7 and 8 mm 

in diameter is independent of the diameter. In 6- and 5-mm diameter 

tubes, however, the combustion rates are 15 and 40# less, respectively. 
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TABLE 152 

Thermochemical Properties of Nitroparaffins [12] 

1 CoCAMHCHlie 

7 HllTpOMCTail. 
0 Hiupoarau. 
9 l-Hiirponponaii .. 

10 2-HiiTponponaH. 
11 l'HMTpoôyTaH. 
12 2-HitTpoßyTaii. 
13 1,1-ÄHiiiiTponponaii. 
1^ l,3-/lniiiiTponponaii. 
15 2,2-AmiiiTpoiiponaii. 
16 TpimiiipoMcrau. 
17 TcrpaiiiirpoMCTaii. 
lo 213-/lHMCTiia-2,3-fliiiiiiTpo6yTait.. 
19 2,2-ühmctiu I ,3-aiimiiponponaii, 
20 l.l.MpHHHTpoaTau. 
21 2-McTiifl-2,3,3-TpmiHTpoöyTaii . . 
22 2-McTiw-213.3-TpmiiiTponciiTaH.. 
23 2,2,3.3-TcTpaiiiiTpoöyTaii . . . 

2 
TenjiiiT* ofipa 

aoB.imin npii 
25*. kkoa!uoAt 

21.2Ç 
33,48 
40,05 
43.78 
46,03 
49,61 
40.78 
53,51 
44,87 
18,63 

Tcn/iornnpiia« 
cnocoßnocTu * 

KMAlntAk kca/ki 

175,87 
325,79 
481,33 
477,60 
637,47 
633,89 
447,65 
434,92 
443,56 
112,62 

2881 
4340 
5403 
5361 
6182 
6147 
3338 
3243 
3008 

746 
543 

5110 
4606 
1777 
3381 
3944 
2460 

l- 
Cx PUTAR Ten- 
ROTA licn.ipc- 
HXR,. KKttA/KA 

9,09 
9,94 

10,37 
9,88 

11,61 
10,48 
14,93 

*The heating value is found by combustion in a 
bomb calorimeter in oxygen. 

1) Compound; 2) heat of formation at 25°, kcal/mole; 
3) heating value; 4) kcal/mole; 5) kcal/kg; 6) lat¬ 
ent heat of vaporization, kcal/kg; 7) nitromethane; 
8) nitroethane; 9) 1-nitropropane; 10) 2-nitropro- 
pane; 11) 1-nitrobutane; 12) 2-nitrobutane; I3] 
1.1- dinitropropane; 14) 1,3-dinitropropane; 15) 
2.2- dinitropropane; l6) trinitromethane; IT) tet- 
ranitromethane; 18) 2,3-dimethyl-2,3-dinitrobutane; 
19) 2,2-dimethyl-1.3-dinitropropane; 20) 1,1,1- 
trinitroethane; 2l) 2-methyl-2,3,3-trinitropentane; 
22) 2-methyl-2,3,3-trinitropentane; 23) 2,2,3,3- 
tetranitrobutane. 

The combustion rate depends upon pressure. In the 14-70 and 70- 

l40 atm pressure ranges, the slopes of the curves showing the length of 

the burning layer as a function of time differ considerably. This 

clearly indicates that there is a different reaction mechanism, depend¬ 

ing upon pressure. Figure I99 shows the nature of the flame in the 

burning combustibles as a function of pressure [10], 

The combustion rate of liquid ethyl nitrate, ethyleneglycol nit¬ 

rate, and triethyleneglycol nitrate as a function of pressure and tem- 
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Fig. 198. Effect of pressure 
upon combustion rate of stoi¬ 
chiometric mixture of 2-nitro- 
propane and nitric acid. 
Combustion rate, cm/sec; 2) 
pressure, atm. 

Fig. 199. Nature of flame in 
propellant of 2-nitropropane 
and nitric acid at pressures 
of 40 and 80 atm. I) Pressure 
of 40 atm; II) pressure of 80 
atm; a) thin blue-white flame; 
b) dense blue-white flame; c. 
d) dense blue-white flame; e) 
solution of nitropropane in 
nitric acid. 
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perature, for various degrees of deuteration and purity, has been 

studied with the aid of high-speed photography [6] in a special cham¬ 

ber illustrated in Pig. 197. 

It is curious that deuterated ethyl nitrate C^D^ONOg burns at a 

lower rate in all pressure ranges than does ordinary ethyl nitrate 

CgH^ONOg (Fig. 200). The same situation holds for ordinary and deuter¬ 

ated ethyleneglycol. 

The effect of temperature and pressure on the combustion rate of 

triethyleneglycol nitrate OgNOCHgCHgOCHgCHgOCHgCHgONOg is shown in 

Fig. 201. 

The flame propagation rates of methyl- and ethyl nitrates as vap¬ 

ors differ quite sharply. Vapors of methyl nitrate CH^ONOg are charac¬ 

terized by an exceptionally high flame propagation rate (13^5 cm/sec), 

which essentially corresponds to rates occurring in nn explosion. The 

flame propagation rate in vapors of ethyl nitrate CgH^ONOg is only 35 

cm/sec, which corresponds to the normal combustion rate of substances 

in the vapor state when mixed with oxidizers [14-16]. 

Figure 202 shows the variation in combustion rate for vapors of 

nitro ethers as a function of the mole proportion of ethyl nitrate to 

methyl nitrate. 

Propyl nitrate CHoCHgCHgONOg is used as a monopropellant. In order 

to reduce gum formation, it is suggested that ferrocene (C^H^gFe be 

added to the propyl nitrate. A detonator cartridge will not detonate 

propyl nitrate in steel tubes 6.3, 12.7, and 31«7 mm in diameter. The 

autoignition temperature for n-propyl nitrate with air is 177°. 

The combustion of propyl nitrate occurs with the formation of a 

large amount of gaseous products: 

CjHPNOî-t* 3CO + SVjHj + V5Ns. 

It is employed as a power source to run turbopumps. 
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Pig. 200. Combustion rate of ethyl 
nitrate and deuterated ethyl nitrate 
as a function of pressure. 1) Ethyl 
nitrate; 2) deuterated ethyl nitrate; 
3) combustion rate, mm/sec ; 4) pres¬ 
sure, atm. 

Pig. 201. Combustion rate of 
triethyleneglycol dinitrate as 
a function of temperature and 
pressure, l) 25°; 2) 50°; 3) 
75°; 4) 100ô; 5) combustion 
rate, mm/sec; 6) pressure, atm. 

In connection with the utilization of nitromethane as a rocket 

monopropellant, its oxidation-thermal decomposition under pressure at 

high temperatures has recently been studied. 

This investigation is Interesting in connection with the fact 

that the propellant goes through several stages in a rocket motor, one 

of which is accompanied by thermal-oxidation splitting. 

Table 153 gives data on the thermal-oxidation decomposition of 

nitromethane in time at various pressures. 

In the presence of an oxidizer - oxygen - more complete thermal- 



2000 

Fig. 202. Rate of propagation 
of flame in ethyl nitrate vap¬ 
ors mixed with methyl nitrate 
vapors. 1) Flame propagation 
rate, cm/sec; 2) mole content 
of CH30N02 in C2H50N02. 

TABLE 153 

Thermooxidation Decomposition of Nitromethane un¬ 
der Pressure at 355° [15] 

(Number of Moles of Products per Mole of Decompos¬ 
ing Nitromethane x 100) 

In jnjtfinic, am 
1 

.,, j , 
's 11 

16 

■ 31 

31 
12 

5 
/i3 

4 

2G 
3 

10 
10G 

24 taca 3 

341 

10/ 
(» 

22 
9 

90 

Cnc.n.1 5 
3,3 

35 
111 

*Nitromethane with 16 moleof oxygen. 

1) Pressure, atm; 2) time, min; 3) hours; 4) prod¬ 
ucts; 5) traces. 
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oxidation decomposition of nitromethane occurs. 

Both extended reaction time and pressure facilitate an increase 

in the CO2 content of the products of the incomplete reaction. 

Clearly, hydrogen cyanide and nitric acid may be considered to be 

the chief intermediate reaction products from the breakdown of nitro- 

methane and other nitro compounds in the preflame zone when they are 

burned In motors. 

Thermal decomposition of nitromethane takes place at considerably 

greater speeds with elevated temperature. Thus, at 750°, 30$ decompo¬ 

sition occurs after O.13 millisec, and in 0.04 millisec at 800°. 

4. Fuels Based upon Tetranitromethane 

Tetranitromethane may be considered to be a monopropellant, since 

the reaction of intramolecular oxidation of tetranitromethane is accom¬ 

panied by the liberation of a considerable quantity of heat: 

C(N02)4 C02 + 302 + 2N2 + 102.9 kcal/g-mole, or 526 kcal/kg. 

Pure tetranitromethane is not used alone as a propellant, however. 

Tetranitromethane is an endothermic compound with a heat of forma¬ 

tion of 8.9 kcal/g-mole. It begins to decompose at the boiling point of 

126-127°. 

Rot [17] has made a detailed investigation of the explosive prop¬ 

erties of solutions of nitrobenzene in tetranitromethane. 

The shock sensitivity was investigated in a special plunger-type 

device having a hammer diameter of 5.6 mm; an ampoule with the material 

was placed under the hammer. A blow with the hammer is produced by a 

weight of 2.I5 or 5*04 kg, falling from various heights. The work of 

the blow was determined as the work in kgfm (i.e., the product of the 

weight by the height of the fall) per cm2 of surface. 

The height through which the weight fell and the work of the blow 

were recorded for the height at which 50$ of 10 tests produced expío- 



TABLE 154 

Explosive Properties of Solutions of 
Nitrobenzene in Tetranitromethane [17, 18] 

K0llllCIITp.lllMft 
pncmopA 

iiiiTpo6riiJo;iA 
» rcTpauurpoMc* 
1 raiic. •/ 

5,0 
10,0 
15,0 
20,0 
20,5 
25,0 
30,0 

35,0 

40,0 
50,0 

70,0 

80,0 

Myi'crnniffli.- 
HOCTli K VAiipy i 

(p.iöoT.i 
g ; 

CKOpnCTIt 
ArTon.iuiiM* 

mUck 

4,80 

4,30 

4,30 
3,05 

5,15 
8,00 
8,00 

15,00 
15,00 

Otkúj 

0870 

7()30 

7480 
7550 
77O1) 
7575 
7500 

7220 
7000 

0700 

5800 
OrK.ia 

I <S>yr.iciiocTU, 
I fJM* 

i 4 
SphliTIITHKTb, 

MU' 

307 

534 

055 

832 

888 
840 
703 

i¡27 

540 

315 
60fKfl3 

7 Oúuviiiiie onuccinan 

8 HiiTponumcpim 

9 Tpmuitpoio- 
jiyofl 

4,75 

11.1 

7450 

72«) 

4,32 

4,50 

5,25 

5,43 

5,45 
5,00 

5,25 
5.20 

4,02 

4,40 

3.20 

OtK33 

340 

*From compression of copper column, 

1) Concentration of solution of nitroben¬ 
zene in tetranitromethane, 2) shock 

p 

sensitivity (work of shock), kgfm/cm ; 
3) rate of detonation, m/sec; 

4) fugacity, cm^; 5) brisance; 6) no ex¬ 
plosion; 7) normal explosives; 8) nitro¬ 
glycerin; 9) trinitrotoluene. 

sions. The results of the tests are shown in Table 154. 

Determinations were made of the detonation rate, the fugacity 

(from the expansion of a channel in a lead bomb), and the brisance 

(from the compression of a copper column in a standard test). 

At concentrations of 5-10$, solutions of nitrobenzene in tetra- 

nitromethane have a sensitivity, under comparable experimental condi¬ 

tions, close to that of nitroglycerin, and at concentrations of 30-40$, 

close to that of tetryl. 

Under similar conditions, trinitrotoluene produces a compression 
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of 4.2 mm; 5 and 4(¾¾ solutions of nitrobenzene in tetranitromethine 

have a greater brisance than does trinitrotoluene. 

The fugacity of solutions of nitrobenzene in tetranitromethane 

was determined in a lead bomb 200 mm in diameter and 250 mm high, with 

an internal cylindrical channel 12.5 mm in diameter. 

TABLE 155 

Susceptibility and Explosive Effect of Tetranitro¬ 
methane, its Mixtures, and Normal Explosives from 
Volume of Depression in Plate (ml) [18] 

St ACTOIIdTO* 
^ pa • 

Tcrpaiiurpo* 
2 MCTÜI1 

C (NO,). - 70% 
N.O. - 30% 

C (NO,). - S7% 
C.H. - 13% 

»"pilllilTpOTO* 
2 /»yo-n j|urpor.im(cpitii 

1 
•» 

3 
5 

S 

12 
44 
G5 
8i> 

71 

» 
a 

13 

48 
37 

413 
404 
404 
404 
445 

0 
0 

218 
2Ü8 
332 

171 
172 
370 
407 
445 

*According to German standard, the power rises 
with ascending sequence number. 

l) Detonator No.; 2) tetranitromethane; 3) trinit¬ 
rotoluene; 4) nitroglycerin. 

Fig. 203. Arrangement of in¬ 
stallation for studying the ex¬ 
plosive properties of solutions 
of organic substances in tetra¬ 
nitromethane. 1) Detonator; 2) 
mixture; 3) plate. 

A steel piston with an 8-mm aperture is pressed into the bomb chan- 
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» CoôepMBHu» mimpa- 
tumpoMcmm B cxccu, % 

Fig. 204. Brisance of solutions 
of hydrocarbons in tetranltro- 
methane according to plate de- 
formation. 1) Capacity of in¬ 

dentation, cm^; 2) content of 
tetranitromethane in mixture, 

Fig. 205. Combustion rate for 
mixtures of tetranitromethane 
with alcohols, l) n-Hexanol; 
2) n-octanol; 3) n-butanol; 
n-propanol; 5) Isopropanol; 6) 
isobutanol. The axis of abscis¬ 
sas shows the relationship to 
the stoichiometric composition. 
7) Combustion rate, mm/sec. 

nel, after which 8.5 ml of solution is poured in. The substance is set 

off by a detonator cartridge introduced through the hole in the piston. 

The fugacity is determined from the expansion of the bomb following 

the explosion. The stoichiometric mixture containing 22.5$ of nitroben¬ 

zene gives a greater fugacity than does nitroglycerin. Pure tetranitro- 
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TABLE I56 

Explosive Properties of Hydrocarbon- 
letranitromethane Mixtures [18] 
1 Coera» chccm, % 

yraesaxopoA Tcrpaiuir* 
poxcraii 

2 •ipjxrep oipuni ¡1 AcAcrnue ua n.iiiry 

80 
70 
no 
50 
40 
30 
20 

18 
10 
8 
5 
3 
2 
1 

0.5 

20 
30 
40 
50 
60 
70 
80 

82 
00 
02 
05 
07 
08 
00 
00.5 

wiuuu iiuupcwAciia 

7 Emüoctl yjviyú.iciiiiij 25 cm* 
n • • 125 , 
On.uiTj lipoCiira 
9 . caoMaiia 

3 OriaiiTü paapyujciia. oapua MaKcima-u- 
non cujibi 

Jln.iiira paapyuicna 

3 2 riAiiTa Tpccuyaa 
J 3 IiMKOCTb yrAyCacinifl 100 cm* 

» » 80 , 
■ ■ 40 , 

of composition, ¢, 2) nature 
Of explosion and effect on plate- 1) 
hydrocarbon; 4) tetranitrometha^; 

a5ient°oCS?f 15xplaîe; slight dam- age to plate, 7) volume of depres- 

s.1™ 25 Cl"3; 8) Plate pierced; 9) 
plate broken; 10) plate destroyed, 
maximum explosive force; 11) piat¿ 
destroyed; 12) plate fractured; 13) 

volume of depression 100 ciA 

rxg. ¿uo. Combustion rate of 
of tetranitromethane 

with hydrocarbon as a function 
of ratio to stoichiometric com¬ 
position. 1) Cyclohexane; 2) 
isooctane; 3) n-heptane; 4) 
combustion rate, mm/sec. 
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Fig. 207. Effect of temperature 
upon combustion rate of mixture 
of tetranitromethane with tol¬ 
uene (O.85 of stoichiometric 
composition). 1) Combustion 
rate, mm/sec; 2) temoerature, 
0C. 

Fig. 208. Effect of ratio to 
stoichiometric composition upon 
combustion rate of mixtures of 
tetranitromethane with benzal- 
dehyde and nitrobenzene. 1) 
Benzaldehyde; 2) nitrobenzene; 
3) combustion rate, mm/sec. 

methane and a 20/ solution of it in nitrobenzene will not detonate. 

The detonation rate is determined by the Dotrish method in steel 

tubes having inside diameters of 21 mm on a 300-mm long section, trig¬ 

gered by 10 g of pentrite. 

The maximum detonation ráte corresponds to the stoichiometric com¬ 

position. 

In 1950, an investigation was made of the explosive properties of 

tetranitromethane and its mixtures with oxides of nitrogen and hydro- 

- 563 - 



Fig. 209. Effect of temperature 
upon combustion rate of mix¬ 
tures of tetranitromethane with 
benzaldehyde, for various 
stoichiometric compositions. 
Ratio to stoichiometric compo¬ 

sition: 1) 1.5; 2) 1.57; 3) 
2.08. 4) Combustion rate, mm/sec; 
5) temperature, °C. 

carbons upon explosion by means of cartridges of various powers in a 

lead bomb. The results of the lead-bomb channel-expansion test are 

shown in Table 155. 

The liability to explosion of tetranitromethane is to a large de¬ 

gree dependent upon its purity, since very small amounts of organic 

impurities increase the susceptibility to detonation. According to the 

data of Rot, pure tetranitromethane (melting point, 13.8-14.1°), has 

no tendency to detonate under the action of a detonator with a 10-g 

tetryl grain. 

The explosive properties of tetranitromethane mixed with hydrocar¬ 

bons were investigated by means of the installation shown in Fig. 203. 

The mixture under investigation, weighing 10 g, is placed in a 

steel cylinder 26.75 mm in diameter, 50 mm high, and with walls 4 mm 

thick. The beaker is mounted on a steel plate whose deformation (mag¬ 

nitude of the depression) following the explosion is indicative of the 

force of the explosion. 
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The test results are shown In Table 156. 

It is clear from the data of Table 156 that a mixture containing 

less than 25# of tetranitromethane mixed with hydrocarbons is safe. 

Figure 204 shows the way in which explosive properties depend 

upon mixture composition in accordance with the depression obtained in 

the plate. 

Stoichiometric mixtures of tetranitromethane with organic com¬ 

bustibles are close in sensitivity to such a highly sensitive explosive 

as nitroglycerin. Thus, monopropeliants in this form can scarcely find 

application. 

Berens [18] has investigated the combustion rate of liquid mono- 

propellants taking the form of mixtures of tetranltromethane with cer¬ 

tain combustibles: alcohols, aldehydes, and hydrocarbons. These mix¬ 

tures are placed in glass tubes 5*5 nun in diameter, open at one end. 

The propellant is Ignited, and the combustion rate determined at atmos¬ 

pheric pressure as a function of the stoichiometric composition and 

temperature. For each mixture, there is a stoichiometric composition 

for which the combustion rate is maximal. 

Figure 205 shows the combustion rate of mixtures of tetranitro- 

methane with several alcohols: propanol, butanol, hexanol, and octanol. 

Figures 206 and 207 shows the combustion rate of mixtures of tetrani- 

tromethane with hydrocarbons: toluene, xylol, cyclohexane, isooctane, 

and n-heptane, and Fig. 208, the combustion rate of mixtures of nitro- 

methane with benzaidehyde and nitrobenzene. 

Figure 209 shows the effect of temperature upon the combustion 

rate of a mixture of benzaidehyde with tetranltromethane for different 

stoichiometric mixture compositions. The combustion rate may double 

upon variation in the temperature range from 10 to 100°. 

It has been suggested that a monopropellant may be made from the 
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three-component mixture consisting of tetranitromethane, nitrous oxide, 

and ammonia: CiNOg)^ + NgO + NH^ [4, 11]. The characteristics of this 

propellant are not given in detail. 

5. Propellants Based upon Hydrogen Peroxide 

Hydrogen peroxide decomposes easily into oxygen and water with 

the evolution of a considerable amount of heat: 

HgOg (liquid) -* HgO (gas) + l/20g + 12.59 kcal. 

This makes it possible to utilize hydrogen peroxide as an inde¬ 

pendent low-heating-value monopropellant, characterized by a low com¬ 

bustion temperature. 

80-90# hydrogen peroxide has found practical application as a 

monopropellant. It has been used in the "V-2" rocket as an auxiliary 

fuel for the formation of the vapor-gas mixture used to run the tur¬ 

bines of the pumps supplying propellant to the rocket motor. Decompo¬ 

sition of hydrogen peroxide is brought about with the aid of solid or 

liquid catalysts. 

99-100# hydrogen peroxide is an insensitive explosive of the am¬ 

monium nitrate type, but it is sensitive to catalysts. 99.6# hydrogen 

peroxide cannot be exploded by a standard detonator cartridge in open 

charges. When set off in a lead bomb with a sand plug, however, an ex¬ 

pansion of the bomb Inside channel of up to 75-80 cnP is obtained, 

i.e., the same as for gunpowder. 

When an additional detonator consisting of 50 g of pressed penta- 

erythrite is used to set off 99-100# hydrogen peroxide in 250-mm long 

steel tubes 34 mm in diameter with a wall thickness of 3 mm, complete 

detonation of the hydrogen peroxide occurs. 94# hydrogen peroxide also 

detonates under these conditions. The detonation does not propagate 

throughout the entire length of the tube in 92# hydrogen peroxide, how¬ 

ever, but only to a distance of 100 mm from the detonator. 



1 
^ hydrogen Peroxide will not detonate under the action of an 

intermediate detonator or bullets fired through it. According to other 

data, hydrogen peroxide, in concentrations above 87*, may explode as a 

result of rifle fire, although this is improbable. 

Certain investigators [4] maintain that mixtures that cannot be 

detonated from detonator cartridges in tubes may be considered safe 

for practical conditions. It is possible to agree with this opinion, 

only from the point of view of storage and transportation of the mix¬ 

tures, but certainly not where they are operating in a motor. 

Many organic hydrogen-containing and nitrogen-containing sub¬ 

stances will dissolve in concentrated hydrogen peroxide without chem¬ 

ical interaction (methyl, ethyl, and propyl alcohols, ethyleneglycol, 

glycerine, acetone, acetic acid and acetic anhydride, methylmethacryl¬ 

ate, aniline, quinoline). Many solutions having very nearly the stoi¬ 

chiometric composition of complete combustion, are extremely explosive 

and detonate even if the container with the substance is dropped. The 

explosion may be comparable in force with the explosion of the corres¬ 

ponding amount of nitroglycerin. 

Investigations have established that 90$ hydrogen peroxide deton¬ 

ates in lead tubes under the effect of a detohator cartridge when sev¬ 

eral percent of organic substances are added; the detonation also oc¬ 

curs in cases in which 90$ hydrogen peroxide occupies more than 30$ of 

the volume of the mixture. 

Detailed investigations have been made of the explosive properties 

of ternary mixtures of hydrogen peroxide and water with ethyl alcohol, 

acetone, and glycerine upon the basis of which triangle diagrams have 

been drawn in which the limits of explosive mixtures have been drawn 

as a function of the content of hydrogen peroxide, organic substance, 

and water [19]. 
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Fig. 210. Diagram for explosive 
limits of mixture of hydrogen perox¬ 
ide with ethyl alcohol and water, 
x) Explosionj 0) no explosion; 1) 
detonation composition; 2) stoichio¬ 
metric ratio. 

1 WO ft ¿nuncpuna 

Fig. 211. Diagram of explosive 
limits for mixture of hydrogen per¬ 
oxide with glycerine and water, x) 
Explosion; 0] no explosion; 1) 100$ 
glycerine; 2) detonating composi¬ 
tions; 3) stoichiometric composi¬ 
tions. 

The experiments were carried out as follows: the hydrogen perox¬ 

ide was mixed with the combustible in the required amounts behind a 

panel which prevented possible harmful consequences from the explosion. 

A glass tube measuring 15 x 150 (mm) with 10 ml of the mixture obtained 



1 Hû anemona 

Fig. 212. Diagram of explosive 
limits for mixture of hydrogen per¬ 
oxide with acetone and water, x) 
Explodes; 0) does not explode; 1) 
100# acetone; 2) detonating compo¬ 
sitions; 3) stoichiometric composi¬ 
tions. 

was placed in a lead tube 18 mm in diameter with walls 6 mm thick which 

was mounted vertically on a steel plate. The propellant was exploded 

by means of a detonator cartridge half immersed in the propellant. The 

effect of the explosion was estimated in terms of damage to the tube. 

If water alone was used in place of the propellant, the lead tube was 

only bulged upon explosion of the detonator cartridge. If the lead 

tube was blown into separate pieces, it was assumed that a detonation 

had occurred. This method is quite rigorous. Thus mixtures that do not 

detonate in these experiments may be considered [10, 19] as not being 

liable to detonation under practical conditions. 

Figures 210-212 show triangle diagrams for the explosive limits 

of mixtures based upon hydrogen peroxide, ethyl alcohol, glycerine, 

and acetone. 90# hydrogen peroxide with several percent of dissolved 

combustibles added produces an easily detonating propellant [20]. 

The shock sensitivity of a mixture of stoichiometric composition 

of 90# hydrogen peroxide with glycerine 
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CjH,Oj + 7H,0, -200,+ 11HA 

is estimated as a work of 15 kgf-m. This furnishes us a basis for 

classifying this mixture as a class one explosive with respect to sen¬ 

sitivity, of the mercury-fulminate type. 

It has also been suggested that a solution of hydroxyquinoline in 

concentrated hydrogen peroxide be employed as a monopropellant [11]. 

6. Monopropellant Based upon Ethylene Oxide 

Recently, it has been proposed to employ ethylene oxide [21, 22] 

as a liquid monopropellant. 

Ethylene oxide is a gas condensing to a liquid at a temperature 

of +13.50 and freezing at --111.5°. Its density is pj = O.887. The heat 

of formation of liquid ethylene oxide is +18.29 kcal/mole, and of gas¬ 

eous ethylene oxide, +12.19 kcal/mole. 

TABLE 157 

Pressure, Decomposition-Product Composition, and 
Specific Thrust of Monopropellant Based upon CoHi,0 
[21, 22] ¿ H 

1 /lAfuifiiiic n KaMcpc 
Auiirarc/ni. am 

2 CoCT.III lipOAVKTOII n MOJIMX 
TcMncpiTvpa, 

3 'c 

iflCfll.HuR 
IjiiMiiyfll.c, M; 

CO Cll, 1 It, C.I!, 

20 
:» 
40 
GO 

1,00 
1,00 
1,00 
1,00 

0.S', 
ll.Kfi 
0,87 
0,88 

O.lfi 
0,14 
0,12 
0,12 

0,08 
0,07 
0,00 
0,0G 

1015 
1027 
1083 
1039 

159,4 
108,0 
173,G 
180,7 

1) Pressure in chamber of motor, atm; 2) product 
composition in moles; 3) temperature, °C; 4) spe¬ 
cific impulse, sec. 

The following formula may be written theoretically for the decom¬ 

position of ethylene oxide: 

CH„ - CH2 -> CO + CH4+32 kcal/mole. 

\/ 
0 

In this case, a considerable amount of heat should be developed 

(726 kcal/kg). In practice, however, decomposition of ethylene oxide 
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proceeds in accordance with the equation 

C,H40 - a CO + f> CH« + c CjH, + d H, 

and is associated with the formation of CgH^ and Hg as side products, 

which decreases the heat evolution. Consequently, the heating yield of 

ethylene oxide is at the powder level. The temperature of the process 

is 1157°, and the specific impulse in a motor for a pressure ratio of 

20.4:1 is 166.3 sec. 

Table I57 shows the composition of products, process temperature, 

and specific thrust of a motor using CgH^O as a monopropellant, as 

functions of the chamber pressure. 

As a monopropellant, ethylene oxide has undergone bench tests in 

which problems of reliability and stability of motor operation with 

this propellant were studied. 

It is clear that ethylene oxide is relatively safe in operation, 

and deserves attention as a new type of monopropellant. 

7. The Possibility of Obtaining Monopropellants Based upon Endothermal 
Compounds 

Compounds that form with the absorption of heat, i.e., endothermal 

substances may yield heat upon breaking down into elements. The reverse 

process, however, that is, the decomposition of the substance into ele¬ 

ments is not always possible in the form of a selfpropagating reaction. 

This depends upon the strength of the bonds, the activation energy 

needed to initiate the process, and several other factors. In many 

cases, synthesis processes leading to new compounds may occur upon de¬ 

composition of endothermal compounds, increasing the heat yield. 

Table 158 shows compounds that form with the absorption of heat. 

The first of these compounds - hydrazoic acid - has a high heating 

value, but is an extremely sensitive explosive, and thus cannot be used 

in the pure form. 
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TABLE 158 

Characteristics of Endothermic Compounds un¬ 
der Consideration as Monopropellants 

1 COCXMIICHMC 
Doimomnuc ypADiieHMR pae- 

naju 

2 j 4 A k. 

5 AaoTiioBOAopoAiiaa 
KHOiora ... . 

6 rHApaami ... . 

7 flllMCTIIfl rHApajHH . 

8 OKHCb'aaora . . . 

9 AuenuieH. 

10 anuieh. 

11 Bchxm. 

HNa — VsHj + I Va Nt 
N»+2H, 

N,H4^ 
NHj + '/»Hi + Vt Nt 

N:+2C+3Hi 

(CHa)j N-NHi^ 

Na T 1V:CH4+ VtC 
NO - VsNj + V»Oi 

2C+H, 

VaCH«+ I'/tC 
2C + 2H, 

ÇH4 + c 
C4H4 - 6C + 3Hi 

+67.0 
+12,05 

+23 

+12 

-21.6 
+54,19 

+68,1 
+12,5 

+30,5 

+11,1 

1392 
375 

825 
200 

C50 
720 

2080 

2620 
480 

1130 
140 

l) Compound; 2) possible decomposition equa¬ 
tion; 3) heat yield of reaction, kcal/kg; 4) 
heating value, kcal/mole; 5) hydrazoic acid; 
6) hydrazine; 7) dimethylhydrazine; 8) nitric 
acid; 9) acetylene; 10) ethylene; 11) benzene. 

Hydrazine may break down according to two equations but in view 

of the fact that at temperatures exceeding 800° ammonia breaks down 

completely into hydrogen and nitrogen, the decomposition to nitrogen 

and hydrogen occurs. Here the specific impulse will amount to about 

130 sec where p/pQ = 25, and the process temperature is 867°K, while 

if the ammonia did not decompose, it would be possible to obtain an 

impulse of the order of I70 sec [23, 24]. 

In the absence of oxygen and decomposition catalysts, liquid hy¬ 

drazine is evidently a substance presenting no hazard of explosion, 

since hydrazine cannot be detonated by normal means. 

The use of nitric oxide, acetylene, and ethylene is complicated 

by the fact that they are gases, while acetylene is very explosive in 

the compressed or liquid form. 
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Benzene is an example of an endothermic compound with a low heat 

yield, and in practice, it is not possible to cause it to decompose 

spontaneously into its elements. 
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Chapter 9 

SOLID ROCKET PROPELLANTS 

1. INTRODUCTION 

The first solid fuel used for rockets was black powder. Powder 

rockets have been used for many centuries in pyrotechnics and in 

warfare as a supplement to artillery. However, the rockets of past 

centuries had short flight ranges and low accuracy due to the low 

calorific value of the black powder and the imperfection of their 

design. 

When rifled-bore weapons made their appearance, powder rockeés 

were universally dropped from ordinance (during the second half of 

the last century). The recent history of solid-fuel rocket weapons 

begins with the Second World War. 

By the beginning of 19^1, the Soviet Union had developed rocket 

missiles using nitroglycerine powder and mobile truck-mounted in¬ 

stallations for launching the missiles on large scales. Beginning in 

the summer of 19^1, these rocket installations, which came to be known 

as "Guards Mortars" and "Katyushas," were used successfully under 

field conditions. The success of the new weapon was a result of the 

fact that a nitroglycerine powder, which is far superior to black 

powder in heating value, was used as the fuel. This made it possible 

to increase the accuracy of the fire sharply; the missiles were 

launched from mobile platforms with many hundreds directed at a rela¬ 

tively small area occupied by the enemy. During the Second World War 
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powder rockets came into use in other armies (German six-tube mortars), 

but the "Guards Mortars" remained unsurpassed until the end of the 

war. 

During the postwar period (1945-1950), improvement of the nitro¬ 

glycerine-powder rocket missiles continued, but it was at first be¬ 

lieved that solid-fuel rockets could have only relatively short 

ranges (5-50 km), while ranges of 300 to 3OOO km and longer would 

require the exclusive use of liquid-fuel rocket engines. 

The working principle of a powder rocket engine is shown in Pig. 

213. The nitroglycerine powder is inserted into the engine in the 

form of separate grains, combustion of which develops a temperature 

of 2500-27000. Stable combustion of ordinary nitroglycerine powder 

was possible at pressures no lower than 100 atm. Since the solid-fuel 

rocket engine was uncooled, it could operate no longer than 1/2 to 

2 sec if rupture of the walls was to be avoided, in order to prolong 

the burning time of the engine, it was necessary to make the combus¬ 

tion-chamber walls very thick, and this increased the weight of the 

engine. 

As the production of the powder was refined, it became possible 

to make relatively large single-channel grains, which were secured to 

the engine walls at their outer surfaces; combustion proceeded from 

the central channel. In this case, the combust ion-chamber walls were 

not subject to the action of temperatures and were shielded by a layer 

of the fuel (Pig. 214). 

In recent years, new types of mixed solid fuels have been de¬ 

veloped; these are liquid when heated and can be poured into a com¬ 

bustion chamber having any dimensions. On cooling, the fuel solidifies. 

A channel is left in the center of the charge on pouring, and com¬ 

bustion begins here. Mixtures of ammonium nitrate or perchlorate with 
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Fig. 213. Diagram of early powder rocket engine 
with several grains of nitroglycerine powder. 

Fig. 2l4. Solid-fuel rocket engine with single¬ 
channel grain of cordite powder. 1) Engine 
casing; 2) powder grain; 3) nozzle with re¬ 
fractory liner. 

Fig. 215. Modern rocket engine with mixed solid 
fuel cast into combustion chamber (specific im¬ 
pulse 223 sec). 1) Igniter; 2) heat-resistant 
nozzle; 3) heat-resistant nozzle liner; 4) joint 
between chamber and nozzle unit; 5) cast charge; 
6) combustion-chamber shell. 

rubber or resins can be cited as examples of such fuels. Work on mixed 

solid fuels was begun in 1947 at the California Institute of Tech¬ 

nology in the USA [1, 2]. Combustion of mixed solid fuels takes place 

at only moderately high pressures - 20-70 atm - from the central chan¬ 

nel, and the heated products do not come into contact with the walls. 

As a result, it has been possible to reduce the weight of the engine 
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considerably, and to increase its burning time to several tens of 

seconds. 

Fig. 216. Various types of mixed-solid-fuel 
grain charges produced by casting. 

Fig. 217. Various shapes of solid-fuel charges 
that ensure progressive combustion rates. 

The first successful tests of an engine using the mixed solid 

fuel in the USA were carried out in 19^7, but the basic studies to¬ 
ward the creation of rockets were begun after 1954 [2]. In recent years 

about 70$ of the funds being spent on rocket fuels in the USA have 

gone for development of solid fuels [3, 4]; this indicates their 
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increasing importance. 

Figure 215 gives a schematic representation of an engine using 

a mixed solid fuel. The internal channel in the fuel may be smooth 

and cylindrical or have a more complex shape, such as a star shape 

(Fig. 216), and the fuel package may also have a more complex exter¬ 

nal surface (Fig. 217). In the former case, the engine develops in¬ 

creasing thrust as the fuel burns and the combustion surface increases 

When the central channel is given a complex shape, the engine thrust 

may be higher during the initial phase, or, on the other hand, it may 

maintain a constant value during the entire combustion time, depend¬ 

ing on the combustion surface. 

The use of mixed solid fuels offers a number of advantages over 

the use of liquid fuels. First, solid fuels guarantee stable combus¬ 

tion at pressures from 20 to 70 atm, while pressure” no lower than 

100 atm had previously been required. Placement of the charge along 

the engine walls protects the engine from the effects of high tem¬ 

peratures until all of the fuel has burned. This makes it possible to 

build engines that operate for 20-60 sec, without the engine walls 

becoming heated above 60°. 

The use of the casting method for fueling makes it possible to 

create large charges up to 1.5-2.5 meters and more in diameter with 

lengths of 5-10 meters. It was virtually impossible to produce such 

charges in series production by the old method of pressforming. Solid 

casting fuels are plastic, and can work without cracking and deform¬ 

ing under the combustion pressure applied from the central channel 

at initial temperatures of -55 to +75°, 

An innovation introduced by way of improving the engines was the 

creation of heat-resistant insert nozzles that are capable of with¬ 

standing high temperatures (2500-2700°) without cooling for 20-50 sec, 
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as is the development of methods of regulating engine thrust and 

"cutting It Off" at the proper moment - a control not previously 

applied to solid-fuel engines. 

From the operational standpoint, solid-fuel rockets do not re¬ 

quire fueling before launching, In contrast to liquid-fuel rockets, 

and are always ready for use. starting solid-fuel engines, particularly 

under conditions of low pressure and weightlessness, Is more depend¬ 

able than that of liquid-fuel engines. Launching of solid-fuel rockets 

from naval vessels and submarines Is less dangerous then that of 

rockets serviced with liquid propellants (nitric acid, liquid oxygen, 
etc.). 

The efficiency of mixed solid fuels with specific Impulses of 

220-240 sec and densities of about I.7 closely approach those of 
liquid rocket propellants. 

The combustion chambers of solid-propellant rocket engines are 

-de from lightweight aluminum alloys or strong reinforced plastics. 

Glass-filled plastics combining nylon eooxv anH ^ 6 yj.on, epoxy, and other resins with 

empered glass fiber are used for this purpose. When the engine is 

-de of a glass-filled plastic, a glass-fiber bag Is woven to the 

shape of the chamber and Impregnated with resins, after which the 

resins are allowed to solidify. The parting strength of the walls of 

a glass-filled plastic chamber may run as high as 90-95 kgf/mm2, while 

that for duralumin Is 42-46 kg/™2 and the corresponding figures for 

mild steel are 48-57 kg/mm2. The engine nozzles, which must wlth- 

atand high temperature, are made from alloy steel, ceramics, and 

traphite. All of these improvements have made It possible to reduce 

the „eight of the engine as compared with the old metallic designs by 

a factor of 8 to in -, 
. l-e., to reduce it to 7-15/ of the weight of the 

propellant. 
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In the present chapter, we shall consider mixed fuels based on 

solid oxidants, resins, and rubbers, which give a whole series of 

operational advantages and a fueling technique more convenient than 

that for ordinary powders, the latter making it possible to design 

rockets of all classes [3, 4]. 

# * # 

Let us devote brief consideration to the range of application of 

solid fuels in contemporary rocket engines [5-8]• 

Solid fuels are used in aircraft booster engines developing 400- 

600 and 1500-2000 kg of thrust and used in assisting takeoff, and in 

rocket boosters for launching liquid-propellant rockets. (Rocket 

boosters developing 20, 40, and 65 tons have been reported.) Another 

field of application of solid fuels is in rockets designed for 100- 

300-km ranges. An example of such a rocket is the TTCI Army "Sergeant" 

rocket, which has a range of 320 km. The engine of this rocket has a 

total weight of 3720 kg and contains 3190 kg of propellant, i.e., 

86$ of the total weight. The plastic shell of the engine weighs 

348.3 kg, the nozzle weighs 133-7 kg and its fire-resistant liner 

40.4 kg; the weight of the explosive charge is about 100 kg. The 

engine operates for 23.8 sec, developing a thrust of 22,600 kg at a 

specific impulse of 191 sec. 

The USA has developed a two-stage medium-range "Polaris" rocket 

with a 2400-km range. This solid-fuel rocket weighs 12.7 tons; the 

first-stage engine develops a thrust of 4l tons; the engine contains 

9 tons of solid propellant based on ammonium perchlorate and poly¬ 

urethane resin; the specific impulse of the propellant is 240 sec. 

The engine diameter is 1.2 meters and its length is from 7-5 to 9 

meters. The rocket's warhead weighs 450 kg. The cost of a single 

"Polaris" rocket is estimated at 50 million dollars. It appears that 
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in the not-too-distant future, most rockets with ranges below 2000 

km will use solid fuels [4], 

A "Super Polaris." rocket with a range of 4000 km is under develop¬ 

ment in the USA; production is set for 1964. A design has been 

worked out and experimental models of individual stages have been 

built for a "Minuteman" solid-fuel intercontinental ballistic missile. 

The launching weight of this rocket will be about 50 tons and its 

range 10,000 kilometers. A range of 6000 kilometers was attained in 

the first tests in 1961 [3]» 

The American firm "Thiokol" has developed solid fuels for a 

75-ton-thrust engine; a French firm has developed a solid-propellant 

engine whose 60 tons of thrust are controllable [4]. 

Plans are being worked out for a 400-900-ton-thrust solid-pro¬ 

pellant engine to power space rockets. An engine developing a thrust 

of 900 tons is being designed by the firm "North American, and will 

hold 360 tons of solid propellant and burn for 90 sec; at a pressure 

of 35 atm, the propellant will have a specific impulse of 250 sec. 

The engine has a diameter of 4.5 meters and a length of 20 meters [5]* 

In view of the difficulty of transporting such an engine, the pro¬ 

pellant charge must be poured at the launching platform or assembled 

from individual blocks or segments. 

At the present time, the USA is making extensive use of solid- 

propellant rockets for cosmic flights. Thus, the USA's first cosmic 

rocket, which was launched toward the Moon on 3 March 1959, was a 

multi-stage rocket with a launching weight of 60 tons. The first 

stage of this rocket was based on a "Jupiter" medium-range (2400 km) 

liquid-fuel missile, the second stage was a bundle of eleven solid- 

propellant rockets, the third stage consisted of three rockets of 

the same type, and the fourth stage of a single solid-propellant 

- 584 - 



rocket. 

At the present time, the USA is devoting attention to hybrid 

engines using both solid and liquid propellants. In this case, the 

solid combustible is placed in the combustion chamber and the liquid 

oxidizer is fed from a separate tank [8a]. 

Between I961 and 1969, the USA proposes to launch approximately 

28-30 satellites and space rockets with some use of solid-propellant 

engines. 

2. OXIDANTS FOR SOLID ROCKET PROPELLANTS 

Various mixtures of solid oxidants (nitrates, chlorates) with 

combustible substances (resins, magnesium, aluminum) that burn with 

considerable evolution of heat and formation of gases, have been used 

for a long time and are known as pyrotechnic compositions. In con¬ 

trast to the case of the pyrotechnic compositions, !.. :ombustion of 

which we attempt to achieve the maximum possible evolution of heat, 

accompanied by the development of high temperature and the- formation 

of a large quantity of slag (burning compounds) or high luminosity 

(illuminating compounds), we require from mixed solid propellants the 

evolution of large quantities of gas and heat and the most complete 

possible conversion of this heat into mechanical work in order to 

produce the highest possible specific impulse from combustion of a 

unit weight of solid propellant. We shall examine a number of solid 

oxidants and the possibility of using them in solid propellants 

(Table 159). In practice, ammonium perchlorate, ammonium nitrate and, 

more rarely, potassium perchlorate are used as oxidants in mixed solid 

rocket propellants. Potassium nitrate is a component of black powder 

and is virtually never used in modern mixed powders. 

Such oxidants as potassium bichromate and potassium permanganate 

contain too little oxygen to be used alone. They are used as combustion 
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[Key to Table 159, cont'd.] 25) barium peroxide; 26) potassium per¬ 
manganate; 27) potassium bichromate. 

catalysts. The effectiveness of an oxidant is determined by the amount 

of oxygen not bound with hydrogen or metals, i.e., by the amount of 

oxygen that has not lost its ability to participate in oxidation re¬ 

actions with organic substances. 

The largest quantities of oxygen are found in lithium perchlcntc 

(60$) and in ammonium perchlorate (-54. 5$). Ammonium nitrate contains 

60$ of oxygen, but only 50# is active in oxidation reactions. Oxidants 

containing less than 45# of active oxygen are not used in solid pro¬ 

pellants . 

Another important factor in evaluating an oxidizer is its heat 

of formation. This heat is positive for all of the oxidizers under 

consideration, i.e., the oxidant absorbs a considerable quantity of 

energy on its decomposition to oxygen, and this, in turn, reduces the 

heat effect of the reaction. Thus, the heating value of a fuel com¬ 

posed of ammonium nitrate and polyethylene is 915 kcal/kg; the heat 

of formation of the oxidant is 87.1 kcal/mole. If the heat of forma¬ 

tion of the oxidant were zero, the heating value of such a fuel would 

reach 1970 kcal/kg. Consequently, it is always desirable to have 

oxidizers with the lowest possible heats of formation coupled with a 

high oxygen content. 

Together with heating value, a favorable composition of the com¬ 

bustion products is of great importance. Thus, combustion of propel¬ 

lants based on potassium perchlorate results in formation of potassium 

chloride, which is in the gaseous state (the boiling point of KC1 is 

l4l5°) at the combustion temperature (25OO0). Vaporization of a mole 

of potassium chloride requires 45.25 kcal. The heating value of a 

compound composed of potassium perchlorate and resins is 1040 kcal/kg; 
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if part of the energy were not expended on vaporization of the KC1, 

it would be 1330 kcal/kg, i.e., 300 kcal higher. 

The efficiency of conversion of heat energy into mechanical work 

during outflow of the combustion products from the engine nozzle de¬ 

creases as the composition of the combustion products becomes more 

complex. With p/p0 = 50, this value, which is known as the thermal 

efficiency (T]t), diminishes as we pass from biatomic combustion products 

(î]t = 0.582 for H2, Hg, CO, HCl) to triatomic products (T)t = 0.446 

for C02, H20, KgO) and pentatomic products (t)^ = 0.248 for AigO-,). 

The composition of the combustion products depends on the oxidants 

and combustibles used. The inflammability of the composition and the 

stability of its combustion, which depend to a major degree on the 

properties of the oxidant, are of great importance in connection with 

application. It is sometimes necessary to add catalysts to raise the 

intensity of combustion in solid propellants. A number of oxidants - 

particularly ammonium nitrate - decompose at a considerably higher 

rate and at lower temperatures in the presence of catalytic additives 

than they do without catalysts. 

Chlorides, nitrates, and sulfates of alkali and alkaline-earth 

metals and basic, amphoteric, and acid oxides are used as additives 

to ammonium nitrate. The variation of the rate of thermal decomposi¬ 

tion of the nitrate with the above additives has been studied in the 

range from I70 to 300°, i.e., at temperatures higher than the melting 

point of the anhydrous nitrate (169.60). It has been noted that 

chromium, manganese, and copper compounds exert the strongest accele¬ 

rating influence on thermal decomposition of the nitrate. 

The above-described effect of catalytic additives may be ac¬ 

counted for by their ready decomposition with considerable evolution 

of heat, by virtue of which they initiate the process of decomposition 
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of the oxidant [10]. 

The decomposition reactions of the Initiating additives are: 

(NH4).Cr,0; - 4H:0 + N, + Cr.Oa + 80 kcal 
NH4C10j - 2HjO + VjNj + ‘/.Cl, + ‘/aOi + 100 kcal 
2NH4N0: - 4H,0 + 2N, + 108kcal 

The decomposition reactions of ammonium nitrate are: 

NHA'O, - 2H.0 + N,0 + 18 kcal 
2NH.NO, - 4H,0 4- N, 4- 2NO 4- 14 .kcal 
2NH4NO, - 4H,0 4- 1.5N, 4- NO, 4- 49 kcal 

The addition of 2# of chromium trioxide, potassium bichromate, 

or ammonium bichromate to the fused nitrate at 200° results in almost 

instantaneous complete thermal decomposition of the entire melt. The 

decomposition of the nitrate melt is accelerated considerably by an 

additive of CuC12*2H20. Such additives as KCIO^, KBrO^, KIO^, and 

NaN02 have less energetic effects. When KIO^ is added to the melt, 

the latter assumes a violet coloration almost immediately and then 

begins to evolve iodine vapor vigorously. 

On the other hand, according to literature data, addition of 

chlorides to the nitrate melt accelerates the decomposition process 

by no more than a factor of 2-3. 

The accelerating effect of metallic chlorides on the thermal- 

decomposition process of the fused nitrate can be accounted for from 

a purely chemical viewpoint. In fact, as we know, the combined pre¬ 

sence of Cl- and NO^ ions results in many cases in the reaction 

3Cr- + NO.T ^ NOCI 4- Cl, 4- 2Q2-. 

The highly reactive nitrosyl chloride initiates the decomposition 

of the nitrate. Experimental data on the acceleration of nitrate de¬ 

composition by chromium compounds provide an interesting comparison 

with the ability of the nitrate to undergo stable combustion, as de- 
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-1 
scribed in the literature. At room temperature and atmospheric pres¬ 

sure, ammonium nitrate does not burn in pure form, but combustion 

starts easily when 5-10# of compounds of hexavalent chromium are added 

to it. Combustion of the nitrate with these additives is always pre¬ 

ceded by heating and melting of the underlying layers, in which the 

above-described processes of thermal decomposition will naturally 

then take place. 

The hygroscopicity of the oxidant, i.e., its ability to absorb 

moisture from the air and become moist, a property related to the 

solubility of the salt in water, is of great importance under opera¬ 

tional conditions. In practice, work with salts is difficult when the 

relative moisture content above their saturated solutions is below 

80#. The rate of absorption and the quantity of moisture absorbed 

from the air by a given salt depends not only on the chemical nature 

of the salt and the temperature and relative humidity of the air, but 

also on the surface of the salt and the strength of its film of the 

resin used in the propellant. 

Apart from the general properties of the oxidants and their ef¬ 

fectiveness, their natural reserves and the production capacity for 

them are of importance. Thus, ammonium nitrate is a product many tons 

of which are produced by the contemporary chemical industry. The pro¬ 

duction of ammonium nitrate in the USA runs to about 2 million tons 

per year. In 1959, the USA's production capacity for ammonium per¬ 

chlorate was 100,000 tons per year, and the output during this same 

year was 10,000 tons [10]. In 1955, lithium perchlorate production 

in the USA was only one ton [10]. 

Apart from oxygen compounds, fluorine compounds can also act as 

oxidants. Compounds of fluorine with sufficiently high fluorine con¬ 

tents and low heats of formation - gases or liquids - may be regarded 
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TABLE 160 

Inorganic Fluorides with High Fluorine 
Contents [12, I3] 

Oopyy.u 
_|4Tcn/ior« oOpfl- 

lOD.lHim, 
hubaImu* 

1) Xiimii-icchoc iia.m.iimc 

4 rcTp3(|>T0pitf TIITillia. 

5 rcTpaijiTopnj aioiia. 

5 rpm|iTopia xpoxia. 

7 'CKC.1(|lTOpiia CypbMU. 

8 lciiT.n|iTopiij no.iwppaMa 

Q1'cKcaipTopm Mo.iiiöacna 

10 ICKaijlTOpilA ccpu. 
3.1 un Mapraucu rcKcai^io- 

' p»a. 

12().1 MM CpOM TCTpaijiTOpiia . 

ÜF4 
SnF4 
CrFj 
Slip# 
WFi 
MoFc 
SjFmj 

KM11F, 
DrSliF, 
KQrF, 

2Wi 

300 

480 

1) Chemical name; 2) formula; 3) heat of 
formation, kcal/mole; 4) titanium tetra- 
fluoride; 5) stannic tetrafluoride; 6) 
chromium trifluoride; 7) antimony hexa¬ 
fluoride; 8) tungsten pentafluoride; 
9) molybdenum hexafluoride; 10) sulfur 
decafluoride; 11) potassium manganese 
hexafluoride; 12) potassium bromotetra- 
fluoride. 

only as liquid-propellant components. Fluorine forms a whole series 

of fluorides with metals and nonmetals. However, metal fluorides, 

regardless of their high fluorine contents, have excessively high 

heats of formation, so that propellant mixtures based on them are 

not efficient. Among the inorganic fluorides, we may note those 

listed in Table I60 as containing large quantities of fluorine. 

None of the fluorides listed can be regarded as an efficient 

oxidizer. 

A number of organic fluorine derivatives may also be regarded 

as oxidizers. In organic compounds, fluorine replaces carbon [sic] 

atoms with formation of perfluoro derivatives that are known as fluoro¬ 

carbons [14]. The fluorocarbons are oxidizers with respect to metals. 

Among the solid compounds of this type, we shall consider perfluoro- 
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hexadecane - Cl6P34, m.p. II50, b.p. 240°, = 1.98, qobr = +1340 

kcal/mole. 

Its reaction with boron can be represented by the equation 

T H'/jB — 16C + lll/3 BFj -f- 3350 kcal 

Among the fluorocarbons, however, the greatest interest is at¬ 

tracted by high-molecular-weight compounds that can serve as binders 

simultaneously. Teflon such a polymer; it is produced on 

polymerization of gaseous tetrafluoroethylene monomer, Teflon 

is extremely resistant to attack by various reagents, including con¬ 

centrated nitric acid. It has a high density, excellent mechanical 

properties, is heat-resistant, and undergoes no changes during long 

periods at 250 . Teflon bears the technical name MFluoroplast-4" and 

has the following properties: 

Specific gravity . 2.1-2.3 

Melting point . 3270 

Vitrification point . -120° 

Heat of formation of (C2F^)x . x*174 kcal 

Ultimate tensile strength . 140-200 kgf/cm2 

Molecular weight . 250,000 

TABLE I61 

Characterization of Propellant 
Mixtures of Fluorides with 
Boron and Magnesium [12,13,16] 

"Fluoroplast-4" can be prepare.! 

in the form of a fine powder or in 

the form of films; various products 

"íTTí 
PnccM.iTpimnpMn« 
TorMiiumin cmcci. 

cn/ioiipo* 11300,11( • 
TC/lbMOCTI», 
kkqj/ks 

iiMíiy^bc 
(p/n* 

CCK. 
^/»«-a50L 
CCK-3) 

SsFio -r B j 
BrSIiF» + B ! 

C10F34 + B j 
CidFaí+Mg I 
(CíF^-B ; 

I 

1C70 
1400 
21(30 
1740 
1850 

220 
180 

■150 

150 

l) Propellant mixture: 2) heat¬ 
ing value, kcal/kg: 3) specific 
impulse (p/p = 50), sec. 

are manufactured from it [14]. 

Table I61 presents the character¬ 

istics of fuel mixtures based on fluo¬ 

rine derivatives of hydrocarbons and 

fluorides. 

Thus, known solid fluorine oxi¬ 

dizers have no advantages over oxygen- 

containing oxidizers. 
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Completely fluorinated polyamines containing the NPg grouping 

may be of some interest among the organic fluorine derivatives. 

The literature contains references [12, 16] to perfluorinated 

nitrogen-containing compounds such as 

CFj =3 CF — CF — NF»; 

CF, 

FSC 
)c = CF-NF,; 

F3C 

F 
\c = N-F. 

F 

However, the content of >NF and -NPg groups in them is too small 

to make them effective oxidants. 

3. DESCRIPTION OF COMBUSTIBLES AND BINDERS FOR SOLID FUELS 

Prime interest will attach to those combustibles during combus¬ 

tion of which the largest quantities of heat are evolved. These in¬ 

clude beryllium, boron, magnesium, aluminum, and the hydrocarbons. 

The heating value, heating yield, and gas production -f a number of 

combustibles with oxygen and ammonium perchlorate as oxidizers are 

listed in Table 162. 

Of all the known combustibles, only seven or eight produce pro¬ 

pellant mixtures with ammonium perchlorate having heating yields above 

1000 kcal/kg. All others have lower heating yields. 

As regards both heating value and heating yield, all of them are 

considerably inferior to propellant mixtures with hydrocarbons and for 

this reason are of no interest as rocket-propellant combustibles. The 

heating yield of fuels with magnesium and beryllium is considerably 

higher than that of the others listed in Table 162 as a result of the 

fact that magnesium and beryllium oxides do not vaporize. However, 

heating yield is not alone sufficient to produce high specific impulses. 

Thus, the theoretical impulse for the Iffl^ClOj, - Mg system (2440 kcal/kg) 

is lower than that for NH4C104 -CnH2n (1280 kcal/kg), since in the 

former case the gas formation is less than half that in the latter 
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case. 

TABLE 162 

Heating Value and Heating Yield of a Number of Combusti¬ 
bles with Oxygen and Ammonium Perchlorate as Oxidizers [15]. 

1) 
ropioice 

s 9 
10 
lip 
12 

15) 

UojopOA . 
.Vr.icpoa . 
ncpiMJiiui 
Bop . . . 

iimui 

A^iOMiimiñ . . . 
1 Manmii ... . 
' KpcMiim'i . . . 

VMCOOAOpOAU . 

.¾ Oopuÿ.ia Tcii.Tun'ttpri JB 
CflOCoClIIKTb, 

KKOA/tii 

Ten ipwipoiunoAiirc.ikiiocri.. 
il J kkua/kc 

11-0 280(10 2211 1570 
CO, 
BcO 
Bc,Oj 
Li-0 

Ai,Oj 
MsO 
SiOj 

7 8Í0 

IC 200 

13 95C 
10 300 

7 290 
f.OOO 

7 100 

10 300 

2I/1O 
5800* 

3300 

37C0 
2CS0 

3030* 
2000 
2270 

non 
3'.00* 

1500 

070 
1200 
ano* 
lO-'iO 
1280 

*For all other combustibles, the heating yield is given 
with correction for the heat expended on vaporization 
of the oxides, with the exception of magnesium and beryl¬ 
lium, whose oxides do not vaporize. 

1) Combustible; 2) formula of oxide; 3) heating value, 
keal/kg; 4) heating yield, keal/kg; 5) oxygen as oxidizer; 
6) ammonium perchlorate as oxidizer: 7) hydrogen: 8) 
carbon; 9) beryllium; 10) boron; llj lithium; 12) alumi¬ 
num; 13) magnesium; 14) silicon; 15) hydrocarbons. 

Fig. 218. Insertion of solid- 
propellant charge by pouring 
after preparation in mixer. 

The basic combustibles in solid 

rocket propellants are organic mate¬ 

rials in the form of high-molecular 

compounds - synthetic resins and rub¬ 

bers - which simultaneously perform 

the functions of binders holding the 

oxidizer particles together and pro¬ 

duce a large gaseous phase on com¬ 

bustion. 

The following are most widely 

used: polyurethane resins, epoxy re¬ 

sins, polysulfide rubbers, natural 
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and synthetic rubbers, various nitro polymers, polyester resins, and 

nitrocellulose. 

When the appropriate resins are mixed in the molten or liquid 

state with oxidants, the result is a doughlike mass that can be 

poured into the engine chamber (Pig. 218). On cooling and appro¬ 

priate processing, these compounds solidify, but retain their low 

thermoplasticity and will not crack on sharp changes in temperature. 

The USA has developed mobile units for mixing the components of 

solid propellants (oxidizer and polymers) and fueling the rocket on 

the launching pad. This installation can produce 2000-2500 kg of 

propellant per hour [16a]. 

All of the necessary physicomechanical properties can be secured 

in a charge by using high-molecular materials as combustibles (Table 

163). 

Let us consider specific types of resins and ruobers. 

Polyurethane resins and rubbers. The chains of these polymers 

may, for example, contain the following groups: 

0 Oo 
I . Il II 

-O-C - NH - (CH;)0 -NH - C-0-(CH2).l-0-C-NH-(CH2)(1 -NIÍ- 

Polyurethane resins and rubbers are distinguished by high flexi¬ 

bility and strength; this is partly the result of the presence of 

>NH and 0=C< groups, between which hydrogen bonds form: >N-H...0 =c<. 

this intensifies the interaction between the polymer chains. 

The initial monomers used for the preparation of polyurethanes 

are a diisocyanate and a dibasic alcohol (glycol) or polyesters having 

terminal hydroxyl groups. 

The compounds most widely used to produce the polyurethanes are 

hexamethylenediisocyanate 0=N=C-(CH2)6-C=N=0, 2,4-toluenediisocyanate 

CH3C6H3(NC0)2, butanediol-1,4 H0-(CH2)4^)H, the diethylene glycol 
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TABLE 163 
Structure of Certain Binders for Solid Propellants [14, 17] 

5)'iaTypajibnuft xayiyK . . 

6tmiTeTimccKitH xayqyK 
r (óyraAMcii + CTiipan) . . 

"J JnamtcyflwJmiHUH xayqyx 
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11 yiciio.ibiio-i|iopMa^i>Acnu- • 
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24 )n(VIIOt|lHpHUC CMMhl 

C,H,OSa 
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—O—CO—NI I—(CI I»)*—NH—C0‘ 

_-0-CjHi-0—CjHt—0—CjHa—0 J 

[C.1IA (ONOsJjjjj 

OH 

-Q-cu 

i (—NH - CO —NHCHa—]x 

CHj 
I 

— CHj — C— 
I 

COOR 
-JX’ 

CH, 
I 

— CHj —C — 

COOCH, JX 

— OOC — — COOCjH« - 

10200 

5000 

7250 

[-OOC 

1) Name; 2) empirical formula; 3) structure of polymer chain; 4) heat 
ing value, kcal/kg; 5) natural rubber; 6) synthetic rubber (buta¬ 
diene + styrene); 7) polysulfide rubber; 8) polyurethane rubbers; 
9) asphalts; 10) nitrocellulose; 11) phenol-formaldahyde resins; 
12) urea resins; 13) polyacrylic resins; 14) polyester resins. 

ester of adipic acid H0C2H400C(CH2)4C00C2H40H, and the polyglycols 

[17a]. All of these compounds are produced from readily available raw 

materials. 

The resin is prepared by mixing the diol with the diisocyanate. 

The reaction begins at room temperature, and then the temperature is 

raised to 90-95° and held there for a certain time, after which it is 
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further increased to 190-200° to bring the process to completion. 

During the first phases, the diisocyanate is in a viscous state and 

can be mixed with the oxidizer, with subsequent solidification by an 

excess of the diisocyanate. 

The formation of polyurethane resins is an example of stepwise 

polymerization in which no water or other splitting product is formed. 

The reaction takes place as follows: 

HO(CH,)*OH + 0 = C = N - (CM:), - N = C = 0 - 
0 0 0 

U I! !! 
- HO — (CH;)* — 0 —C — Nil — (CHj),— Nil — C—0(CII5),—0—C—NH — 

The molecular weight of the products increases with increasing tem¬ 

perature and reaches 10,000-15,000. 

Polyurethanes possess considerable resistance to oxygen and 

oxidizing agents. The elastic properties of polyurethanes are re¬ 

tained at low temperatures; the resins possess high adhesion to various 

materials and particles of mineral salts that are oxidizers. Poly¬ 

ester urethanes retain their flexibility, and this ensures good anti¬ 

frost properties in the compositions. 

Epoxy resins. Epoxy resins possess high adhesion and excellent 

elastic properties; while originally viscous and fluid, they are capa¬ 

ble of subsequent solidification. 

The resins are produced by condensation of epichlorohydrin with 

bis-phenols: 

The resulting ether is again reacted with diphenylpropane, with 
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the resultant formation of a polymer chain having the following 

structure: 

CH, OH 

CH,-CH-CH,—[^-0 -^3“ ¡C-O-0-CH*--CHi-] 
0 CH, 

The molecular weight of the polymers runs from 1000 to 4500. 

The melting point of a resin having a molecular weight of 1500-2000 

is about 45-55°; in the molten state, the resin can again be mixed 

with oxidizer particles. 

The resins are viscous or low-viscosity brittle masses, very 

sticky in molten form or in solution, with high adhesion to most 

materials; they contain functional epoxy groups with which a number 

of substances enter into reactions; this results in increases in their 

molecular weights. Such substances are polyamines, acid anhydrides, 

and others; solidification of the epoxy compositions takes place as 

a result of reactions with them. The solidification reaction is con¬ 

ducted at normal temperatures and high speed with addition of a 

"solidifier." The solidified resin acquires the structure of a high- 

molocular polymer with a three-dimensional network; its softening 

temperature is 100-150°. 

An adhesive epoxy film on the surfaces of the oxidizer particles 

delivers higher binding strength than does any other resin. Epoxy 

resins have specific gravities from 1.2 to 1.3, ultimate tensile 

strengths of 570-700 kgf/cm2, and thermal stability to 100-120°; they 

are also used to produce glass-filled plastics that are used in the 

manufacture of the rocket-engine casings; with their relatively low 

density (1.7-1.8), such glass-filled plastics have tensile strengths 

from 3000 to 4000 kgf/cm and are superior to aluminum in this respect. 

Polyester resins. Polyester resins may also be used in solid 
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propellants. They are produced by polycondensation reaction between 

dibasic acids or their anhydrides and bi- or trifunctional alcohols. 

The following acids or anhydrides are used: 

phthalic acid 

isophthalic acid 

maleic anhydride 

co 

' "IL° 
COOH 
I 

COOH 

CH-CO 

!! 
CH — CO 

The following polybasic alcohols are used: 

Ethylene glycol .CgH^OH^ 

Glycerine .OH) ^ 

The polycondensation is based on an esterification or reesterifi¬ 

cation reaction and takes place with the mixture components heated to 

I5O-I800 and higher. The result is formation of polyester chains: 

on 0 

_0—c——-—c—0— CH}—CH— CH}—0—C— 

w \ w 

0 OH 
Il I 

-C-O-CH.-CH-CH.- 

which are then "knitted together" by an excess of acid at the hydroxyl 

groups. Then the resin solidifies due to the formation of a three- 

dimensional structure. In the intermediate phase, the resin has a 

preferentially linear structure. Further hardening takes place on heat¬ 

ing to I6O-2OO0. 

Maleic anhydride is used with ethylene glycol or diethylene glycol 

to produce unsaturated polyesters. Formation of the unsaturated poly¬ 

ester takes place at 170-220°. The unsaturated polyester is then co¬ 

polymerized with the appropriate monomers, such as styrene, etc. The 

molecular weights of the unsaturated polyesters lie in the range from 
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2500 to 5000. 

The unsaturated polyesters are extensively used to produce 

glass-filled plastics from which the combustion chambers of the 

rocket engines are manufactured. 

Rubbers. Propellants based on ammonium nitrate and various forms 

of rubber have been developed in the USA by the firm "Thiokol." 

The rubbers used are natural, synthetic, polysulfide, and polyurethane 

types. The widespread use of rubbers in rocket propellants is the 

result of their excellent physicomechanical properties and high 

strengths: 

Elongation, # Tensile strength, 
p 

kgf/cm 
300-320 

250-280 

100-120 

350-400 

600-700 Natural rubber 

Butadiene-styrene rubber 

Polysulfide rubber 

Polyurethane rubber 

300-600 

Polysulfide rubbers have come into extensive use as binders and 

combustibles in solid propellants; they are produced by polyconden¬ 

sation of dihalogenated alkyls with polysulfides of alkali metals. 

Tho initial materials used are as follows: 

l|Dichloroethane; 2) dichlorodiethyl ether; 
3) sodium disulfide; 4) sodium tetrasulfide. 

The polycondensation reaction takes place according to the 

equation 

Polysulfide rubbers are known by the name "thiokols" and are 

subjected to vulcanization with metal oxides (zinc oxide) and oxidiz¬ 

ing agents. All of the rubbers are used in considerable excess in the 
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propellant composition in order to obtain high strength. However, an 

excess of rubber or resin in the composition causes a sharp deteriora¬ 

tion of the oxygen balance and lowers the heating yield. 

The heating yield of the propellant varies as follows as a func¬ 

tion of ammonium-perchlorate and resin contents: 

Content of rubber or resin, % 30 25 20 15 10 

Oxidizer content, # 70 75 80 85 90 

Heating yield, kcal/kg 698 864 1010 1050 1260 

A fuel containing 20-25# of rubber has a large combustible excess 

and a lowered heating value. 

With the object of improving oxygen balance while retaining the 

necessary binding properties, the American firm Aerojet General, which 

is developing solid propellants, has produced binders based on nitro 

. Jymers injection of 20-25# of which maintains an oxy an balance 

close to zero with retention of the necessary plastic properties in 

the charge. 

Nitrocellulose [CgH^02(0N02)2]x can be used as the nitro polymer.* 

However, it has the disadvantage of lacking thermoplastic properties. 

Nitropolyurethane has been mentioned as a binder that contains 

active oxygen; it is added to the oxidizer in quantities of 65 to 

70# [I5J. 

Apart from the polymers, nitro derivatives - nitrocellulose, 

dinitrotoluene, and trinitrotoluene, combustion of which requires 

smaller quantities of oxygen - are added to certain compositions. 

Thus, the following proportions between ammonium perchlorate and tri¬ 

nitrotoluene correspond to the stoichiometric composition at zero oxygen 

balance: NH4C104 - 58.5#; C6H2(N02)3CH3 - 31.5#. 

The heating yield of such a propellant mixture attains 1260 kcal/kg, 

i.e., the heating yield of the stoichiometric perchlorate-rubber mix- 
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ture with its content of only 7-8# of rubber. 

4. SOLID-PROPELLANT COMPOSITIONS 

Solid rocket propellants in practical use incorporate ammonium 

perchlorate and ammonium nitrate as oxidizers and binding rubbers and 

resins as combustibles. Moreover, various additives of metals, com¬ 

bustion catalysts, and the like are added in many cases. Development 

of solid-propellant recipes has been under way in the USA for about 

ten years, from 1947 to 1957. The result of these studies has been 

the creation of commercial samples of propellants delivering specific 

impulses from 175 to 240 sec at a pressure drop of 40 atm. It was ex¬ 

pected that fuels with specific impulses as high as 260 sec would be 

created by I960 [1]. Certain authors are of the opinion that ermatten 

of solid propellants with specific impulses as high as 300 sec is 

theoretically possible [18]. 

Propellant recipes are developed on the basis of energy require¬ 

ments and technological fueling possibilities. The latter are, in turn, 

determined to a major degree by the energy characteristics of the pro¬ 

pellant, since it is necessary to introduce a large excess of binder 

t'-' °nsure strength and the possibility of casting the compound. To 

evaluate the limiting energy possibilities of a fuel, it is convenient 

to examine binary propellant mixtures of stoichiometric composition. 

A preliminary rough calculation is made from the familiar formulas, 

without taking dissociation of the combustion products and heat losses 

into account: 

P — 9,33 y iirt/ (1) 

where P is the specific impulse in sec; H is the heating yield of 

1 kg of fuel in kcal; V is the specific volume of the combustion 

- 602 - 



products in liters/kg, Cp is the heat capacity of the combustion 

products at the temperature of the process, and r]t is the thermal 

efficiency of the process, which is found by the formula 

in is the nozzle-section pressure, p is the combustion-chamber pres- 
w o — 

sure and k is the adiabatic exponent, i.e., the ratio Cp/Cv). 

The thermal efficiency depends on the composition of the combus¬ 

tion products, since it has different values for monatonic, biatomic, 

and trlatomic gases, as well as on the pressure drop in the chamber 

and at the nozzle section. 

The thermal efficiency characterizes the fraction of thermal 

energy converted into work when the propellant burns. In cases where 

the combustion products are polyatomic, less favorable conditions are 

created for conversion of the propellant's heat energy into work. 

When the composition of the combustion products is complex, the 

thermal efficiency is computed additively as a function of the mole 

fractions of the individual components: 

1, = V*i + Vi/+ '17 

where x, y, and z are the mole fractions of the individual components 

( x + y + z = 1), and t]¿, r)j!, and r)¿" are the thermal efficiencies of 

components x, y, and z. 

The heat capacities of the combustion products are found by the 

appropriate formulas [10]: 

Substance Molar heat capacity (Cp) 

O:', Ns, HCI, CO. . 6,5-1-0,0010 7 
11:0. 8,31---0,0019 7 
CO-. 7,0-j-0,0071 7 
BeO. 16 [2600° C] 
MgO. 16 (2800—3000* C] 

The heat capacities of a number of oxides in the solid state at 
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TABLE l64 
Heats of Formation of Oxides, Fluorides, and Chlo¬ 
rides in Solid and Gaseous States 

LisO 

BeO 
MfíO 
BîOj 
SiOs 
AljOa 
COj 
HsO 

LiF 
BcFi 
MrFj 
bf3 
SIP, 
AIFj 
CF« 
HF . 
LiCl 
HC! 

1) 
CocA'i neune 

2) TcMneparypa, “C 

3) I 4) 
D.1CIIHM I Klincilil 

klcn^ora oCn.uona« 
min, KKOA/MOAb 

B Tbéj'AOVJ 
COCTOHHIIII 

it 
B napoo5- 

paanoM 
COCTOHMMII 

8) OKUCAbl 

2547 

2800 
577 

1425 

2050 

17iK) 

3000 
3000 

1700 

2230 

2250 

9 ) Qinopudu ti xAO/iudoi 

S70 1070 

OjO}^ 
» 

1040 

•10) Tas 

142,6 
143,0 

143,8 

305,4 
210 
402,0 

43,68 

214,8 
79,17 

ooo 7 
94 ¡052 
57,798 

i 146,3 

241,8 

263,5 

355,7 

94,3 

I 82,7 

186,8 

176,5 

267,0 
373,0 

281,3 
218(187) 

64,2 

43,8 
21,89 

l) Compound; 2) temperature, °Cj 3) of melting; 
4) of boiling; 5) heat of formation, kcal/mole; 
6) in solid state; 7) in gaseous state; 8) oxides; 
9) fluorides and chlorides; 10) gas. 

ICCO0 have the following values according to handbook data [10]: 

AlgO^ . O.31 keal/g-degree 
MgO . O.32 keal/g-degree 
Si02 . 0.284 keal/g-degree 

The heating yield (H) is found as the difference between the heats of 

formation of the reaction products and the heat of formation of the 

initial compounds, divided by the over-all molecular weight of the 

initial mixture. The heating yield is found on the basis of the con¬ 

dition that the reaction products be cooled to 20° and the water re¬ 

main in the gaseous state. 

If the products of combustion of solid propellants contain metal 



and nonmetal oxides that are liquid or solid under ordinary conditions, 

the heating yield is figured taking into account the heat expended on 

vaporization and melting of the oxidesj i.e., the heat of formation of 

the oxides in the gaseous state is taken for the calculation. Here it 

is necessary to take the most nearly correct value for the heat of 

formation of the oxide in the gaseous and solid states. Thus, the data 

given for boron anhydride indicate a heat of formation from 279 to 

305 kcal/mole and a heat of sublimation from 65.6 to 77.6 kcal/mole. 

Depending on the value taken for the heat of formation, the specific- 

impulse value may vary by 15 to 20 units [19]. This scattering in the 

heat-of-format ion values is related to the difficulty of determining 

these values for many oxides. 

TABLE 165 
Theoretical Characteristics of Propellant Mixti ''s with 
Ammonium Perchlorate, Beryllium, and Lithium for p/p0 - 
= 68, according to Blackman, 196I [l8a] 

OK HCJIHTCJIU. 

D - 
1 ¡ ! . Canoyioiucc, bcpH.i.uift, j Jlimirt, 

, % . % 1,.% i HMliyJIkC. 

2) j 3) 4) 5) 

T/ •paryp.i 
ropciiiiH. 

6) -K 

70 
70 
70 
70 
70 

10 
10 
10 
10 
10 

* 

20 - 280 
U li 288 
10 ! 10 I 285 

6 I \\ I 275 

- ! 20 1 a;o 

IMOO 
3450 
3200 
3000 
2400 

1) Oxidizer, 2) binder, 3) beryllium, 4) lithium, %) 
5) specific impulse, sec; 6) combustion temperature, °K. 

Table 164 lists values selected for the heats of formation of 

oxides from recent literature data. 

Calculations of specific impulse without taking dissociation of 

the combustion products into account are inaccurate (errors of the 

order of +2$), but are sufficient for preliminary evaluation of the 

energy properties of propellants. 

The comparatively small difference between the two methods of 
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calculation results from the fact that although the heating yield is 

lowered on dissociation of the combustion products, the thermal ef¬ 

ficiency is raised simultaneously, and this stabilizes the product 

Tit -H in the formula P = 9.33/ît *H to a certain degree. 

Let us examine the calculated characteristics of the binary pro¬ 

pellant mixtures listed in Tables I65 and I66. As regards their ef¬ 

ficiency, solid oxidizers used in propellant mixtures with organic 

combustibles (polyethylene) array themselves in the following series: 

NH^CIO^ + CnH2n.... 

L1C104 + °nH2n. 

mkm3 + CnH2n. 
KC1°4 + 0nH2n. 
KNO, + CH„„. 

Heating yield, 
kcal/kg 

1260 

1300 

955 

805 

450 

Specific Impulse 
(p/P0 = 50), sec 

232 

234 

197 

ISO 
120 

Oxidizers of the first four compositions are of greater interest 

as solid-propellant oxidants. 

The introduction of boron and aluminum into solid propellants will 

raise the specific impulse, since the specific impulse of the aluminum/ 

ammonium perchlorate composition is somewhat higher than that of the 

ammonium perchlorate/resin propellant, while the specific impulse of 

the ammonium perchlorate/boron system is considerably higher. 

Combustion of solid propellants containing metallic combustibles 

may proceed in either of two directions: toward formation of the metal 

oxide and water (1) or, when an excess of metal is present, toward 

formation of the metal oxide and hydrogen as a result of reduction of 

the metal by the water vapor (2): 

NH.,C10* + 1.66A1 -> HC1 -f il/2H20 + 0,835AI2O3 + V.N, 
NH^CIO* + 2,66A1 -> 1,5 H3 -f HC1 + 1.33A1A + V* N2. 

We present the characteristics of these processes: 

(1) 
(2) 
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TABLE 166 
Calculated Characteristics of Solid Propellant Mixtures as Compared 
with Liquid Propellants for p/p0 = 50 

in_-C-J--V- 

1) M n.n 
2) 

TorMIIIOIIMC CMCCU UOCfb 

/ 
Ten.! mi po¬ 

li 31103 it» 
TCJIMIOCTk, 

kkgj/kc 

TfpMH'IC- 

CKIlfl K.II.A. 
(Of ) 

6) 
VAChi.iiuA 

CCK. 

V '/ y#v^i.iioc 
M30f/,p.l- 
aoiumitf, 

AÍKC 

5 

r, 

7 

8 

9 

10 

11 

12 

12 

Vi 

15 

1G 

17 

18 

19 

20 

21 

6 ) Tocpdbte mon.uienuc cmccu 

NILNOi - 01.5% 
€,,11,,,-5.5% 

NH «CIO« - 90.9% 
} 

NI I «CIO« — 90,9% I 

CflHjn — 9,1% I 

NIUCIO« -118.5% 

C*I ls (NO:)i CHa -31.5% 
ft^rpiiHiiTpoTOflyofl) 

KCIO« - 88% I 

1,77 

10» 
■'«"2/1 

LÍCIO4 •— Sj% 

CnH,n - 15% 

NH«N0i — 60% 1 

A1 - 40% Í 

NH«CIO« — 61,8% 1 

AI - 38,2% j 

NIUCIO«-80% 1 

B - 20% J 
LICIO. — 55.6% 1 

AI - 44,4% J 

NIUCIO« - 78% 1 

Biol lu - 22% I 

M UNOj - 52% 1 

Mg - 48% J 

NH«CIO«-71%l 

Mg—29% j 

KNOi-89,2% I 
CnH2n-l0.8% / 

I 

HNOj 
C 

C (N02) 

C, 
Os 

CnHs„ 

S05 

1,02 1300 

2,02 1070 

2,19 1250 

2,0G 1560 

2,54 1560 

1,70 1530 

2300 

2440 

450« 

10) )Kudnuc monAuca 

I 

! 

955 

1260 

1260 

INOj 4 

/ 
(NOs)« 4 

ni-'2n ; 

} 
11) Cmccu xudnux u nwcpdux ko.\ 

2190 

1,35 

1,47 

1,02 

1450 

1700 

2270 

0,472 

0,480 

0,49 

0,48 

0,48 

0,52 

0,534 

0,48 

0,40 

0,51 

0,582 

0,428 

0,45 

0,468 

0,428 

KOMtlOHCHmOO 

C (NO:), - 82,3% 
B - 17,7% 

C (NOs), - 64,5% 
A! - 35,5 

C (NOj)« - 80,5% 
B10H1, - 19,5% 

1,91 

1,44 

B -31,5% 
Os - 68,5% 

AI - 54,3% 
Os - 45,7% 

1800 

2150 

3180 

2200 

0,42 

0,42 

0,48 

0,248 

0,248 

198 

232 

232 

ISO 

234 

203 

242 

254 

232 

2G0 

218 

200 

120 

239 

262 

290 

283 

256 

300 

2G4 

220 

970 

810 

530 

650 

514 

660 

440 

314 

530 

720 

320 

220 

*0r 770 kcal/kg for KgO in the solid state. [Key on next page] 
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"1 
[Key to Table l66]: 1) No.; 2) propellant mixture: 3) density; 4) 
heating yield, kcal/kg; 5) thermal efficiency (rk); 6) specific 
impulse, sec; 7) specific gas production, liters/kg; 8) solid 
propellant mixtures; 9) trinitrotoluene; 10) liquid propellants; 
11) mixtures of liquid and solid components. 

Heating yield, Specific gas pro- Specific impulse 
kcal/kg duction, liters/kg (p/Pq = 5°)* sec 

(1) 1320 460 220 

(2) 1250 510 242 

Thus, when metallic combustibles are used in compounds with solid 

oxidizers, it is better to have the process go toward formation of the 

metal oxide and hydrogen than toward formation of water and the metal 

oxide. 

It is interesting to note that the introduction of metals into a 

propellant mixture where the oxidizer is liquid oxygen does not rrisQ 

but lowers the specific impulse. In contrast to this, aluminum and 

boron additives raise the-specific impulse on injection into composi¬ 

tions with ammonium perchlorate. 

This will be seen from the following examples: 

Combustible 

Rubber 

Aluminum 

Boron 

Specific impulse 
(p/p0 = 50), sec 

nh4cio4 o2 
232 290 

242 222 

254 264 

Combustion of propellants containing liquid oxygen, aluminum, 

and boron results in formation of a small gaseous phase, so that the 

effectiveness of such fuels is lower than that of fuels based on hydro¬ 

carbons and oxygen in spite of their high heating yield. 

The gaseous phase for the ammonium perchlorate/aluminum propel¬ 

lant with its high heating yield is comparatively large, so that the 

propellant develops a higher specific impulse than the ammonium per¬ 

chlorate/rubber propellant. 

I 
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In the opinion of Crook [l8], a specific impulse of the order 

of 230 sec corresponds to the stoichiometric composition of the 

ammonium perchlorate/rubber or polyurethane propellant. The addi¬ 

tion of aluminum in dust or powder form in quantities up to 20# 

increases the impulse by 7# for any composition. By combining a 

nitro binder and an aluminum additive with ammonium perchlorate, we 

may raise the specific impulse to 250 sec, or to 240 sec by combining 

them with polyurethane resin, aluminum, and perchlorate. 

Let us attempt to evaluate the limiting specific-impulse value 

for metallic-combustible propellants. To produce a high specific 

Impulse, it is necessary to have high heating yields and a large 

specific volume of the working fluid. Hydrogen in the combustion 

products increases the gas yield considerably. 

Let us consider the systems Mg + 1/2 Og + nH^; Be + 1/2 0^ + nllg 

and 2A1 + 1-1/2 0? + nH2, the theoretical characteristics of which 

are presented in Table I67. 

The limiting specific-impulse value in the case of metallic com¬ 

bustibles runs to 350-420 sec if the oxidizer is oxygen and the work¬ 

ing fluid is hydrogen. In practice, this value is considerably lower 

for known oxidizers because of the heat expended on decomposition of 

the oxidizer and the somewhat less than optimum proportions between 

the oxygen and hydrogen. 

Naturally, the metal-hydrogen-oxygen system may be regarded only 

from theoretical standpoints, since it is not feasible in practice. 

The specific impulse is about 280 sec for hypothetical systems 

such as solidified liquid oxidants with hydrocarbons and metals, 

e.g., boron with tetranitromethane. However, the use of liquid 

oxidants in solid propellants would require some method of solidify¬ 

ing them. The specific impulse that can be obtained with the use of 
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TABLE 167 
Calculated Characteristics of Hypothetical Propellant Mixtures Based 
on Metals, Hydrogen, and Oxygen 

1) 
CoCTAi 

rr Ton.ionpo . 
HJDO.IU- 

2 VcAUIIOCTl.,j.l0U''l. AIK,' 
I ’ KKOJlKJ 

/. Ton*uoHUc eucmcMu c miichucm 

Mr + V* Os . . . . 
M« -i- Vi Os + 2Hj . 
Me T ViOi+ 3Hi . 
Mg + Vs Os + 4 Hi. 
Mg + Vi Os + 5Hi . 
Mg + Vi 0,+ Vs Ns 
Mg + V, 0, + N, . 
Mg + V,0,+ 2N, . 
Mg + V, 0, + 4N, . 

3f.no 
3300 
31:.0 
3020 
2900 

2RS0 
2140 
1320 
930 

0 
1030 
1450 
1870 
2230 

203 
330 

400 
500 

0.3 
0,74 
0,93 

1.11 
1,23 
0,323 
0,33 
0,33 
0,345 

.AI + 17,0,+5H, 
A1+ IV, 0,+ 10Hs 
AI + IV, 0,+ I5H, 
AI + 1V,0,+ 20H, 

//. Ton.ruanue cucmniu c (Ukmuhuhm 

3600 
3300 
3030 
2830 

1000 
isno 
2570 
3200 

Lû + Vs O, . . . 
Be + V, O, + Ms 
Be + V, O, + 2H, 
Be + Vs O, + 3H, 
Be + V, O, + 4H, 
Be + V, O, + 5H, 
Be + V, O, + 6H, 

III. Toii.iuanue cucmc.m c úc/iumucm 

3800 
5400 
5000 
4750 
4400 
4150 
3900 

0 
830 

1540 
2150 
2700 

3200 
3G00 

0,3 
0,65 
0,95 

1,2 
1,44 
1,64 
1,82 

IV. CucnUMu c ooàopodoM, Kuc.iopoóoM it i/.rncpoM 

H, + F,.I 3190 
H, + Vs O,.I 3213 

1120 
1230 

4500 
3400 
2700 
2300 

6500 

4700 
2750 

4900 

2700 
1710 

83i)0 
5250 
3900 
3030 
2500 

2150 

0 
310 
320 

340 
325 

185 
208 

210 
142 

315 
338 
340 
330 

0 
373 
405 
415 

406 
403 
305 

393 
355 

1) Composition; 2) heating yield, keal/kg; 3) specific volume, liters/ 
/kg; kj heat capacity (Cp), keal/kg-degree; 5) combustion temperature, 

°C; 6) specific impulse (p/p0 = 50), sec; l) Propellant systems with 

magnesium; II) propellant systems with aluminum; III) propellant sys¬ 
tems with beryllium; IV) systems with hydrogen, oxygen, and fluorine. 

solid propellants depends on the combust ion-chamber pressure and the 

nozzle-section pressure. Pressures from 35 to 70 atm are most fre¬ 

quently used in solid-propellant engines. With the engine operating 

in space,* at pQ = 0, the thermal efficiency will not reach its maxi¬ 

mum value, i.e., unity, as might be expected in accordance with the 

formula 
k—[ 

< 

- 610 - 



because outflow from the nozzle is not ideal. Plow breakaway takes 

place at some value of Pq, which does not reach p0 = 0. 

TABLE l6?a TABLE I68 

Variation of Calculated 
Specific Impulse of Am¬ 
monium Perchlorate/ 
Polyethylene Propellant 
Mixture 

-V~ 
Vcjioiiiii 
pjAoru 

AOMfiTCfl* 

yjtc/ibHufl iiMny^bc npiiO) 
AaOAcHIIII O KJMCPC. CCK. / 

40 am SO am 70 

y acMAif. . 
B nycrorc . 

228 
268 

232 
272 

240 
282 

1) Operating conditions 
of engine; 2) specific 
impulse, sec; 3) atmos¬ 
pheres; 4) at surface; 
5) in space. 

Characteristics of Solid Propellants Based on 
Ammonium Perchlorate and Resin as Functions 
of Oxidizer Content [6] 

D 
IWiiaTc/iN 

CoAcpifcjiiHc OkucJiHrcJi* 

70% 75% so% 
• 

es% 90% 

3 tcn/ion poiiiDOAHTCJi bHOCib, 
. . kkoa/ki .... . 
^ ) riflOTiiocTb npii 20'. 
5 ) HMnyAbc npii 

70,3 am, c*k:. 
а) y noncpxHôcTH ocmah 
б) b nycroie. 

698 
1,60 

180 
211 

864 
1,64 

192 
926 

1010 
1,70 

204 
239 

1050 
1,76 

215 
251 

1260 
1.77 

230 
272 

1) Property; 2) oxidizer content; 3) heat¬ 
ing yield, kcal/kg; 4) density at 20°; 
5) specific impulse at 70.3 atm, sec: a) 
at the surface; b) in space. 

With the engine operating in space, however, tnu specific impulse 

increases by approximately 15$. This can be seen from the data listed 

in Table 167a. 

We have considered possible recipes for solid propellants at the 

stoichiometric composition, without taking fueling and operational 

possibilities into account. 

In practice, solid-propellant recipes differ from the stoichio- 

metric compositions, at; which the maximum evolution of energy could 

be obtained. This is a result of the fact that the combustibles and 

binders must, for a number of technical reasons, be used in quantities 

larger than are necessary for complete combustion. The literature data 

giving recipes for mixed solid propellants are extremely incomplete; 

nor is detailed information available on the production processes used 

for them. Apparently, not all of the characteristics of the recipes 

given in the literature are sufficiently trustworthy. Table 168 shows 
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heating yields and specific impulse as functions of the contents of 

ammonium perchlorate and resin in the fuel. Table I69 gives certain 

known solid-propellant recipes. 

1 

TABLE I69 
Characterization of Certain Casting Solid-Propellant 
Compositions [6, 20, 21] 

1) 
Cocían Tonjiitua 

ricpx.iopar ammoiihh — 75% 
naniiypciaii — 25% 
ncpx.iopar aMMoitiiH 
rio^iiGyiaaiicn 
AKpiiAQoax CMOna 
.ViioM^Hiicoaii nyapa 

HmpaT aMMomin — 80% * 

CMitTCTimccKttu KayiyK—¡0% 
Ca>«3 — 7—9% 

liorn. ! r ItOCTi» 
npil 
:or • ¡4) 

.iMiua iiMnyunc, cpK. 

57 
y scM^ti b nycrore 

6)} 

7) 

8) 

I, S'. 

1,87 

12, 
226 (35 fwi) 

230-238 ('.Oa/n) 

185 (70 am) 

266 

250-280 

216 

A06.1DKI! —1—3% I 
ncpxflopar KSfliin — 76,5% Q\1 

DiiTyn — 23,5% ^¡\\ 
Hcpxflopar üMMomin — 7*1% 10)1' 
noaiicy/iujiiijiiuü Kay My K —26% \\ 

ücpxaopar aMMomin — 65—70?ú » 
HMTpono^iiypcian — 25—30% -. | 
AaioMiiHHH — 5—10% "4 

1.77 

1,70 

1S6(1'.0 am) 

250(50 am) 

263 (63 am) I 

^Molded compound. 

l) Compositon of propellant; 2) density at 20°; 3) specific 
impulse, sec; 4) at surface; 5) in space; 6) 75$ ammonium 
perchlorate and 25$ polyurethane; 7) ammonium perchlorate, 
polybutadiene, acrylic resin and aluminum dust; 8) 80$ 
ammonium nitrate,* 10$ synthetic rubber, 7 to 9$ carbon 
black and 1 to 3$ of additives: 9) 76.5$ potassium per¬ 
chlorate and 23.5$ asphalt; 10) 74$ ammonium perchlorate 
and 26$ polysulfide rubber; 11) 65 to 70$ ammonium per¬ 
chlorate, 25 to 30$ nitropolyurethane and 5 to 10$ 
aluminum; 12) atmospheres. 

As a comparison example, we cite the composition of a typical 

rocket powder: 50.0$ nitrocellulose; 4l.0$ nitroglycerine and 9.0$ 

ethylcentrolite; its heating yield is 965 kcal/kg and its specific 

impulse is 220 sec. A Pb^O^ additive is sometimes used to improve the 

combustion characteristics [l8b]. 

A polyurethane propellant is used in the "Polaris" intermediate- 

range ballistic missile. The specific impulse may be increased by 
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Uoing polymers containing nitre groups instead of ordinary resins and 

rubbers, since then a value of a close to the optimal is reached if 

an adequate quantity of binder is supplied.* Another way to raise 

the specific impulse (by 10-20 units) is the introduction of a certain 

quantity of substances such as aluminum and boron. Thus, the addition 

of 15-20$ of aluminum dust to almost any composition increases the 

specific impulse by l4-l6 units. 

Solid mixed propellants are characterized by relatively low com¬ 

bustion temperatures as compared with the propellants used in liquid 

reaction-thrust engines (Table 170). 

The relatively low combustion temperature makes it possible to 

use an uncooled nozzle for the engine if it is made from special heat- 

resistant alloys and ceramics. At the same time, the introduction of 

additives that raise the heating yield and, consequently, the com¬ 

bustion temperature, requires development of more highly refractory 

nozzles. It is indicated in the literature that beryllium, boron, 

magnesium, and lithium additives are introduced into solid propellants 

to raise their efficiency [21]. Among the substances noted above, 

boron has attracted special attention, and attempts have been made 

to use it in elementary form and in the form of its hydrogen compounds, 

as well as in high-molecular-weight compounds that might serve simul¬ 

taneously as binders for oxidants [23]. 

A number of difficulties confront the use of boron. This results 

from the fact that elementary boron burns poorly, while its compounds 

with hydrogen, such as decaborane, are chemically unstable in mix¬ 

tures with oxidizers. Hence it is desirable to introduce boron in the 

form of its more or less stable compounds. 

The use of boron In high-molecular-weight compounds used as 

binders may give a rise of the order of ten units in the specific 
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TABLE 170 

Recipes and Combustion Temperatures for Solid- 
Propellant Compositions [21, 22] 

1\m 
“*■ /n.n 2) Pcucnrypj n.ioTimcTk 

npn , 

9) 

ÜL 

MUGO« — 63% 
5) no.iHS()mp — 35% 

NH«CIO« - 65% 
nofliicy^biJiiiAîiioKCiuiia» CMO^a — 35.0 

NrUGO« - 73% 
noJi«cyAwJiiiA3noKciiAiian CMOfla — 25% 

^'H«CIOt - 75% 
Moviu — 25% 

NH«CIO« - 52.5% 
KCIO« - 17.5% 

rioAMcyflwjjiiasnoKciiAiian cxioaa — 30% 

KCIO« - 76.5% 
10) BmyM — 23,5% 

NH s% 

1.62 

1,63 

1,70 

1,77 

TcMncp.i* 
Typj ropo* 

h»», *C 

1600 

1750 

2550 

2200 

2350 

2000 

1) No.; 2) recipe; 3) density at 20°; 4) com¬ 
bustion temperature, °C; 5) polyester; 6) poly¬ 
sulfide epoxv resin; 7) polysulfide epoxy resin; 
8) resins; 9) polysulfide epoxy resin; 10) as¬ 
phalt. 

Impulse, and this is of definite interest. Thus, for example, a three- 

unit increase in specific impulse (above 310 sec in space) results in 

a 470-km increase in range for a ballistic rocket designed for a 

range of 11,000 kilometers [6]. 

5. SPECIAL POINTS IN APPLICATION OP BORON AND METALS IN SOLID PRO¬ 
PELLANTS 

Boron compounds. The introduction of elementary boron, metals 

or hydroborons, which do not possess plastic properties, into a solid- 

propellant composition may result in an excessively large drop in the 

mechanical strength of the charge, while the use of hydroborons in 

solid propellants in the form of a simple mechanical mixture is limited 

by their sensitivity to oxygen and moisture. In view of this, it is 

desirable to have more stable boron-containing polymers. These may be 

of several types [24], 

1) Inorganic polymers produced by pyrolysis of lower hydroborons. 
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Thus, decaborane can be polymerized to higher hydrides. 

The terminal hydrogen atoms react first, forming compounds of the 

type (B10H12)2 an(* then polymers of the composition (BiOHi2^x and 

<BHA’ 
On heating, solid diborane diammoniate H^ÍNH^BIfy may undergo 

transformation into a more complex high-molecular substance with poly¬ 

mer chains [24]: 

BH; - NH,.. . BHj - N'Hj. .. 

There is a possibility of polycondensation between hydroborons 

and hydrazines; thus, a high-molecular substance of the following 

type is formed from decaborane and hydrazine: 

*Bl0Hu + xNaH4NH - NH - B10HU -), 

2) Organic polymeric compounds are produced by various methods: 

A. Cyclotrimethylboroctane [25] is formed when trimethylborane 

(CH^)oB is heated in an autoclave at 400-600°: 

CM, 
/ 

CM, - B 

CM, 

\ 
B —CH, 

CM, 
1 

CHa - B B-CH, 
\ / 
CM, 

as are higli-molecular polymers of the composition 

r — B — CH,. — CH, — B — 

I ^ I 
L CH, CH, 

and CI L - CM, 

CM,-CM, 
/ \ 

•B B- 
\ / 
CHo - CM., 

Alkyl boranes of the types B2H^-R and B10Hi3-R split off hydrogen 

on heating to form resin-like products. Hydroborons combine readily 

at their double and triple bonds, and it is upon this that the prep¬ 

aration of their alkyl derivatives is based. 
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In an analogous manner, addition of decaborane to high-molecular 

weight compounts containing double bonds Is also possible; e.g., on 

addition to butadiene rubber: 

I—CH,—CH=CH—CH. —1*+aB10 Hu-*[ — CH: —CH, — CHj — CHj — 
I 
BioHij 

B. Hydroborons form compounds with primary and secondary amines 

and diamines, as well as with hydrazine derivatives, which can be 

transformed Into high-molecular compounds under certain conditions, 

with hydrogen spilt off. For example [24]: 

B,Ht + HjNCjHjNH; BH;\ -C,H, - NH.-BH, - 
- Í— BH,.. . NH. - a I4NH - BH,.. .], 

Dlmethylamlne forms a resinous polymer of the following composl- 

tion with diborane: 

((CH^NBH,),. 

Decaborane reacts with nitriles to form addition products of the 

composition 

BioH„-2RCN. 

A similar compound may be produced with polyacrylonitrile: 

— CH;,—CH — 
Í 
CN lx 

—CH, — CH — 

+ B)0Hm- 

C = N. .. ,B,0Hi4... 

c. Resinous polymers of the type [R2PBH2In, containing phos¬ 
phorous In addition to boron, have been synthesized . 

Thus, a polymer of the composition 

[(CH3)3PBH2]r( 

1 jrmo on heating of the borine complex; it possesses thermoplastic 

properties . 

Pentaborane and trialkylphcsphine (R^P form resins that are 
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stable to moisture and oxygen and retain their properties on heating 

to 500°; they have molecular weights of the order of 12,500 [26, 27, 

28]. 

Silicon-organic compounds of the following type have been re¬ 

ported: 

RBlCHsSi(R)2OS(OR),],. 

In the USA in 1957, the cost of one ton of alkyl boranes (ethyl 

pentaborane and ethyl decaborane) was $30,000, while in 1959-i960 it 

had been reduced to 1450-2200 dollars; the cost of a conventional 

solid propellant is about $10,000 [29]. 

Combustion processes of metals. Burning metals used as compo¬ 

nents in solid propellants is a more complex problem than setting up 

combustion of organic compounds. It may be assumed that the combus¬ 

tion of metals used in solid rocket propellants take; place by a dif¬ 

fusion mechanism. The temperature of the flame surrounding the metal 

particle is higher than the equilibrium adiabatic combustion tempera¬ 

ture of the propellant in question. It appears that equilibrium inter¬ 

venes after condensation of the metal oxide in subsequent stages of 

combustion in the engine chamber. 

Complex compounds containing metals may be completely oxidized 

or, on the other hand, they may decompose into the metal and other 

products. Combustion of the metal particles formed during this process 

takes place by the diffusion mechanism. It appears that combustion of 

most alkyl compounds of metals takes place by this mechanism. The tem¬ 

peratures that can be attained on combustion of metals are limited by 

the vaporization temperature of the metal's oxides, irrespective of 

whether the oxide decomposes on vaporization or not. If the combustion 

products of metals diffuse into cooler zones, they condense. The vapori¬ 

zation or condensation temperature varies as a function of pressure, 
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and for those compounds that decompose the attainable combustion tem¬ 

perature will also depend on the dissociation temperature. Thus, the 

combustion temperature stabilizes as a result of an equilibrium vapori¬ 

zation and dissociation process: 

Mex0y (liquid) x Me (gas) + y 0 (gas) 

K = (Me)xOy[p/Zm]x+y, 

here, Me is the metal, 2m is the total number of moles of gas, and 

p is the pressure. 

Diffusive combustion of metallic combustibles can be described 

by means of the diagram shown in Fig. 219- 

The heat propagates from the flame front toward the surface of 

the particle. The combustible vaporizes or sublimates and diffuses 

from the particle surface toward the flamefront. Oxygen diffuses to¬ 

ward the particle surface. 

A more complex theory that takes kinetics into account for a 

finite reaction rate and does not adopt an ignition range would not 

significantly change the basic pattern and, in actuality, would predict 

the same combustion rate as the simplified theory. 

Another departure peculiar to diffusive combustion of a metal 

is the formation of condensed oxides, which does not occur in com¬ 

bustion of organic substances. 

For all alkaline earths, the oxide molecules of the metals are 

volatile substances, with the exception of beryllium oxide BeO, which 

decomposes into the elements on evaporation. 

The oxidizer and combustible begin to react before the oxygen 

concentration required for stoichiometric composition has been reached, 

so that the majority of metals react in a reducing medium. 

Boron oxides form on combustion of boron in a flame. At high 

temperature, boron oxides undergo complex transformation, including 
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Fig. 219. Diagram of combustion of metallic 
particle; l) Combustion products; 2) oxide; 
3) metal vapor; 4) combustion process: 5) 
liquid oxide; 6) liquid metal drop; 7) main 
reaction zone; 0) increasing time; 9) igni¬ 
tion; 10) increase in temperature; 11) fusion; 
12) liquid metal drop; 13) oxide; 14) metal 
particle. 

dissociation, reduction, and oxidation: 

2B 4- ll/20; - BA; BA ^ BA -I- 0 

BA ¿20 2BO + 0 -> B;0, 

The dissociation of into BgOg and BO below a temperature of 

2900°K does not exceed 5$. 

The possibility of dissociation of AlgO^ wich formation of A10 

and AI2O at the flame temperature has been demonstrated in the com¬ 

bustion of aluminum; A^O is a product of combustion of aluminum in 

a reducing atmosphere, while A10 is a product formed in an oxidizing 

atmosphere. It has been shown by thermodynamic calculations that the 

decomposition of AlgO^ is quite considerable near the boiling point. 
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In the presence of CO and it begins to show considerable 

dissociation at a temperature of about 3000°. 

The heat of formation of A120 (gas) is +34 kcal/mole, and that 

of A10 is +63 kcal/mole. 

The boiling point of the metal and the oxide formed may exert 

an influence on the metal's rate of combustion. Thus, if the metal's 

boiling point is higher than that of the oxide, the oxide coats the 

surface of the metal particle and blocks access of oxygen, and com¬ 

bustion is Inhibited (e.g., titanium and boron). If the boiling point 

of the oxide is higher than that of the metal, the metal will vaporize 

and its vapors will diffuse through the oxide to mix with the oxygen 

and burn (aluminum, magnesium, beryllium). In this case, the flame 

front will be closer to the metal surface, and comoustlon will pro¬ 

ceed at a higher rate. 

Below we list the compositions of oxides that may form as a re¬ 

sult of adiabatic combustion of metals and hydrides [30]. 

Combustible 

Pentaborane BcHn b y 
Aluminum A1 

Boron B 

Magnesiim Mg 

Beryllium Be 

Products of adiabatic 
combustion 

BgO^liq, gas) BO, B, BH 

AlgO^isolid, liq, gas), AlgO, A10, A1 

BgO^ (liq, gas), BO, B 

MgO (solid, liq) 

BeO (solid, liq) 

In addition, the combustion products of the propellant may con¬ 

tain 02, N2, NO, 0, N, OH, H20, CO, and COg. 

The most important factor influencing the oxidation rate of boron 

in combustion is the withdrawal of boron oxide, which coats the parti¬ 

cles of unburned boron and thereby impedes further combustion, from 

the reaction zone. Depending on temperature in the range up to 3000°, 

we observe several combustion mechanisms for boron, as determined by 

the form of the boron oxide whether it is in the solid, liquid, or 
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Fig. 220. General pattern of combustion of ele¬ 
mentary boron as a function of temperature and 
pressure. 1) Temperature, °Kj 2) pressure, atm; 
3) region V - evaporation of boron; 4) region IV - 
diffusion of oxygen through oxide vapor; 5) liquid 
boron; 6) solid boron; 7) region III - evapora¬ 
tion and diffusion of oxide vapors through oxygen; 
8) region II - liquid oxide; 9j liquid oxide; 
10) solid oxide; 11) region I — diffusion of oxygen 
through solid oxide film. 

gaseous state. 

Figure 220 shows the various states of boron oxide as a function 

of temperature and pressure [31J. 

In the first stage of the reaction, in which solid boron oxide 

forms, oxidation proceeds slowly. The rate of the reaction is limited 

by the supply of oxygen through the solid film to the surface of the 

boron. 

Liquid boron oxide (723°K) forms in the second stage; under the 

appropriate conditions, it may drain from the particle surfaces. The 
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thickness of the liquid oxide film varies over time until equilibrium 

has been established between the viscosity of the liquid and its sur¬ 

face tension. In this region, the rate of the process is determined by 

the elimination of boron oxides from the surfaces of the particles of 

elementary boron. Raising the temperature to 1100oK results in re¬ 

moval of the boron oxide film from the reaction zone both by drainage 

and by evaporation. 

TABLE 171 

Combustion Temperature of 
Hydrocarbons with Various 
Contents of Metal in Air 

At a certain tenperature (third 

stage), the film thickness depends 

only on evaporation rate, and it is 

2* TeMncpiiyp» ropcHNi, *K 

1 ) ropnite « « 0.1 • - 1.0 

JKTtH 3)3' 
Oktch + 40% Mg 
Okthi + 80% Mg 

4|MarHHA .... 

3)0ktom + 40% AI 
Oktch + 80% AI 

UjUOMHHIlfi , . . 

JOktch + 40% B 
, Oktch + 6.% B 
6¡Bop. 
7 IkHTsCopoH B|H| 

1 

2150 

2350 

2850 

3100(0^0,5) 

3200 

2700 

2500 

2300 

2550 

3100 

3050 

2700 

3350 

2500 

2600 

2800 

2700 

this factor that determines the oxi¬ 

dation rate. 

As the temperature rises, the 

thickness of the liquid boron oxide 

film diminishes, and at a certain tem¬ 

perature the oxide film vanishes com¬ 

pletely from the surface of the solid 

boron. In fact, the oxidation rate 

1) Combustible; 2) combustion 
i-pmnerature, °K: 3) octene; 
4) magnesium; 5) aluminum; 
6) boron; 7) pentaborane. 

of the boron In the fourth stage de¬ 

pends on the rate of diffusion of 

gaseous oxygen through the boron oxide 

vapors. The rate of diffusion of gaseous oxygen into the reaction zone 

is another process that determines the oxidation-reaction rate in the 

fourth region. If the temperature increases even further, elementary 

boron vapor will appear in the reaction zone (fifth region). As a re¬ 

sult, the fraction of elementary boron undergoing oxidation in the 

• vapor phase increases with increasing temperature. A boron liquid 

phase appears at 2300°K. 

Thus, a film of boron oxide is formed on the surface of the ele- 
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mentary boron during the heating process when powdered boron is burned. 

On further heating of the particles, the boron oxide evaporates to 

leave the boron surface completely clean and in contact with the oxygen. 

Obviously, any measures that help accelerate evaporation of the boron 

oxide should also promote the combustion reaction. Thus, for example, 

the Introduction of about 1$ of water vapor into the gaseous oxygen 

nearly doubles the rate of combustion of elementary boron at a tempera¬ 

ture of 2340°K. 

The theoretical characteristics of exotic propellants are of in¬ 

terest from the standpoint of ascertaining the potential of propellant 

compositions that have been suggested but not yet tested, as well as 

from the standpoint of a reference for evaluation of experimental 

results [32, 33)- Calculations were carried out for the combustion of 

metals and suspensions of metals in hydrocarbons for an air atmosphere. 

Some of these data are of interest for comparative evaluation of the 

results of combustion of hydrocarbon combustibles with various quan¬ 

tities of metal (Table 171). 

The combustion temperature of boron is 5000 higher than that of 

octene, while those of aluminum and manganese are approximately 1000° 

higher than that of octene [30]. 

0. COMBUSTION RATE AND EXPLOSIVE PROPERTIES OF SOLID PROPELLANTS 

Explosive properties. Mixed propellants contain sufficient oxi¬ 

dizers to make them ignite and burn readily. The heating yield of 

solid propellants lies between 900 and 1300 keal/kg, i.e., it may be 

higher than those of explosives such as trinitrotoluene (heat of 

explosion 1000 keal/kg). Under certain conditions, mixed solid propel¬ 

lants may show explosive properties manifested in combustion going over 

into detonation or detonation occurring on impact, as in firing of 

cartridges, etc. It is also Important to know what factors may give 
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rise to detonation. 

The sensitivity of solid-propellant compositions to various 

disturbances depends on a whole series of factors: 

a) on the nature of the oxidizer (ammonium perchlorate or am¬ 

monium nitrate); 

b) on the nature of the combustible for a given oxidizer; 

c) on the fineness to which the components are divided and the 

intimacy with which they are mixed; 

d) on the density of the mixture (the density of the cast or 

pressformed charge); 

e) on the initial temperature of the charge, and so forth. 

The sensitivity of perchlorate compositions - both in powder form 

and in the form of Individual charges weighing from 1 to lOpO kg, ana 

containing from 57 to 88$ of perchlorate [31] - to disturbances of 

varying severity was investigated; the disturbances included shock, 

friction, the explosion of a standard No. 8 detonator and a detonator 

assisted by a 5-gram tetryl cap. It was established as a result of 

the investigations that susceptibility to a capsule detonator depends 

on the volume ratio of combustible to oxidizer in the mixture. The 

higher the volume ratio for a given weight ratio, the lower will the 

sensitivity be. 

Under the operating conditions of solid-propéllañt rockets, poly- 

sulfide-perchlorate propellants containing no more than of oxi¬ 

dizer represent an explosion hazard. Solid rocket propellants based 

on ammonium perchlorate and polyester resin represent an explosion 

hazard under operational conditions if the oxidizer content does not 

exceed 80 or 85$ when rubber has been taken as a combustible and 

binder. 

Combustion rate. The combustion of solid-propellant charges takes 
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place by parallel layers. The thrust P developed by the engine de¬ 

pends on combustion rate in accordance with the formula 

P = VpSp, 

where p is the density of the propellant, S is the area of the propel¬ 

lant charge, p is the specific impulse expressed in kilograms per 1 kg 

of propellant burned, in sec, and V is the linear combustion rate. 

The linear combustion rate depends upon the pressure at which 

the process is unfolding, in accordance with the law 

K or V =■ a + bp*, 

where a,‘b, and n are constant characteristics of the propellant as 

determined by experiment [3^]- 

Fig. 221. General diagram of solid-propellant 
combustion, l) Solid propellant; 2) subsurface 
zone; 3) temperature Tq; 4) combustion surface; 

5) propellant flame; 6) nonluminous zone; 7) 
gasification zone; 8) reaction zone of flame; 
9) luminous flame. 

Depending on the composition of the propellants used, the com¬ 

bustion rate at a pressure of 70 atmospheres varies from 2.5 to 12.7 

mm/sec with exponents n from 0.1 to 0.4 [35]. 

The combustion rate also depends on the initial temperature of 

the charge and its heating yield. The variation of combustion rate as 

a function of initial temperature is about 5$ for each 10°. The follow- 
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Ing approximate relationship prevails between the heating yield H 

and combustion rate: 

|gK= 1,47 + 0,846-^ 

Combustion of a solid propellant is a multistage process [36]. 

The following events occur due to the influx of heat from the com¬ 

bustion zone: 

a) heating of the substance to the temperature at which physical 

and chemical changes begin; 

b) evaporation or foaming of the solid-propellant components 

due to partial decomposition; 

c) total gasification of the propellant components, i.e., their 

transition into the gaseous state due to evaporation or thermal de¬ 

composition; 

d) preignition reactions in advance of ignition; 

e) reactions in the flame, which leads to formation of the final 

products. 

A general diagram of the combustion processes appears in Fig. 221. 

The combustion process of solid propellants takes place in the gaseous 

phase, but it is preceded by a stage in which the solid phase is gasi¬ 

fied; this phase is slower than either ignition or combustion of the 

vapor. As a result, the gasification rate determines the over-all 

combustion rate in much the same way as the evaporation rate of liquid 

combustibles determines their combustion rate. As a result, the com¬ 

bustion rate depends on the rate of gasification of the propellant 

components and the heat flow from the flame zone, which will be higher 

the higher the heating yield. The combustion rate is determined by 

the nature of the oxidants used. At a given combustion temperature, 

■the combustion rate increases in the following series as a function of 

the oxidizer employed: 
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NH1NÖi<NH4CI04<KC104 

and depends on the decomposition temperature of the oxidizers. 

Decomposition of the oxidizers takes place at temperatures ap¬ 

proximately as follows: 

KCI04 ... 500-530* 
NK4CIO4. . 300-350* 
NH4NO, . . 243-361* 
N1NO». . . 255-370* 
KNO» . . . 286-300* 

On heating, decomposition of ammonium nitrate takes place in ac¬ 

cordance with the equations 

V 

0.5NO, + 2H,0 -f 0,75N| 
NH4N04' 

X + 0,5O, + 2H»O 

The activation energy of the decomposition process is 40,500 cal/ 

/mole [35]. 

The thermal decomposition of ammonium perchlorate takes place in 

accordance with the equations 

. 1,5H,0 + 0,5N| + HCI +1,250, 
v* 

nh4cio4 

^ 2H¿) + 0.5N, + 0,501, + o, 

Potassium perchlorate decomposes into potassium chloride and 

oxygen: 

>M0• 

KCIO4—* KOI + 20,. 

The activation energy of the decomposition process is 60,800 

cal/mole. 

In preparations containing the most thermostable oxidizers, the 

combustion rates are higher. 

For compositions based on ammonium perchlorate, the following 

combustion rates for l40 atm are given for comparison with nitro¬ 

glycerine powder: 
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7.6 mm/sec 
1) NH^CIO^ - 75^ 

Resins - 25^ 

2) Nitrocellulose - 77# 
Nitroglycerine - 22# 8.4 mm/sec 
Ethylcentralite - 1# 

The degree to which the oxidizer is pulzerized exerts a strong 

influence on combustion rate. Thus, the combustion rate of a composi¬ 

tion based on ammonium perchlorate varies as follows as a function of 

perchlorate-particle size at 70 atm: 

Oxidizer particle Combustion rate, 
size, |i mny^sec 

1-2 40 

35 20 

No less important an influence is exerted by combustible particle 

size on combustion rate, assuming that this combustible does not 

melt, but is mixed with the oxidizer in the powdered state. 

If the propellant contains metal particles, they enter the vapor 

phase on gasification of the propellant; here, they ignite at tem¬ 

peratures higher than the gasification temperature and undergo com¬ 

bustion. But the ease of ignition is determined by particle size, 

since the finer particles are heated to the ignition temperature more 

rapidly. The smallest spark-discharge energy that will ignite a dust 

cloud of the metal in air is taken as a quantitative characteristic 

of ease of ignition. 

Minimum spark-discharge energy, 
J°ules 0.2 0.033 0.025 

Particle size, |i go 70 40 

When the particle size is approximately halved, the ignition 

energy is reduced almost by a factor of 10. 

As the carbon-particle size is varied from 0.1 to 0.001 mm, the 

combustion time drops by a factor of approximately 10,000. 

In addition to the normal combustion rate, the erosiona! com- 



1 
TABLE 172 

Characteristics of Solid Propellants 

1) 
OflOMtM* 

MplJU 

2) 

TOGAMS 

”37" 
ClXANH* 

PJUMCp 
MC nul 

OHNMMTO* 
H*, t* 

4) 

rtMTHOCTk 
npN 20* 

5) 
TeMflcpa* 

ryps fop«- 
MHO, *C 

CPCANN* 
MMCHJf* 
H«PMU0 

MC 
npo*y»ro» 

r0p4N*< 

A 7 

NH4CIO« - 65% 1 
JnwiMMjmp — 35% J 24-30 1.62 1600 21 

5 

8 

NH«CIO« - 65% > 
irkwiHCyAwJwa + »note* } 

CHAHaR CHoaa —35% i 
24-30 1,63 1750 22 

c 

9 

NH4CIO« - 75% , 
Jl0AMCy*M|>HA+ »nOK- 
/ CHAHS* CMOJ1I— 25% ) 

24-30 1,70 2550 25 

p 

10 

11 

NH4CIO4 — 50% 
KCIO« — 20% 

YloaHcya wfiHi — 22.5% 
BnoKCHAHi* CMona — 

r 7.5% 

24-30 1,74 2220 26 

1) Designation of charge: 2) propellant; 3) average oxi¬ 
dizer-particle size, [i; 4) density at 2.0°; 5) combustion 
temperature. °C; 6) average molecular weight of combustion 
products: 7) 35$ polyester; 8) 35# of polysulfide + epoxy 
resin; 9) 25# of polysulfide + epoxy resin; 10) 22.5# 
polysulfide; 11) 7-5$ epoxy resin. 

TABLE 173 

Erosional and Normal Combustion Rates of Solid Propellants 

[37, 38] 

1) 

Toramío 

Xap.IKTCpHCTHNâ RO*! 
2) Tono® rasa 

>)cKOpOCTk rOpcHHC 
(>pO}HONHl*).H«/r«t 

-sr 
CKOpOCTfe 
ropcHNB 
c Topua, 
MMfCtK CKOpoCTb, 

3)H/r« 
laBJicHMe* 
Ij. j om 

>»P»A A lip*« c 
^j.íS60* 

NH4CIO4 - 65% 
9 ) nojiH*|>Hp — 35% 

50 
50 

100 
100 

20 

100 
20 

100 

2,0 
7,5 
3,8 

10,3 

3,0 
7^2 
3,0 

10,2 

2,6 

4.7 
2,6 
4.7 

NH4C104 - 75% 
1Q yOAH3(^Hp -^SnOKCHAHa* 

50 
100 

225 

100 

100 
20 

10,0 

12,0 
6,0 

0,5 
11,0 
6,3 

8,5 
8,5 
5,1 

l) Propellant; 2) gas-flow characteristics; 3) velocity, 
m/sec; 4) pressure, atm; 5) erosional rate of combustion, 
mm/sec; 6) charge A, T = 169O0; 7) charge C, T = 2550°; 
8) rate of combustion from face, mm/sec; 9) 35# polyester; 
10) 25# polyester + epoxy resin. 
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bustion rates of the solid propel¬ 

lants were studied. In erosional 

combustion, the propellant surface 

is acted upon not only by the heat 

, flow from the flame front, but also 

by a gas flow moving over the material's 

surface. The case of erosional com¬ 

bustion occurs when solid propellants 

are burned from a central channel. 

The properties of the propellants 

tested are listed in Table 172 and 

the test results in Table 173. 

Thus, the combustion rate of a 

solid propellant depends on the velo¬ 

city of the gas flow moving over the surface of the propellant. The 

rate of erosional combustion is higher than that of combustion from 

the face. 

This relationship is shown in Fig. 222. 

The use of solid propellants in ramjet air-breathing engines re¬ 

presents a comparatively new field of application for them. Such fuels 

contain a large excess of combustible (a ~ 0.2-0.25) and a small quan¬ 

tity of oxidizer - about 2% - to support combustion. The propellant 

charge is placed in the combustion chamber of a supersonic aircraft 

and burns in the air stream during combustion of the combustible ex¬ 

cess. Solid fuels for ramjet air-breathing engines have the following 

Fig. 222. Combustion rate of 
solid propellant as a func¬ 
tion of conditions, x) facial 
combustion (average values); 
•) erosional combustion, gas 
velocity 54 m/sec; 0) same, 
gas velocity 113 m/sec; A) 
same, velocity 236 m/sec. 
l) Ovei-all combustion rate, 
cm/sec; 2) pressure, atm abs. 

compositions and characteristics: 

Composition of Propellant, $ 

Potassium nitrate 
Copper sulfate 
Aluminum 

25 
10 
65 

Characteristics 

Density 1.Ó5 
Heating value 4450 kcal/kg 
Combustion rate 13 mm/sec 
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Potassium nitrate 
Copper sulfate 
Magnesium 
Aluminum 
Boron 
Sulfur 

21.5 Density 
8.5 Heating value 
30 Combustion rate 
25 
10 
5 

1.25 
4800 kcal/kg 

32 mm/sec 

Potassium nitrate 
Copper sulfate 
Boron 
Aluminum 

25 Density 
10 Heating value 
20 
45 

1.33 
5300 kcal/kg 

Carbon 
Aluminum 
Boron 
Potassium nitrate 
Nitrocellulose 

45 Density 
20 Heating value 

1.45 
6600 kcal/kg 

5 
10 
20 

Copper sulfate is added to these compositions as a combustion 

catalyst to raise the combustion rate. The combustion rate of the 

propellants at atmospheric pressure is 15-30 mm/sec [4]. 
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Manu¬ 
script [Footnotes] 
Page 
No. 

601 *Nitropolyvinyl alcohol [-CH2-CH(0N02)-] x and nitropoly- 

styrene [17b] are recommended for these purposes. 

610 *In this case, we imply operation of the engine at high 

altitudes above 100 km, where the density of the atmos¬ 

phere is negligibly small. 

613 *Polyvinyl nitrate, nitropolystyrene with nitrotoluene 

additives and aluminum were recommended in i960 as binders 

with ammonium perchlorate [17b]. 

Manu¬ 

script [List of Transliterated Symbols] 
Page 
No. 

529 06p- obr = obrazovaniye = formation 
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Part Three 

OXIDIZERS USED IN PROPELLANTS 

FOR LIQUID REACTION ENGINES 

INTRODUCTION 

The oxidizer of a propellant for liquid reaction engines is that 

substance which is used, in its capacity as a propellant (fuel) com¬ 

ponent to accomplish the oxidation of the combustible in the ZhRD 

chamber. The properties of a ZhRD propellant are determined in great 

measure by the nature of the oxidizer, since the oxidizers used may 

differ markedly from one another in terms of properties, whereas or¬ 

ganic combustibles show no such great divergence with respect to prop¬ 

erties [1]. 

For example, propellants containing liquid oxygen as the oxidizer 

differ markedly from nitric-acid- and nitrogen-oxide-based propellants. 

Liquid oxygen has a boiling point of -I830. At this temperature it is 

extremely volatile and neutral in character. Nitric acid is used at 

temperatures that are almost 2C0° higher. Nitric acid boils at +86° 

and is a powerful acid. 

Concentrated hydrogen peroxide also differs markedly in terms of 

properties from the first two oxidizers. One of the characteristic 

properties of hydrogen peroxide is its capacity to catalytic decomposi¬ 

tion which takes place in the presence of fast catalysts which result 

in the liberation of a substantial quantity of heat. 

We know of oxidizers which differ even more markedly in terms of 

properties from the first three; for example, fluorine and the oxides 

based on fluorine compounds. 

The divergence in oxidizer properties has an effect on the nature 
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of the propellant. Propellants based on liquid oxygen, nitric acid, and 

hydrogen peroxide differ suostantlally in terms of energy and opera¬ 

tional characteristics, although the combustibles (included in the com¬ 

position of these propellants) may be of the same type (petroleum prod¬ 

ucts) or may be quite close in terms of properties [9]. 

In connection with the above, particular attention must be devoted 

to propellant oxidizers in the propellant system for ZhRD. 

Certain oxidizers for reaction [rocket] propellants can be di¬ 

vided into the following groups [1-3* 19, 20]. 

1) Nitric acid, nitric acid with oxides of nitrogen, and tetra- 

nitromethane. In the USA, 97-99# nitric acid is used as an oxidizer 

and identified by the conventional designation WFNA (MPD-579); the nit¬ 

ric acid containing 13-20# nitrogen oxides is designated as RFNA (MPjj- 

25508). 

Reference should also be made to a mixture of nitrogen oxides em¬ 

ployed as oxidizers: NO-N^O^-N^O^ and tetranitromethane C(N0?)^ with 

20-30# n2o4. 

Ammonium nitrate NH^NO^ is used in solid propellants. 

2) Liquid oxygen and solutions of ozone in liquid oxygen. Liquid 

oxygen was the first oxidizer which found practical application in 

rocket engineering and serves as one of the basic oxidizers at the 

present time. In recent years, a great study has been conducted in con¬ 

nection with ozone, as a result of which scientists in the USA have 

come to the conclusion that a 20-25# solution of ozone in liquid oxygen 

can be employed as an oxidizer in rocket engineering, in view of its 

greater efficiency as compared to that of oxygen alone. 

3) Liquid fluorine. In recent years, this oxidizer has been used 

by the USA in rocket engines. In terms of efficiency, liquid fluorine 

as an oxidizer exhibits substantially better characteristics than does 
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liquid oxygen; however, the application of this oxidizer is being de¬ 

layed by the difficulties encountered in storing it (liquid fluorine 

boils at -188.3°), as well as by the difficulties encountered in the 

transportation of the liquid fluorine, and the operation of engines 

using this oxidizer. 

4) Compounds containing active fluorine. Among these, we should 

devote some attention to the oxygen compounds of fluorine F^O, FNO^, 

the halides of fluorine CIF^, BrF^, and recently derived compounds of 

fluorine - tetrafluorohydrazine N^F^ and perchlorylfluoride FCIO^, 

which are already being produced on an industrial scale in the USA. 

Fluorine compounds, although their heating yield is smaller than 

that of fluorine in propellant mixtures, they are either liquid or 

have a higher boiling point than fluorine and can be used in liquid 

form or in the form of solutions in other liquid oxidizers at standard 

temperatures. 

5) Perchloric acid HCIO^ in the form of its derivatives. Per¬ 

chloric acid is a compound that exhibits limited stability but can be 

suggested for utilization in the form of 8-12$ solutions in nitric 

acid, where it is found in the form of nitronium perchlorate N02C10¿|. 

Another compound - anhydrous perchloryl fluoride, a completely 

stable compound, is suggested as an oxidizer in the USA. 

Ammonium perchlorate NH^CIO^ is the basic oxidizer for solid 

rocket propellants. 

6) Concentrated hydrogen peroxide - 80-90$ HgOg. At the present 

time, this is used primarily as an auxiliary monocomponent propellant 

to actuate rocket turbopumps; we also know of its utilization in 

starter engines for aircraft, and there has been some indication of 

the possibility of using hydrogen peroxide in aviation ZhRD. 

Of the above-enumerated oxidizers, some are being investigated, 
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and the utilization of others is still a matter of some doubt. 

Liquid oxygen, nitric acid, and nitrogen oxides, as well as con¬ 

centrated hydrogen peroxide have found practical application; liquid 

fluorine is being tested on an industrial scale. 

In the subsequent sections, individual properties of ZhRD oxidiz¬ 

ers are examined. 
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Chapter 1 

NITRIC ACID, NITROGEN OXIDES, TETRANITROMETHANE 

Generally 98-99$ nitric acid Is used as the oxidizer 1'or rocket 

propellants; this oxidizer, in foreign literature, is referred to as 

"white fuming nitric acid." The nitric acid contains varying quantities 

of nitrogen tetroxide. It has been proposed to use systems consisting 

of nitrogen oxide as oxidizers. For example, there have been reports 

on tests of oxidizers consisting of tetranitromethane and nitrogen 

tetroxide. The physicochemical properties of oxidizers based on nitric 

acid, nitrogen oxides, and tetranitromethane are presented in Table 

174. 

TABLE 174 

Physicochemical Properties of Oxidizers Baaed on 
Oxygen Compounds of Nitrogen [1, 2] 

OKXtnarcAfc 
2 
Moa. see nsoinocib T. iwi., *C T. Kim.. *C 

'Tensora 
oóp.riooa- 

linn, 
KKCUlMOAb 

TensónpoHioo* 
flHTCAl.MOCTb 
c TosyosoH, 

kkoa/ki 

8 Asoman KHcnora , . , 
9 MerwpcxoKiiCb aaoxa 

10 rixTHOKHCb » 
11 TpexoKiicb » 
12 OKHCb » 
13 3aKHCb » 
14 TeipamapoMeTaH . . 

63,02 

. 92,02 
108 

62 

30 

44 
196,04 

1,51(20*) 

1,45(20') 

1,63(18°) 

1,447(2°) 

1,27 (>k) 

1,23 (w, -8°) 
1,04(20°) 

- 41,6 

- 11,20 
- 30 

-102 
—164' 
-102,4 

+ 13,8 

86 
21,15 

47 

+ 4 

-151 

- 89,5 
126,0 

41,40 
- 3,08 

0,6 
20,0 

-21,5 

-19,5 

- 8,9 

1470 

1790 

1830 

1610 

1310 
176» 

l) Oxidizer; 2) molecular weight; 3) density; 4) 
melting point, °C; 5) boiling point, °C; 6) heat 
of formation, kcal/mole; 7) heating yield with 
toluene, kcal/kg; 8) nitric acid; 9) nitrogen 
tetroxide; 10) nitrogen pentoxide; 11) nitrogen 
trioxide; 12) nitrogen oxide; I3) nitrous oxide; 
14) tetranitromethane. 

- 639 - 



1. Nitric Acid 

Nitric acid (1* is unstable and decomposes quite rapidly at 

room temperature in accordance with the following equation: 

2HNO, 2 N,0, + HjO 

NA-2N0,+¿-01 

to 98-99# nitric acid, after which the decomposition process is sharply 

retarded by the water is formed in the reaction. 

Since gaseous oxygen is liberated in the decomposition, extremely 

high pressures may develop in a closed volume. The magnitude of this 

pressure is a function of the volumetric ratio between the vapor (V ) 

and liquid (V) phases. The rate of decomposition for concentrated nit¬ 

ric acid at 76 is shown in Fig. 223. At 76° and a volume of about 11^ 

for the vapor phase, the pressure after a period of 16 hours may at¬ 

tain 90 atm [3]. 

Fig. 223. Rate of decomposition for 
concentrated nitric acid at 76° and 
for various volumetric ratios be¬ 
tween the vapor phase and the volume 
of the liquid phase (V^:V). 1) Pres¬ 
sure, atm; 2) time, min. 
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TABLE 175 

Standard Thermodynamic Quantities (298 16°K 
1 atm) for Liquid and Gaseous Nitric Acid [4] 

and 

1 
Kiimot* 2 AH 

MiU-HOi* 
3 AZ, 

KHA/i-MUt AS 5 ÍT7- 
Kùâ/t'MOAh 

5 
KUili-MOAt 

6hno,(>k) 
7 HNO,(r) 

-4I3Í9 
—31994 

-19032 
-17556 

-74,85 
-48,42 

37,19 
63,02 . 

9355 2503 

V caVg-mole; 3) AZ, cal/g-moie: 4) 
Xisp' cal/g-mole; 5) p cal/g-mole; 6) HNO^ 
(liquid); 7) HNO, (gas). ^ 

The change in the density of nitric acid 

at 20° is presented below [3]: 

ranging from 90 to 100$ 

Concentration, 

100 
99 
98 

97 
96 

Density Concentration, 
1-5129 95 
I.5059 94 
I.5OO8 qt 
1-4974 92 
1.4952 90 

Density 

I.4932 
I.4912 
1.4892 
1.4873 
1.4826 

The vapor tension of 98$ nitric acid at 20 and 4o°, respectively 

is 37 and II6.5 mm Hg. 

The melting point of 100$ nitric acid is equal to-4l.6°; 98$ 

nitric acid, -42.3°; 94.¾¾ nitric acid, -49.7°; and 90^ nitric acid, 

-68.5°. The diagram of state for the HNO^O system Is presented in 

Fig. 224. The heat capacity of 98$ nitric acid Is equal to 0.475 

4c.il/mole-deg. The heat of formation of 100$ nitric acid is 42.4 

kcal/mole, and for 97.5$ nitric acid it is 48.90 kcal/mole. 

K.p. Mishchenko and A. A. Ravdel' [4] present the thermodynamic 

characteristics for nitric acid (Table 175). 

Nitrogen tetroxide dissolves well in nitric acid. With the solu- 

N^O^ in HNO3, the solidification point is reduced for the mix¬ 

ture whereas its specific weight is increased, and this can be seen 

from the following data [5]: 
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Composition of 
solution, $ 

hno3 n2o4 

100 
96.6 3.b 

85 15 
82 18 
70 30 
66 3^ 

Solidification 
point, °C 

-42 
-58.5 
-70 
-73 
-58.5 
-48.5 

The solution of nitrogen tetroxide in nitric acid makes it pos¬ 

sible to obtain an oxidizer with a low solidification point (below -60°). 

Fig. 224. Diagram of state for the HNO^-H^O 

system, l) Temperature, °C; 2) content of 
HNO^, 3) ice + liquid; 4) ice + HNO^ x 
X 3H20 (solid); 5) HNO^HgO (solid) + 

+ HNO^-HgO (solid); 6) HNO^ (solid) + liquid. 

Solutions of nitrogen tetroxide in anhydrous nitric acid are 

denser than both the initial acid and the nitrogen oxides (Table I76). 

This relationship is also presented in Fig. 225. 

The nitric acid-nitrogen tetroxide system was the subject of a 

number of investigations [7, 8]. 

The technical requirements for concentrated nitric acid and me¬ 

lange are presented in Table 177. 
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TABLE I76 
Density of Solutions of Nitro¬ 
gen Tetroxide in Nitric Acid 
at 25° [6] 

Coxcpwi- 
HNfl N1O«. ^/lOTMOCTfc ' 

jCWpMANM 
NiOo* % 

4 
n/IOTNOCTk 

0 
2 
4 

■ 6 
8 

10 
12 

1.5018 
I, 5105 

II, 5193 
1,5227 
1,5361 
1,5433 
1,5525 

14 
16 
18 
20 
26,5 
36,0 

1,5606 
1,5683 
1,5760 
1,5838 
1,59271 
1,610 |(23) 

1) Content of N’O^, 2) den¬ 

sity; 3) content of NgO^, 

4) density. 

Fig. 225. Density of solutions 
of in HNC>2 as a function 

of composition, l) Density of 

solution, g/cm^; 2) content of 
N02, $ by weight. 
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TABLE 177 
Technical Requirements with Respect 
to Concentrated Nitric Acid and 
Melange [Mixture] 

1 nOKIMTeJN 

2 Amthi« mmmoti 

.ncptuH 

3eopT 

(TopoH 
¿I copr 

aIcjiamjk 
nepBoro 

copr» 

6 KoimeHTpauHH imthoA khcaotu 
(%), HCMCHCC.' . 

7 CoaCpiMHHe OKHCJIOi »30TI 
q (%), Heßwiee. 
O CoAcpwaHHe cepHoA khoiotu 

(%), He Canee. . .. 
9 CoacpJKÍHHe TBCpaorO OCTITKâ 

(H )> kc floaee. 
10 CoxepxtHHc mui (¼). He Coate 

0.1 

96 

0,4 

0,2 

69,0 

0,4 

7,5 

0,12 
3,0 

1) Indicators; 2) nitric acid; 3) 
first kind; 4) second kind; 5) me¬ 
lange of first kind; 6) nitric-acid 
concentration ($), no less than; 7) 
nitrogen-oxides content ($), no more 
than; 8) sulfuric-acid content ($), 
no more than; 9) solid-residue con¬ 
tent ($), no more than; 10) water 
content ($), no more than. 

Nitric acid (98$) with nitrogen oxides have found practical ap¬ 

plication as oxidizers. Melange was used as an oxidizer in Germany. 

The corrosion produced by concentrated nitric acid in the liquid 

phase and in the vapor phase is of great significance in selecting the 

material from which the rocket equipment is to be fabricated. 

Table I78 presents data on the corrosion activity of concentrated 

nitric acid containing 6.5 and 16$ nitrogen tetroxide and 12$ sulfuric 

acid (melange), with respect to the various types of steels at tem¬ 

peratures ranging from +10° to +27°. 

With respect to conventional steel, nitric acid exhibits pronounced 

corrosive properties. 

Only chrome-nickel steels and high-silicon iron are stable with 

respect to concentrated nitric acid. 

Aluminum and steels of brands Khl?, Kh25, and Khl8N9 (in accord- 
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1 
anee with the classification system adopted in the USSR) are stable to 

nitric acid. 

In addition to corrosion, a tremendous deposit of mineral salts 

is accumulated at the bottom of the cavity as a result of corrosion. 

Initially soft and Jelly-like, this deposit eventually converts into 

solid grains. 

Temperature has a significant effect on corrosion. The effect of 

temperature on corrosion is presented in Table 179» 

TABLE 178 

Magnitude of Metal Corrosion in Nitric Acid 
(mm/year) [9] 

1 MtTCpNM 

2 KoMiciirpiiponaNMft* oortu« 
KHaiora 

6 ripNMCIIHNC 
« «.»% 

^ NK),- 
e 16% 

4 N*0* 

*12% 
SO. 

JIhtoc mcmjo . . . . 

Cnjih SAC*1020 . • 
HcpKIMKHlUl CTMk 

A1SI-3M... :..-. 

12,7 
0,25 

0,010 

10,1 
0,76 

0,010 

0,025 

0,015 • 

He ycTOMwino 10 
Othociitcmho ycTolhn* 11 

B> 

BfKWIHe yCTOMMHBi 12 

1) Material; 2) concentrated nitric acid; 3) 
with 6.5# N204; 4) with l6# 3) with 

12$ HgSO^; 6) remarks; 7) cast iron; 8) SAE- 

1020 steel; 9) AISI-304 stainless steel; 10) 
not stable; 11) relatively stable; 12) com¬ 
pletely stable. 

TABLE I79 
Effect of Temperature* on the 
Corrosion of Stainless Steel 
through the Action of Concen¬ 
trated Nitric Acid with 6.5$ 
n2o4 [9, 10] 

ÍTciincpj|. 
ryp», ’C 

KOp* 
P03HH, MMfiOd 

I- 
TcMne^TjFp«, KOp* 

POSMM, mm!tod 

27 

54 

80 

0,010 

0,178 

5,080 

97 

110 

120 

7,820 
12,700 

50,500 

*The assignments were carried out under 
pressure at temperatures above the boiling 
point of nitric acid. 

l) Temperature, °C; 2) magnitude of corrosion, mm/year. 
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TABLE 180 

Effect of Addition of Sulfuric 
and Orthophosphoric Acids on the 
Corrosion of SAE-1020 Steel 
tlirough the Action of Concen¬ 
trated Nitric Acid with 16# Nit¬ 
rogen Tetroxide [9, 10] 

.1 
CcgKPKMM 
«•fcMN. % 

¿Bmhinii* KoppoMa MoraoR knuotoí 
(««/MJ) C a061 hunk 

».so, H,PO. 

0,0 
1.0 
2,0 
4.0 

0,270 
O.OT.l 
0,025 
0,015 

0.270 
0,030 
0.102 
0.7ÍW 

1) Content of admixture, 2) 
magnitude of corrosion (mm/year) 
with nitric acid and admixtures. 

The corrosion due to nitric acid can be reduced through the addi¬ 

tion of sulfuric (98#) or orthophosphoric acid (85#) to the nitric 

acid (Table I80). 

The sulfuric acid reduces the corrosion produced by the nitric 

acid. The phosphoric acid reduces corrosion only in the case of admix¬ 

tures in a quantity up to 1.0$, after which corrosion again increases. 

Prior to 1951* 98$ nitric acid was used in rocket engineering in 

the USA; it was used particularly for the anti-aircraft defense rocket 

Nike. In 1952, nitric acid was replaced by a nitric acid containing 

20-25$ nitrogen oxides. This is associated with the fact that the nit¬ 

ric acid decomposes, liberating oxygen, when stored in hermetically 

sealed rocket tanks; in this case, the oxygen creates pressure of sev¬ 

eral tens of atmospheres, leading to the bursting of the membrane sep¬ 

arating the tank and the engine. Nitric acid containing 20-30$ nitro¬ 

gen oxides is stable in storage and does not liberate oxygen, and has 

less of a corrosive effect on the aluminum tanks. 

An investigation carried out by the Jet Propulsion Laboratory of 

the California Institute of Technology demonstrated that the addition 
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of a small quantity of hydrogen fluoride (a fraction of a percent) to 

nitric acid substantially reduces the corrosive action against aluminum 

and stainless steel as a result of the formation of a protective fluo¬ 

ride film on the surface of the metal. 

Nitric acid containing a small quantity of water and nitrogen ox¬ 

ides is also recommended as a stable oxidizer having the following 

composition: 98# nitric acid, 100 parts by weight; NgO^, 2-4 parts uy 

weight; and HgO, 2-4 parts by weight. 

Nitric acid is an oxidizer that is available on a large industrial 

scale. For example, the production of nitric acid in the USA during 

the past 10 years was as follows [11]: 

million tons 
annually 

1951. 1.5 

1956 . 2.6 

1957 . 2.8 

i960.about 4.0 

The cost of nitric acid is comparatively low in comparison with 

other oxidizers. For example, according to 1957 data, the cost in the 

USA per ton of oxidizer was as follows: 

Liquid oxygen. 110 dollars 

Nitric acid (98$). 220 dollars 

Nitric acid (7W   240 dollars 
Nitrogen oxides (22$) 

Tetranitromethane. 66O dollars 

2. Nitrogen Oxides 

In addition to nitric acid, nitrogen tetroxide (NgO^) may also be 

employed as a component in rocket propellants. 

Nitrogen'tetroxide under normal conditions is not an individual 

substance, but represents a mixture of two equivalent forms: 

N,04 ^ 2NO2 
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Technical nitrogen tetroxide contains no more than 0.1# of water. 

Moist nitrogen tetroxide corrodes conventional steels. However, when 

dry NgO^ (or with a moisture content not exceeding 0.1#) has virtually 

no effect on steel. Therefore NgO^ is stored and transported in con- 

^ ventional steel low-pressure flasks. At 35°t the vapor pressure of NgO^ 

amounts only to 2 atm [11]. 

Nitrogen tetroxide, as well as other oxides (NO and N^) are 

toxic. 

Under laboratory conditions, nitrogen tetroxide can be derived 

from the following reaction: 

3NaNO* + 2HNO, - 3NaNO, + 2NO + H,0 
N0 + 2HN0,,-I‘/^A+HJ0 

Industrially, nitrogen tetroxide is obtained by the two-stage ox¬ 

idation of ammonia: initially nitric oxide is obtained, and this is 

then oxidized into the tetroxide. 

A system of nitrogen oxides NO-NgO^ has been reported [12, 13], 

and this system consists of a mixture of equivalent quantities of three 

oxides : 

xNO £ yN,Oj if zNA 

NgO^ is formed as a result of the reduction of nitrogen tetroxide 

with nitric acid: 

2NO + NA - 2NA 

This system can also be of interest from the standpoint as serving 

as an oxidizer for rocket propellants. 

Nitrogen trloxide is a compound which is stable and decomposes 

easily at standard temperature. However; under some pressure in a. mix¬ 

ture of equivalent quantities of other nitrogen oxides (NO and N^) 

nitrogen trioxide is quite stable. 

The ternary system NO-N^-N^, obtained by the solution of NO 
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Fig. 226. Vapor pressure above the 
N0-No0^ system as a function of tem¬ 

perature. 1) IÓ.85# NO; 2) 
NO; 3) 10.67# NO; 4) 8.30# NO; 5) 
5.55# NO; 6) 2.89# NO; 7) NgO^. A) 
Temperature, °C; B) vapor pressure, 
mm Hg. 

in N^O^, has the following points of solidification as a function of 

the content of NO in NgO^: 

M.p., °C 

-11,3 

-14,1 
-17,06 
-20,4 • 

-23,51 

-28,81 

-33,81 
-40 

The vapor pressure for a 16.85# solution of NO can be presented 

by the following equation: 

log p = 9.0347 - 1702-1/T mm Hg. 

Figure 226 shows the vapor pressure above the NO-NgO^ system. The 

diagram of state for the NO-N^-N^ or N^-N^ systems are pre¬ 

sented in Fig. 227. 

In the USA, handbook oxidizer tables point to an oxidizer the fol¬ 

lowing composition: NgO^, 70#; and NO, 30#, i.e., a NO-^O^-NgO^ system. 

Content 
of NO, # 

0 
2,80 

5,55 
8,30 

10,67 

14,11 
16,85 

20 
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This oxidizer with triethylamine yields a specific impulse that is 10 

units higher than nitric acid with the same combustible. 

Tetranitromethane has been known as an oxidizer for several tens 

of years and was long ago suggested for the preparation of explosive 

mixtures [14], 

Subsequently, tetranitromethane was proposed as an oxidizer for 

rocket propellants. However, the physicochemical properties of tetra- 

nitromethane make it impossible to use it directly as an oxidizer. For 

example, the melting point of tetranitromethane (+14.2°) prevents its 

utilization under all operating conditions. On the other hand, this '' 

oxidizer exhibits substantial advantages over nitric acid. It exhibits 

a high specific weight of 1.643 at 20°, a boiling point of 126°, and 

in a vapor with combustibles forms a propellant with a high heating 

yield (1760 kcal/kg). Tetranitromethane is a weak endothermic compound 

whose heat of formation is 8.96 kcal/mole [15]. 
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1 
The heat of tetranitromethane decomposition is quite substantial 

and amounts to 102.9 kcal/g-mole or 526 kcal/kg. It is for this reason 

that tetranitromethane exhibits such poor explosive properties. 

Tetranitromethane has been proposed for use in a mixture with nit¬ 

rogen oxides in the following relationship: C(N02)^, 70# and tyfy, 30# 

[16], This solution has a low solidification point of -30° and is vir¬ 

tually explosion-proof. 

Tetranitromethane can be obtained in a variety of ways, as for 

example: 

1) by the nitration of trinitromethane with nitric acid; 

2) by the destructive nitration of aromatic hydrocarbons with nit¬ 

ric acid; 

3) by the destructive nitration of aromatic nitro derivatives with 

nitric acid; 

4) by the nitration of acetic anhydride with nitric acid; 

5) by the nitration of ketene with nitric acid. 

During the First World War, the production of tetranitromethane 

was accomplished by the nitration of acetic anhydride with nitric acid: 

4 (CHjCOJjO + 4HNOl-C(NOl)1 + 7CH,COOH + CO,. 

In order to employ this method to produce tetranitromethane in a 

laboratory, 126 g concentrated nitric acid is introduced slowly into a 

flask containing 205 g acetic anhydride, cooled to -5°. After a period 

of 3 hours, the mixture is kept at 0°, and then kept 8 days at room 

temperature, after which it is heated for 1 hour to 45-50°. Then the 

mixture is poured into a glass vessel containing water, where 10 g tet¬ 

ranitromethane settles out, and this represents a yield of 72#. 

This method is associated with a tremendous consumption of acetic 

anhydride and nitric acid. 

A better method is the one that is based on the nitration of 

- 651 - 



acetylene with nitric acid. This reaction can be presented by the fol¬ 

lowing summary equation [I?]: 

5HC «CH4- 38HNO,- 3C(N0,)4+7COt + 26NO, + 24H,0 

A convenient method for the derivation of tetranitromethane is the 

reaction of the nitration of ketene with 98-99# nitric acid in accord¬ 

ance with the following reaction [18]: 

4CH, = C = 0 + 4HNO,-*C (NO,)4 + CO, + 3CH,COOH 

In diluting the reaction mass with water, up to 90# of the tetra¬ 

nitromethane is isolated. During the nitration, the ketene bubbles 

through the layer of nitric acid if well cooled with ice. The ketene 

is obtained by the pyrolysis of acetone 

CH, — CO — CH, -* CH, = C = 0 + CH4 

The initial substance for the derivation of acetone is propylene 

from cracking gases. 

The nitration of acetylene, in order to produce tetranitromethane, 

has been studied in great detail. This method was checked on continuous- 

action experimental installations. For example, it was possible to ob¬ 

tain 10 kg of tetranitromethane on this continuous-action laboratory 

installation. A diagram of this installation is presented in Fig. 228. 

The nitration of acetylene with nitric acid is carried out in 

three series-connected columns 1, 2, and 3» The total capacity of these 

columns amounts to approximately 3 liters. The first two columns are 

filled with 98# nitric acid in a mixture with regenerated nitric acid 

containing about 0.14 g mercury nitrate per 1 liter of nitric acid. 

The mercury nitrate is the catalyst in the nitration reaction. Within 

1 hour 2.4 liters of the nitration mixture is introduced into the up¬ 

per part of the column and 93-5 liters of acetylene are introduced in¬ 

to the lower part of the first column in an hour through a special dis¬ 

tribution device which provides for the good mixing of the reagents. 
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The nitration reaction in the first two columns is carried out at a 

temperature of 50-55° as a result of which the trinitromethane is 

formed. 

The continued reaction of the nitration of trinitromethane in tet- 

ranitromethane is carried out in the third column. This reaction is 

carried out at 90° in the presence of 95# sulfuric acid. A solution of 

trinitromethane in nitric acid enters this column continuously in addi¬ 

tion to the 1.7 liters/hour of sulfuric acid. The heating of the reac¬ 

tion column is carried out by means of a steam jacket. The reaction 

mixture entering into the separator 4 from column 3 is separated into 

two layers: the upper layer consists of crude tetranitromethane, and 

the lower layer consists of a mixture of waste acids. The crude tetra¬ 

nitromethane enters the lower part of the flushing column 5 into whose 

upper part there is a constant flow of concentrated sulfuric acid. The 

tetranitromethane, on passing through the layer of sulfuric acid, is 

flushed free of admixtures and accumulates in the upper part of the 

column from which it enters the purified-tetranitromethane collector 6. 

The waste-acid mixture, after separation in the separator 4, is 

pumped into the rectification column 7 where the nitrogen oxides and 

nitric acid is boiled off. The final separation of the nitric acid 

from the sulfuric acid is carried out in a still 8, where the sulfuric 

acid is also made stronger. Increased to a concentration of 95-96$, 

the sulfuric acid enters the collector 9 and is again used in the proc¬ 

ess. 

In the concentrated nitric acid obtained in the distillation in 

column 7 there are oxides of nitrogen and an admixture of tetranitro¬ 

methane. This acid is employed for the preparation of the nitrating 

mixture by the addition of fresh nitric acid and the required quantity 

of mercury nitrate. 
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Fig. 228. Continuous-action laboratory installa¬ 
tion for nitration of acetylene with nitric acid. 
1 and 2) Columns for the nitration of acetylene 
with nitric acid; 3) column for the nitration of 
trinltromethane with a mixture of sulfuric and 
nitric acid; 4) separator for the separation of 
crude tetranitromethane; 5) column for the flush¬ 
ing of the crude tetranitromethane; 6) purifled- 
tetranitromethane collector; 7) rectification col¬ 
umn for separation of concentrated nitric acid, 0) 
still for concentration of sulfuric acid; 9) sul¬ 
furic-acid collector; 10) scrubber for flushing 0 
waste gases; 11) condenser; 12) collector for re¬ 
generated nitrogen oxides; 13) cold-flushing 
scrubber; 14) nitric-acid collector; 15) condenser. 

A) Separation into fractions. 

With the nitration of the acetylene from the first column, carbon 

dioxide and nitrogen dioxide are liberated. These gases are passed 

through scrubber 10 in which they are flushed with hot concentrated 

nitric acid containing mercury nitrate in order to remove the traces 

of acetylene. After flushing the nitric acid is passed on to carry out 

the first stage of the nitration process. The gases from the scrubber 

are passed through a deep-cooling coil where the nitrogen dioxide is 

condensed. 

The resultant nitrogen dioxide is used for the preparation oí nit 

ric acid. 
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The incompressible part of the waste gases is passed through 

scrubber 13 in which the gases are flushed with cold concentrated nit¬ 

ric acid and where the nitrogen oxides are finally absorbed. The util¬ 

ization of a closed extraction and regeneration system reduces losses 

of tetranitromethane and nitrogen dioxide. 

The installation has a capacity of 440 g of purified tetranitro¬ 

methane per hour. The tetranitromethane yield, with this process, 

amounts to 60# of the theoretical yield. 

The chemical mechanism of the reactions taking place in the deriva¬ 

tion of tetranitromethane can be presented as proceeding in the follow¬ 

ing stages: 

1) in the first stage, during the reaction between the acetylene 

with nitric acid, dinitro-, and then trinitroacetaldehyde are formed: 

HC = CH + 2HNO, -> (NOjí&H - CHO + H,0 
(NOj)jCH - CHO + UNO,- (NO,),C - CHO + H,0 

2) the oxidation of the trinitroacetaldehyde into trinitroacetic 

acid, with its subsequent decomposition, and the formation of trinitro- 

methane: 

(NO,)3C - CHO + 2HN0, - (N02)3C - GOOH + 2NÓ, + H,0 
(NOa)3C - COOH -> (NO,)3CH + COa 

3) the nitration of trinitromethane into tetranitromethane. This 

reaction concludes in the presence of sulfuric acid at 90°: 

(NOa)3CH + HN03 -> (NOa)4C + HaO 

These reactions can be used to explain the formation of a great 

quantity of nitrogen oxides and carbon dioxide in the nitration of 

acetylene with nitric acid. 
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Chapter 2 

CONCENTRATED HYDROGEN PEROXIDE 

Concentrated hydrogen peroxide (80-9C#) is used abroad as a mono- 

propellant in starter aviation engines, but its primary use is as an 

auxiliary propellant (fuel) to actuate turbopump installations of ZhRD 

TABLE l8l 

Physicochemical Properties of HydroKen 
Peroxide [1J 

nOMMTUM 
2 Komchthum ncpcKMN tojlopofla. K 

BC 9« 100 

nnOTHOCTb ... . 
T. iwi., ‘C. 
T. Kim. (c pauojKfHHCM), * C . 
Bkskoctk npn 18*. ecm 

20 

Teiuora napoofipaaoDaHim, kkoaIkí 
riOMpXHOCTHOC HaTaiKCHHC, ÕUH/cm 

Tennora paanoweHHa, KKuJt-MOAb 
Teiuioia oCpaaosaKHii, Kiuuli-MOAb 

MiiAKan HjOi .. 
napoofipaaiian HiOi . . ... 

TcnaocMKOCTb, KaAÍt-tpad . . . 

1,35(18*) 
-22,2 

1,307(15,5») 

0,64 

1,30(25*) 
-11,1 

140 
1,30 

1,308 
328 

75,53 

0,58 

1,444 (18*) 
-1,7 
151,4 
1,307 
1,4139 

326 
75,7 

23,450 

45,16 
38,29 
0,57 

1) Indicators; 2) concentration of hydrogen 
peroxide, 3) density; 4) melting point, 

C; 5) boiling point (with decomposition), 
°C; 6) viscosity at 18°, centistokes; 7) 
refractory index n^°; 8) heat of vapor forma¬ 
tion, keal/kg; 9) surface tension, dyn/cm; 
10) heat of decomposition, kcal/g-mole; 11) 
heat of formation, kcal/g-mole; 12) liquid 

^3) gaseous H2O2; 14) heat capacity, 
cal/g-deg. 

[liquid rocket (reaction) engines], and it is used in certain cases a 

an oxidizer for rocket propellants [1, 2]. 

The physicochemical properties of hydrogen peroxide, of various 
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concentrations, are presented in Table l8l. 

Figure 229 shows the diagram of state for the HgOg-HgO system. 

With a drop in temperature, the solid phase settles out of 90-95$ hy¬ 

drogen peroxide. 90$ H202 can be supercooled. By means of additional 

quantities of ammonium nitrate to 92$ hydrogen peroxide, the melting 

point of the latter can be reduced from -9.1 to -32° (Fig. 230). 

A mixture consisting approximately of k0$ ammonium nitrate ana 

60$ hydrogen peroxide has a lower solidification point. A solution of 

this type may be of interest from the standpoint of serving as an ox¬ 

idizer for rocket propellants. 

Hydrogen peroxide decomposes with substantial liberation of heat 

and can therefore serve as a convenient energy source: 

H202 (liquid) -H20 (liquid) + l/202 + 23.^5 kcal/mole or 69I kcal/kg 

H202 (liquid) -*H20 (gas) + l/202 + 12.830 kcal/mole or 378 kcal/kg 

H202 (gas) -H20 (gas) + l/202 + 24.5 kcal/g-mole 

Fig. 229. Diagram of state of 
the H202-H20 system, l) Solid¬ 

ification point, °C; 2) concen¬ 
tration of HgOg, $. 

The decomposition of hydrogen peroxide takes place in the presence 

of a fast catalyst. In the decomposition of 1 kg 90$ hydrogen peroxide, 

0.423 kg active oxygen is liberated as are I7OO liters of gas heated 
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Pig. 230. Solidification point 
for solutions of ammonium nit¬ 
rate in hydrogen peroxide. 1) 
Solidification point, °C; 2) 

content of NH^NO^, #. 

TABLE 182 

Rate of Decomposition of 9<# 
Hydrogen Peroxide at Various 

Temperatures [1, 2] 

Tmntpajypa. np»ft»min*ji*— cKopom 
2 piMOMCHNH • 

30 
66 

100 
m 

3 1%, » roa 
4 1% b iieaea» 
3 2% sa 24 iaca 
6 PavnaractCH ówcipo 

1) Temperature, °C; 2) approx¬ 
imate decomposition rate; 3) 
1$ annually; 4) 1$ weekly; 5) 
2$ daily; 6) decomposes quickly. 

TABLE I83 

Effect of Admixtures on Rate of 
Decomposition of 90$ Hydrogen 
Peroxide at 100 [sic] in a 24- 
Hour Period [1, 2] 

AothBKa 
Koaii'iccrno 
anö.inKH, 
2 Ml/A 

noTcpM ncpnommak* 
HO IKTIimiorO KHCAO- 

Î po;w, % 

4 Bes floöanoK . . 
5 AaiomíiiiiiA . . 

6 XpoM ... . 
Mcflb . . . 
JKwe.io ... 

10 
0.1 
0,1 
1,0 

2 
2 

96 
85 
15 

1) Addition; 2) additional quantity, ing/liter; 3) 
loss of initial active oxygen, $; 4) without addi¬ 
tions; 5) aluminum; 6) chrome; 7) copper; 8) iron. 
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to 74o°. 

The slow decomposition of hydrogen peroxide occurs at normal tem¬ 

peratures. The rate of this process is a function of the presence of 

catalytic admixtures. For example, for a high-purity industrial speci¬ 

men of 90# hydrogen peroxide, the rate of decomposition is expressed 

by the following quantities as a function of temperature (Table 1Ô2). 

The most insignificant of admixtures will accelerate the decompo¬ 

sition of the hydrogen peroxide (Table I83). 

The dust and dirt which may contaminate the product also promote 

the decomposition of hydrogen peroxide. 

Acidic solutions of hydrogen peroxide are more stable with respect 

to decomposition than are neutral or alkaline solutions. 

The addition of certain additives (stabilizers) to the hydrogen 

peroxide makes it possible to reduce the decomposition rate. Phosphoric 

and pyrophosphorlc acids, their salts, boric acid, stannic, acetic, 

oxalic acids, as well as hydrooxyquinoline, acetanilide, etc., are used 

as stabilizers. The mechanism of stabilizer action involves their elim¬ 

ination or deactivation of the catalysts for the decomposition of the 

hydrogen peroxide. 

The high purity of the hydrogen peroxide in combination with a 

stabilizer is the best guarantee of hydrogen-peroxide stability during 

storage. The stabilizers also guarantee the preservation of the hy¬ 

drogen peroxide in the presence of various admixtures. 

However, if the hydrogen peroxide is contaminated by large quan¬ 

tities of admixtures, no stabilizers can prevent the rapid decomposi¬ 

tion of the product. 

For the stabilization of H2C>2 in storage, a small quantity of 

phosphoric acid is added; for example, 23 mg/liter is added for 87# 

hydrogen peroxide. The stabilizer quantity varies as a function of the 

- 661 - 



degree of product purity. 

The greatest danger during storage exists when various contamin¬ 

ants, capable of producing the rapid catalytic decomposition of the 

HgOg, enter the space (volume) containing the hydrogen peroxide. In 

this case, the decomposition may be accelerated to such an extent that 

the safety valves will no longer function effectively. In this case, 

it is expedient to add an additional quantity of stabilizer - phosphoric 

acid - to the liquid HgOg. However, if this proves to be inadequate, 

then the concentrated hydrogen peroxide must be diluted to a 67$ con¬ 

centration at which it is no longer dangerous [1]. 

Concentrated hydrogen peroxide must be handled carefully, since 

if it comes in contact with combustibles or contaminant materials, 

spontaneous combustion is sometimes possible. If hydrogen peroxide 

comes into contact with the skin, serious burns are possible. 

The best structural material for the storage of concentrated hy¬ 

drogen peroxide is aluminum of high purity (99*6$). Aluminum containers 

must be thoroughly cleaned prior to being filled, and they must be 

flushed with a solution of caustic soda and then with water and 10$ 

sulfuric acid of high purity for several hours. Then the acid is rinsed 

out with distilled water, after which it is desirable to rinse the con¬ 

tainer with hydrogen peroxide. On refilling, if the container has not 

become contaminated, the rinsing procedure is unnecessary [1, 2]. 

In this connection, large quantities of concentrated hydrogen per¬ 

oxide are stored in aluminum barrels having a capacity of 100 to 120 

kg. Aluminum tanks with a capacity of more than 15,000 liters are used 

for the transportation of this material, and these tanks are installed 

on railroad flatcars. The tanks have been fitted out with safety valves 

to handle excess pressure. In storage, losses of concentrated hydrogen 

peroxide should not exceed more than 1$ annually [4], 
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Bottles of chemically stable glass with an external aluminum 

safety shield are used for the storage of concentrated hydrogen perox¬ 

ide under laboratory conditions. Stainless-steel pumps may be used to 

pump hydrogen peroxide, and polyvinyl chloride is used for the packing 

[3, 5]. 

Teflon (polytetrafluoroethylene) and polyethylene, somewhat less, 

are stable to concentrated hydrogen peroxide. 

Certain stainless steels, with properly treated surfaces, can 

withstand being in contact with hydrogen peroxide at 20° for intermit¬ 

tent periods over several days [5]. 

Copper, lead, md certain alloys cause the rapid intensive decom¬ 

position of hydrogen peroxide. For a comparatively short period of 

time concentrated hydrogen peroxide can be stored in tanks made of 

elastic plastics made of polyvinyl chloride and polyvinyl acetate. Hy¬ 

drogen peroxide is drawn from these tanks under the action of external 

pressure which compresses the tanks [5]. 
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Chapter 3 

LIQUID OXÏGEN AND LIQUID OZONE 

1. Oxygen 

At the present time, liquid oxygen is in use abroad as an oxidant 

in fuels for long-range rockets. Its use as an oxidant for fuels in 

aviation liquid reaction-thrust engines has also been reported. 

In industry, oxygen is widely used to intensify processes in the 

metallurgical and chemical industries, in oxyacetylene welding, to pro¬ 

duce cheap commercial explosives (oxyliquits) and for other purposes 

[1]. 

Liquid oxygen is a transparent blue-tinted liquid with a specific 

gravity of 1.14. The boiling point of liquid oxygen is -I830, and its 

melting point is -219°. The critical temperature for oxygen is -118.8° 

and the critical pressure corresponding to this is ^9.7 atm. The vis¬ 

cosity of liquid oxygen (96$ concentration) at the boiling point is 

O.189 centipoise, its latent heat of evaporation is 1.632 kcal/mole, 

and the heat capacity of oxygen in the range from -173 to +25° lies 

between 7*0 and 6.9 cal/mole. The heat expended on evaporation of the 

oxygen and heating of its vapors to +18° must be taken into account in 

calculations for the fuels. This quantity amounts to 3-1 kcal/mole. 

Liquid oxygen is produced in industry by liquefying atmospheric 

air with alternating compression and cooling cycles, with the result 

that its temperature is lowered to —l80°, at which the air condenses 

under relatively low pressure. 

Apart from the other physicochemical properties, the compressibil- 
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ity of liquid oxygen is of great importance. 

It has been shown by special experiments that the compressibility 

of a fuel may exert considerable influence on the performance stability 

of a liquid-fuel rocket engine and on the combustion completeness of 

the fuel; it is characterized by the compressibility coefficient, the 

magnitude of which is determined by the following expression: 

lsothermal compressibility 

adiabatic compressibility 

where v is the volume, £ is the pressure, T is the temperature, and S 

is the éntropy of the liquid. 

The coefficients of adiabatic and isothermal compressibility are 

related as follows: 

Kl — Ka** -gr- • 

The compressibility of liquid oxygen is very small, and the difference 

between the volumes of liquid oxygen at pressures of 1 and 70 atm does 

not exceed 1%. 

Calculated values of the isothermal compressibility coefficient 

and other parameters of liquid oxygen are listed in Table 184. 

A diagram of an apparatus for producing liquid oxygen with a low- 

pressure cold cycle and a compressed-gas engine appears in Pig. 231 

[1]. Air is compressed to a pressure of 6-7 atmospheres in the turbo- 

compressor 1, passes through the water cooler 2 and is then fed into 

the heat exchanger 3, where it is cooled to -l60°; then almost all of 

the air (about 95^ of the total quantity) enters the compressed-gas 

engine 4, where it expands to 1 atmosphere and, in the process, cools 

almost to the liquefication temperature. Emerging from the compressed- 

gas engine, the expanded air enters the tubing of the liquéfier (con¬ 

denser) 5, where it transfers its low temperature to the remaining % 
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TABLE l84 
Theoretical Values of Isothermal Compressibility 
Coefficient and Other Parameters of Liquid Oxygen 

1 
Tcuncp*. 
typ*. *C 

2 
y¿e*i*NMA 

BCC 
(Mil.HUfl 

o6M!M, 
tM>U 

a 

4 
Cp • 

MAlitpai 

5 
10** 

6 
K,. 

M'/W'io** 

-183 

-188 
.-103 

-198 
-203 

-208 

-213 

1,142 
1,167 

1,191 

1,215 
1,239 

1,263 

1,282 

0,8757 

0,8569 

0,8396 

0,8230 

0,8071 

0,7918 

0,7800 

4,21 

4,15 
4,03 

3,94 

3,82 

3,65 

3,46 

0,4059 

0.4039 

0,4019 
0,4008 

0,3989 

0,3972 

• 0,3962 

• 3,441 
3,106 

2,714 
2,390 

2,065 

1,726 
1,422 

183 
165 

148 

132 

117,3 

102.5 
89.5 

1) Temperature, °C; 2) specific gravity; 3) spe¬ 

cific volume, cm3/gJ *0 cal/gram-degree; 5) 

Ta£'/C , cm3/cal* 10 3; 6) K^, cm^/kg*10 
P 

of the compressed air, which have been directed into the space between 

the liquéfier's tubes. Then the expanded air is diverted through the 

heat exchanger 3, cooling the air coming from the compressed-gas engine. 

The air in the inter-tube space of the condenser 5 is liquefied 

at a pressure of 6-7 atmospheres and then readmitted at the bottom of 

'the condenser'through the regulating valve 6, expanding to 1 atmosphere 

in the process. The liquid air is drained from the condenser through 

the valve 7* 

Liquid oxygen is produced from liquid air by evaporating the nit¬ 

rogen at a temperature of about -190°, after which the liquid oxygen, 

which boils at -183°, remains. 

The content of oxygen in technical liquid oxygen should be no less 

than 99.0/ by volume. 

Liquid oxygen is used in liquid form as an oxidant for reaction- 

thrust fuel. In this state, however, it is physically unstable. As a 

result, the storage and transportation of liquid oxygen represent seri¬ 

ous engineering problems. 

In its liquid state at atmospheric pressure, oxygen maintains a 
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constant temperature of -I830, because continuous evaporation of the 

oxygen is talcing place and is related to the absorption of heat. The 

evaporation of 1 leg of liquid oxygen requires expenditure of 51 kcal 

of heat. Due to the temperature difference, there is a continuous flow 

of heat from the surrounding space to the liquid-oxygen container, sub¬ 

ject to heat-transfer conditions. 

The evaporation time of liquid oxygen is inversely proportional 

to the heat-transfer surface area and the coefficient of heat transfer 

from the surrounding air to the liquid oxygen. The latter is basically 

determined by the thermal-conductivity coefficient of the wall of the 

container holding the liquid oxygen. 

As a result, containers with double walls are used to store liq¬ 

uid oxygen. The space between the walls is heat-insulated with a ma¬ 

terial having a low thermal conductivity or is evacuated. 

It has been established in practice that loose magnesium carbonate 

powder is an excellent heat-insulation material; this will be evident 

from comparison of the thermal conductivity coefficients for a number 

of heat-insulating materials [1]. 

Magnesium carbonate powder 0.027 kcal/m*hour*degree 

Asbestite. 0.0324 

Still air. 0.02 

Mineral wool and glass wool are also used as heat insulation. The 

oxygen losses are reduced by 25$ when a vacuum jacket is used as heat 

insulation. 

Under laboratory conditions, liquid oxygen is stored in double- 

walled Dewar flasks with a high vacuum of the order of 0.001 mm Hg be¬ 

tween their walls. Small Dewar flasks (1-2 liters) are usually made Ox 

glass, while larger flasks (up to 25 liters) are made from metals. 

Metal tanks with good heat insulation are used to store and trans- 
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port large quantities of liquid oxygen. Thus, certain of these have 

the following characteristics: 

Transportable Stationary 
"tanks" "tanks" 

Weight of filled "tank," kg.... 

Liquid oxygen capacity, liters. 

Loss of oxygen per hour, $. 

1100-5000 2500-18,750 

648-2900 1000-12,000 

O.26-O.35 O.I2-O.35 

Larger "tanks" for storage of liquid oxygen have capacities from 

10 to 50 and may, in some cases, hold as much as 40,000 to 45,000 m 

[2]. 

Liquid oxygen tanks with capacities of, for example, 13 or 30 

tons are used for long-range hauling of large quantities of liquid oxy¬ 

gen on railroad platform cars. The hourly losses from such tanks come 

to 0.11-0.12$ of capacity [1]. 

The thickness of the heat-insulation layer in the relatively small 

"tanks" ranges upward from 250 mm. The tanks are usually cylindrical 

in shape, since this provides the smallest cooling surface. A pressure 

of 1,4-1.6 atmospheres is maintained inside the tank, but this in¬ 

creases to IO-I5 atmospheres in many stationary tanks. 

Since rocket engineering requires large quantities of liquid oxy¬ 

gen, tanks that can accommodate hundreds of tons of this oxidizer are ___ 

required to provide ready reserves. 

A reservoir accommodating 50 m^ of liquid oxygen was built in 

1938 at an experimental air base in Germany. The reservoir consisted 

of a cylindrical shell having a height and diameter of 8.6 meters, 

within which an oxygen tank with a diameter of 6 m was placed. The 

space between the walls of the shell and the inner tank, which was 1.3 

meters, was filled with loose magnesium carbonate powder. The reservoir 

was underground, and this excluded the possibility of heating by sun¬ 

light. l40 kg of liquid oxygen, or 0.25$, evaporated daily. If we as- 
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sume that these losses do not vary as the oxygen reserve changes, 

about 400 days would be required to evaporate all the oxygen on the 

basis of these losses. 

A plan for a 1,000,000-ton underground liquid-oxygen reservoir 

has appeared in the literature [3]. The inside diameter of the reser¬ 

voir's container is IO3.5 m and it is II9 meters high. The Insulation 

is 10 meters thick. The quantity of oxygen evaporating daily is 13 

tons. Decades would be required for evaporation of all the oxygen from 

such a reservoir. 

Fig. 231. Diagram of liquid 
oxygen production by low-pres¬ 
sure refrigerating cycle with 
compressed-gas engine. 1) Tur¬ 
bocompressor; 2) cooler; 3) 
heat exchanger; 4) compressed- 
gas engine; 5) liquéfier; 6,7) 
valves. A) Water; B) air. 

As the liquid oxygen evaporates from stationary tanks, the losses 

are replaced. The gaseous oxygen is compressed to I50 atmospheres and 

collected in bottles. Gaseous oxygen is also stored under a 150-atmos¬ 

phere pressure in gas holders with 'capacities from 750 to 3000 iA The 

gas holders are filled from tank cars carrying liquid oxygen [2]. 
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The storage of liquid oxygen represents a serious problem because 

of the high chemical activity of oxygen and its extremely low boiling 

point [3]- 

Many materials, as, for example, steel and others, become cold¬ 

short at low temperatures. Only nonferrous metals and chromium-nickel 

alloys show good retention of their mechanical properties at low tem¬ 

peratures. 

Existing installations and those under construction for the pro- 

duction of oxygen are designed for capacities of 45-225 million nr/year. 

Thus, liquid oxygen is one of the cheapest oxidants [1]. 

According to GOST-4313, oxygen produced from atmospheric air by 

the deep-freezing method may contain no less than 99$ of 02 for Grade 

One and no less than 98$ of 02 for Grade Two. 

Equipment has been developed for production of inuid oxygen and 

its aerial transportation. One such unit [4] has a capacity of 8.5 tons 

of oxygen per day and is designed to service the reaction-thrust en¬ 

gines of long-range rockets with oxygen. It weighs 19.5 tons, but it 

can be knocked down into several sections for greater convenience in 

aerial transportation. The assembled installation is 15 meters long, 4 

meters wide and 3*3 meters high. 

Operation of the installation is automated; it is serviced round 

the clock by only four workers. A single operator attends it in each 

shift (8 hours), and one engineer is assigned to the installation for 

general supervision. 

Maximum use is made of aluminum and plastics as structural ma¬ 

terials to keep the weight of the installation down. 

The installation works on the principle of air-compression and 

-expansion cycles, with cooling of the air in air condensers and by 

liquid nitrogen. Liquid oxygen of 99-5$ purity issues from a continuous- 

i 
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flow rectification column. 

As a rule, liquid oxygen is used at the point of consumption [sic]. 

However, it can be hauled and stored in special tank cars having a 

15,000-liter capacity. It is interesting to note that the reservoirs 

can be equipped with special automatic helium coolers to condense and 

return the evaporated oxygen. In the helium cooler, liquid helium 

(boiling point -269°) circulates through a tube condenser Installed in 

the top of the reservoir containing the liquid oxygen. The gaseous oxy¬ 

gen condenses at its boiling point of -I830. The helium coolers make 

it possible to store a large quantity of liquid oxygen for a long time 

and to transport it over long distances without losses. 

Figure 232 shows a transportable installation for production of 

liquid oxygen, its storage, and its use in servicing rockets [4]. 

2. Ozone 

Apart from oxygen, ozone is also considered as an oxidizer for 

rocket fuels; this application was first suggested by Yu.V. Kondratyuk 

[5]. 

Ozone is an allotropie modification of oxygen. Its melting point 

is 2510 [sic] and its boiling point is -111.1°. In the liquid state, 

ozone has a dark blue color. It is capable of spontaneous decomposition 

and is distinguished by high brisance as a result of the fact that it 

is an endothermal compound. The specific weight of liquid ozone at 

its boiling point is 1.46, while that of oxygen is 1.14. Ozone has lim¬ 

ited solubility in liquid oxygen. Thus, for example, the solubility of 

ozone at the boiling point of oxygen (-183°) is about 25$. Mixtures of 

oxygen and ozone containing from 25 to 55$ of the latter separate into 

two layers: a heavy dark-violet phase that is richer in ozone (55$ 0^) 

and a lignter light-blue phase richer in oxygen. Solutions containing 

more than 55$ of ozone do not stratify but represent an explosion haz- 
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ard. At temperatures above -179*5°> ozone mixes with oxygen in all pro¬ 

portions, but elevated pressure is required to keep the solution in 

its liquid state [2], 

The oxygen-ozone diagram of state [6-7] for a pressure of 1 atmos¬ 

phere is shown in Pig. 233. 

Ozone is an unstable substance and is liable to spontaneous decom¬ 

position. This reaction is accompanied by the liberation of a large 

quantity of energy: 203 -*• 302 + 69 kcal/mole or 720 kcal/kg. The kin¬ 

etics of this process and the influence of various catalysts on it 

have been studied. Manganese peroxide, cupric oxide and other sub¬ 

stances accelerate the decomposition of ozone. However, perfectly pure 

ozone is stable at room temperature or, in any event, its decomposi¬ 

tion proceeds slowly. Gaseous ozone is capable of explosive decomposi¬ 

tion [8]. 

It was reported in literature data published before I956 that 

ozone — both liquid and solid — was a highly explosive substance. Ex¬ 

plosions occurred readily on boiling, heating, and shock, as well as 

when organic materials contaminated the ozone. 

According to a report [9] that appeared in I956, it was estab¬ 

lished in a study of the properties and stability of liquid ozone that 

the reason for explosions in liquid ozone was the presence of minute 

quantities of organic impurities contained in the oxygen from which 

the ozone had been produced. They can contaminate it from the lubricat¬ 

ing oils of the compressor in the production of liquid air and separa¬ 

tion of the oxygen. These oils are subject to cracking and oxidation 

with formation of volatile products that contaminate the oxygen. If 

the oxygen from which the ozone is produced is first passed through 

cupric oxide that has been heated to J00°, the organic impurities burn 

out and the ozone, which is obtained from this oxygen in liquid form, 
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will possess exceptional stability to shock and vibration and high 

thermal stability. 

Fig. 233- Diagram of state of ozone- 
oxygen system for pressure of 1 atm. 
1) Ideal solution; 2) vapor; 3) liq- 
rid and vapor; 4) liquid oxygen; 5) 
liquid ozone; 6) two liquid phases. 
A) Temperature, °C; B) ozone content, 
mole 

TABLE 185 

Nature of Discharge-Induced Explosion in 
Mixtures of Ozone with Oxygen [11] 

1 KoimcHTpaitiin 03011a 

2 oOkCMM. % 3 "K V. 
Arpcraritoc ccxtohiihc XapiKTcp tipuBa 

11 
14,2 

25 
38 
40 

44. 

15.8 

20,0 
33,3 

47.9 

50,0 

54,1 

6 Pa3 * 

0 

MHfKllii 7 
» 

» 
» 

9 >l(nAKOCTb ** 

» 

» 
PesKiiii. 8 
ClIAbllMH lUphIR 10 
AcTowamiH 11 

initiation of explosion in gaseous phase at 
voltage of 3000 V and interelectrode distance 
of 0.8 mm. 
**Initiation of explosion in liquid phase 
with voltage of 15,000 v and interelectrode 
distance of O.5 mm. 

l) Ozone concentration; 2) $ by volume; 3) ^ by weight; 4) 
physical state; 5) nature of explosion; 6) gas*; 7) mild, 
8) sharp; 9) liquid**; 10) powerful explosion; 11) detonation. 
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It has been reported [10] that bottles of liquid ozone have been 

dropped from high altitude and that the impact did not produce explo¬ 

sions. Then liquid ozone was subjected to 60-cycle vibrations for long 

periods of time, again without explosion as a result. 

Ozone produced from oxygen that has not been purified by the 

above method explodes even on boiling. Ozone explosions begin in the 

gaseous phase, so that gaseous ozone must be handled with great cau¬ 

tion. Tests were carried out to determine the sensitivity of liquid 

mixtures of ozone with oxygen to pulses produced by high-energy elec¬ 

tric discharge. The nature of the explosion in ozone of various con¬ 

centrations is indicated in Table I85. 

TABLE 186 

Detonation Velocity in Solu¬ 
tions of Ozone in Oxygen 

1 CoflcpwaiiHc oían« ■ 
PICTBOPC KKCJIOPOA«, OCC. % 

2CKOpOCTk KT0H««IIN, 
tient 

>,1 
GO 
81 
96 

1840 
4260 
0460 
6840 

l) Content of ozone in oxygen 
solution, % by weight; 2) de¬ 
tonation velocity, m/sec. 

The explosive properties of liquid ozone and Its solutions In oxy 

gen were studied In the USSR by A.Ya. Apln, S.A. Pshezhetskiy, et al 

¡12]. The properties studied were sensitivity to shock, detonation 

velocity, and the critical diameter of the tube In which detonation 

can still propagate. 

The researchers established that solutions of ozone in oxygen con- 

taining 58# of ozone are close to nitroglycerin as regards their sen- 

sitlvity to shock. 

The detonation rates of the ozone-oxygen solutions were investi- 
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TABLE 187 

Susceptibility of Solutions of Ozone 
in Oxygen to Propagation of Detona¬ 
tion from No. 8 Detonator Capsule in 
Glass Tubes 20 mm in Diameter 

1 Kohiick- 
Tpa&KR 
03011«. 

2 
Pciy/lbTATU OtlUTOD 

3 
npNMOliHNO 

•ec. % 

37/1 

yi.4 
40,2 

47% 
50% 

AcToiiamm tie npouua 4 

To »c 6 
AcToiiamiR uaqa^acb h sa 

ryxaa 7 
AeroHauHR npouuia 8 
To JKC 10 

KA Xr; 8 + TCipHROBaR 
uiaiuKa ^ 

B paciBope CF« 9 

l| Ozone concentration, $ by weight; 
2) results of experiments; 3) re¬ 
marks; 4) detonation did not advance; 
5) No. 8 capsule detonator + tetryl 
cap; 6) same; 7) detonation began 
and died out; 8) detonation advanced; 
9) in CF^ solution; 10) same. 

gated photographically. The light from detonation of charges of ozone- 

oxygen solutions was fixed with a photographic registering device on 

high-sensitivity film strips. The detonation rate was computed from 

the angle of inclination of the detonation trace on the film. The de¬ 

tonation rate was measured in ozone-oxygen solutions containing 47, 60, 

80, and 96$ of ozone. The detonation rates in solutions containing 47 

to 80$ of ozone in oxygen were measured in glass tubes 15-18 mm in di¬ 

ameter. The charge was 250-300 mm long, and was fired by a No. 8 de¬ 

tonator capsule. 

The detonation rates of solutions containing 96$ ozone were meas¬ 

ured in a 2-mm glass tube 10 cm long. In this case, the detonation was 

initiated by a glow wire. 

Table I86 shows the results of the detonation-velocity measure¬ 

ments. 

No detonation occurred in 37$ solutions of ozone in oxygen; Fig. 
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234 shows the detonation rate of ozone solutions as a function of the 

ozone concentration in the oxygen. The detonation rate of 100# liquid 

ozone is about 7000 m/sec, which corresponds to the detonation rate of 

TNT. 

Pig. 234. Detonation rate in 
ozone-oxygen solutions as func¬ 
tion of ozone content. 1) U, 
m/sec. 

Pig* 235- Critical diameters 
of ozone-oxygen solutions, l) 
Critical diameter, mm; 2) 
weight fraction of oxygen. 

The critical diameter of a liquid-ozone charge, i.e., the minimum 

charge diameter at which detonation arises, was determined in fine 

capillaries and glass tubes with diameters of the order of 19-38 mm 
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TABLE l88 
Critical Diameter at which 
Propagation of Detonation is 
Still Possible in Ozone-Oxygen 
Mixtures 

:)2 
:)7 
/.7 
58 
'Jfi 

>100 
>30 
<4.5 
<0,0 
<0,15 

1) Ozone content, # by weight; 
2) critical diameter, mm. 

and wall thicknesses of 0.5 nun (Fig. 235). 

In no case was detonation observed when a 33$ solution of ozone 

in oxygen was ignited in glass tubes with diameters up to 38 mm placed 

inside copper tubes with wall thicknesses from 2.5 to 6 mm. The explo¬ 

sions were initiated by a No. 8 detonator capsule. The results of the 

experiments are given -in Tables I87 and I88. 

The data obtained perlait approximate evaluation of the critical 

diameters of ozone-oxygen solutions of various compositions. 

Ozone can be produced by many different methods. However, it ap¬ 

pears that only two methods can be of technical value: 1). transforma¬ 

tion of oxygen into ozone by glow discharge; 2) the thermal method. 

'lew methods involving the use of radioactive radiation may also 

offer interest. 

In the former method, oxygen is passed into the space between two 

glass tubes. The inside of the inner tube and the outside of the outer 

tube are covered with tinfoil, to which a potential difference of 

.10,000-50,000 volts is applied, with the result that a silent electric 

discharge arises between these electrodes and the oxygen is partially 

converted into ozone. Under such conditions, equilibrium is established 
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between the oxygen and the ozone. The ozone yield runs as high as 14$. 

Ozone can be separated from mixtures with oxygen due to the dif¬ 

ference between the boiling points of these two substances. There are 

reports that if the ozone-producing process is carried out at a tem¬ 

perature near that of liquid air (—190°), with certain modifications 

to the ozonator design, ozone can be obtained from oxygen with a 99$ 

yield. 

Pig. 236. Diagram of apparatus 
for producing liquid ozone. 1) 
Oxygen from bottles; 2) oxygen 
purifier; 3) feed regulator; 
4) ozonator; 5) outlet for gas¬ 
eous oxygen; 6) coolant, liq¬ 
uid oxygen at -I830; 7) liquid 
ozone; 8) condenser. 

The thermal method of producing ozone consists in partial conver¬ 

sion of oxygen into ozone at high temperatures. On the basis of the 

equilibrium calculation 

30, 2 20, 

the following quantities of ozone can be obtained in mixtures with 

oxygen: 

Temperature, °C. 1296 2048 4500 

0^ yield, $ by weight. 0.1 1.0 10.0 

Decomposition of the ozone can be prevented by rapid cooling of 

the resulting mixture, so that ozonated oxygen is produced. 

It is possible to use liquid oxygen as the starting point for 



conversion of oxygen into ozone. For this purpose, a platinum wire is 

heated in liquid oxygen. On contact with the incandescent solid, the 

oxygen evaporates and is transformed into ozone, and the ozone dis¬ 

solves in the liquid and diffuses into the cold oxygen layers. Thus, 

the liquid oxygen is progressively enriched by ozone up to concentra¬ 

tions of the order of This method of producing ozone is economi¬ 

cally unsuitable because of the large amounts of electric power re¬ 

quired and the considerable evaporation of the liquid oxygen, although 

its simplicity does render it attractive. 

It has been proposed that oxygen be converted into ozone by bom¬ 

bardment with fast electrons [11]. 

Ozone can also be produced by electrolysis of aqueous solutions 

of sulfuric acid; the result is a gas with a high ozone content [8]. 

It has been shown [9] 'that in producing liquid fixtures of ozone 

with oxygen, it is highly important to guarantee purification of the 

oxygen entering the mixture, as well as to protect the system from 

possible contamination. Cleanliness of the apparatus is an extremely 

important point. Thus, borosilicate-glass apparatus is treated with 

chromic acid and then washed with distilled water. Before beginning 

work, the equipment is subjected to treatment with a gas containing 

from 10 to 50$ of ozone mixed with oxygen. 

Figure 236 shows a diagram of an apparatus for producing liquid 

ozone; this was developed in the research center at the Illinois Tech¬ 

nological Institute in Chicago [9]. 

To produce liquid ozone, gaseous oxygen under a pressure of O.7 

kgf/cm^ is passed through a purifier and enters an ozonator, where 

from 1 to 6$ of ozone is formed. This mixture enters a condenser. The 

ozone is condensed at a temperature of -112° and a partial pressure of 

O 
1 kgf/cm‘L‘ and collected in the condenser, while the gaseous oxygen, 
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the condensation temperature of which is -I830, is diverted from the 

condenser. The liquid ozone is drained from the condenser as necessary 

into other containers. 

Pig. 237« Diagram of apparatus 
for producing liquid ozone and 
mixtures of ozone with oxygen 
with oxygen recirculation. 1)’ 

from bottle; 2) oxvRGn 
purifier; 3) recirculation 
pump; 4) oxygen-feed regulator; 
5) ozonator; 6) heat exchangers; 
7/ solution of ozone In oxygen* 

Pig. 238. External 
dustrial apparatus 

appearance of In¬ 
for producing ozone. 
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Fig. 239. Industria] reactor for pro¬ 
duction of ozone. 

When solutions of ozone in liquid oxygen are produced (Fig. 237), 

uhe gases emerging from the ozonator pass into the condenser through 

the liquid-oxygen purifier. Here, the ozone condenses, while the gas¬ 

eous oxygen bubbles through liquid oxygen and is released into the 

atmosphere. This process is continued until the ozone concentration 

reaches the necessary value; here, it is sometimes necessary to run 

additional quantities ol purified liquid oxygen into the condenser. To 

avoid losses of the purified oxygen passing through the condenser, it 

is redirected into the recirculation system. 

Recirculation makes it possible to reduce the amount of oxygen 

consumed in producing the ozone. Since the evaporating oxygen has a 

low temperature, it can be used to cool the gaseous ozone-oxygen mix¬ 

ture arriving from tne ozonator, as well as the oxygen entering the 

ozonator; special cooling units are set up for this purpose. In this 

case, the over-all efficiency of the unit is raised. 

Accoi'ding to published reports, the w'orking experience of the Il¬ 

linois Technological Institute research center indicates that when the 

necessary precautionary measures’ are taken, the experimental apparatus 
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is capable of producing highly concentrated gaseous and liquid ozone 

and can be used without danger of explosion. 

However, it should not be forgotten here that ozone is, in itself, 

an explosive substance, since it has a high heat of decomposition on 

the same level of those of explosives. 

Ozone is in production on an industrial scale at the present time 

for various technical purposes. 

Thus, a report [13] has appeared concerning the performance of an 

industrial installation for the production of ozone and the engineering 

problems encountered in using large quantities of ozone in industry, 

including those of industrial safety; the uses of ozone in technologi¬ 

cal processes were also touched upon. 

Figure 238 shows an industrial installation for producing ozone 

from oxygen, and Fig. 239 the reactor of this installation. 

During storage of solutions of ozone in liquid oxygen, the oxygen 

evaporates preferentially from solution, with the result that the solu¬ 

tion becomes enriched in ozone. 

It appears that liquid mixtures of ozone with oxygen are less dan¬ 

gerous beginning at an ozone concentration of about 25$. 

To prevent possible ozone-storage-tank explosions, liquid oxygen 

should be added to these solutions, or helium oxygen condensers should 

be employed to eliminate oxygen losses. 

The question of practical use of ozone as a liquid-rocket oxidant 

is still open and requires a large volume of scientific research work, 

although it has been reported in recent years [15] that the USA has 

solved the problem of using 20-25$ solutions of ozone in oxygen and 

recommended use of such an oxidant for rocket engines. 
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Chapter 4 

FLUORINE, FLUORINE COMPOUNDS, AND OXYGEN COMPOUNDS OF CHLORINE 

1. FLUORINE 

During the past ten years, liquid fluorine and certain of its 

compounds have been subjected to a thorough study with respect to 

TABLE 189 

Characteristics of Fluorine Oxidizers 

1) 
Oniic.iMTrflu 

Vi 
7. 
a 

I 

10)*<»AKm'i 4>Top . . . 

11 ricpx.iopii.ii|iTopiia . 
12)Tpiii|iTopicfl xaopa .. 

23 yicirra<|iTopiia 6po- 

l4)Tpii.|rTopiia aaoT.i 
’ - yi"i|)Topn,i 

poaa . . 
Kiicao- 

lÓ^iiTpaT (¡JTopa 
j_ i jreTpai|iTopiia nia- 

paaima 

3) 
riJIOTHOCTk 

F, 

FCIO, 
GIF, 

BrF* 
NF, 

FjO 

FNOj 

N,F4 

- 
1.54 npii —196' 

1,392 npii +25° 
1,825 npii +20° 

2,463 up» +25° 
1,55 npii -129,6° 

1,63 npx -190° 
1,61 npn —80° 

>»C ' 

O 
< •; « 

5 J’íMncpjTyp», "C 

njiaDACNiii 
7) 

KNflCIlMH 

38,0 

102,4 
92,46 

175 
71,0 

54,0 
81,0 

104 

-218,0 

-110,0 
-76 

-62.3 
-206,63 

-233,8 
-18t 

-188,3 

-46,8 

+11,3 

-1-40,76 
-128,8 

-146,5 
-80 

-73 

ñ * o g O 7 O « < 
ë a* Q 

rr 
Bh.ikoctl, 
CflMTM* 
nya.ibi 

o 

+5,12 
+37 

+27,2 

-7,6 
+1,0 

0,257 
npx—190° 

4,33 
npn +20° 

0,2826 
npii —145 

l) Oxidizer: 2) formula: 3) density: 4) molecular weight; 5) tempera¬ 
ture, °C; 6) melting; 7) boiling; o) heat of formation, kcal/mole; 
9) viscosity, centipoises; 10) liquid fluorine; 11) perchlorvlfluo- 
ride; 12) chlorine trifluoride; 13) bromine pentafluoride; 14) nitro¬ 
gen trifluoride; I5) oxygen difluoride; l6) fluorine nitrate; 17) 
tetrafluoride hydrazine; l8) for. 

their utilization as oxidizers for rocket propellants. 

Among the known fluorine compounds, particular attention is 

drawn to the following substances (Table 189). Of the enumerated com¬ 

pounds, liquid fluorine, chlorine trifluoride, and bromine pentafluo¬ 

ride are being produced on an industrial scale since the Second World 
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War. These compounds are being used for the fluorination of uranium 

in order to separate uranium from waste atomic-reactor fuels and to 

derive fluorinated hydrocarbons and polymers. 

Perchlorylfluoride was first obtained in 1952 and is now being 

produced by many plants in the USA [1]. Let us examine in detail a 

number of fluorine oxidizers. 

Fluorine and its compounds with oxygen and halogens are powerful 

oxidizers that far exceed all remaining oxidizers. They are regarded 

in the literature as possible oxidizers for rocket propellants [1, 2]. 

Together with hydrocarbons, fluorine yields propellant mixtures ex¬ 

hibiting advantages with respect to energy over oxygen-based pro¬ 

pellants. However, the utilization of fluorine as an oxidizer for 

hydrocarbons is complicated by the high toxicity of fluorine and its 

low boiling point. 

Fig. 240. Change in the density . 
of liquid fluorine as a function 
of temperature, l) Density, g/cm3; 
2) temperature, oc. 

Fig. 241. Change in surface ten¬ 
sion of liquid fluorine as a func- 
tion.of temperature, l) Surface 
tension, dyn/cmj 2) temperature, °C. 

Fluorine - a greenish-green gas and yellow in color in the liquid 

state - has a boiling point of - 188.30 and a melting point of - 218°; 

the latent heat of vaporization is I.581 kcal/mole [3], 
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Until recently, concepts with regard to the density of fluorine 

in the liquid state at the boiling point were based on data derived 

by Moissan as far back as 1897 [M• According to Moissan, the density 

of fluorine is p = I.l4. In 1937 [5], data on the density of liquid 

fluorine at the boiling point were published, and these indicated 

thât p 

Two reports appeared in 1952 [6, 7] on the density of fluorine 

in the liquid state. 

Kel'ner and his co-authors [6] give the density of liquid fluo¬ 

rine for - 1960 as equal to 1.54 t 0«2* 
The Jet Propulsion Laboratory of the California Institute of Tech 

nology undertook, on special assignment, a detailed investigation of 

the density, viscosity, and surface tension of liquid fluorine at tem¬ 

peratures ranging from — 18/ to — 207 [7]* 

The density of liquid fluorine according to this investigation 

is presented in Table 190. , 

The graphical change in the density of liquid fluorine as a 

function of temperature is presented in Fig. 240. 

The viscosity of liquid fluorine for various temperatures is 

presented in Table I91. 

The change in the surface tension of liquid fluorine as a func¬ 

tion of temperature is presented in Fig. 24l. 

The viscosity of liquid fluorine, in poises, can also be cal¬ 

culated by the following empirical equation (Table 191): 

ri = 2,43x 10*4XclM'r 

According to data from Japanese investigators [5], the vapor 

pressure of liquid fluorine can be expressed by the following equa- 

tion: log p = 9.1975 - (442-72/T) - 0.OI315O‘T 

Fluorine occurs in approximately the same quantities in nature 
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TABLE 190 

Density of Liquid Fluorine [7] 

I]— 
TcMnep.iiypa, *C 

51- 
n.lOTMOCrU 

TcMncjniyp», n 4) n.ioniocrb 

-207,0 

-205,9 

-203,0 

-199,9 

-197,0 

-195,2 

1,039 ±0,021 

1,030^0,002 

1,0134-0,002 

1,587 ±0,002 
1,578^0,002 

1,502 ±0,002 

-193,0 

-192,0 

—190,9 
-189,0 

-188,7 

187,8 

1,517^0,002 

1,539^0,002 

1,531 ±0,002 

1,522 ±0,002 

1,5104-0,002 

1,509±0,002 

1) Temperature,.°C; 2) density; 3) tem¬ 
perature, °C; 4) density. 

as does nitrogen or sulfur, and occurs in substantially greater quan¬ 

tities than bromine. Fluorine is extremely toxic, resulting in re¬ 

spiratory tract irritation (a concentration of O.OOO8 mg/liter is 

still toxic). In pure form, gaseous fluorine is also harmful to the 

skin. As protection against the harmful effects of fluorine, we can 

TABLE 191. 

Viscosity of Liquid Fluorine as a Function of 
Temperature [7] 

r~u 
TcMncpaTypa, *C 2 )uJ»3KOCTIu 

caimmymw 
3) Tcmicpniypa, Bh.IKOCTH, CtlllTK* 

|| j nyaaw 

-203,8 
-199,8 
-197,7 

0/,14 
0,349 
0,328 

-194,8 
-192,1 
-190,7 

0,2 
'0,275 
0,257 

1) Temperature, °C; 2) viscosity, centipoises; 
3) temperature, °C; 4) viscosity, centipoises. 

recommend an oxygen gasmask or a mask connected by a tube to a pure- 

air source. 

Fluorine exhibits pronounced chemical activity. For example, it 

combines with such elements as chlorine and oxygen. Chlorine burns in 

a fluorine atmosphere. Hydrocarbons burn equally as well in fluorine 

as they do in oxygen. 

In Germany fluorine was stored and transported in steel flasks 
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under a pressure of l60 atm. Each flask contained 1 kg of fluorine 

[3], Fluorine can also be stored in nickel and steel flasks under a 

pressure of 30 atm [9]* 

The industrial production of fluorine was undertaken during the 

Second World War in connection with the needs of the atomic-energy 

industry. Prior to 1940, fluorine served as a rare chemical reagent. 

During the war,' in Germany, approximately 50 tons of fluorine 

were produced each month. The industrial method for the production 

of fluorine involves the electrolysis of a mixture of potassium fluo¬ 

ride and hydrogen fluoride [8]. 

The’basic source for the derivation of fluorine is fluorite 

CaF2. In 1957, 1.7 million tons of this material were obtained 

throughout the world (without the USSR), of which O.785 million 

tons were from the USA. 

The known worldwide reserves of fluorspar amount to 66 million 

tons, having a CaF2 content in excess of 35$» At the same time, re¬ 

serves of fluorine with phosphates, on the basis of pure fluorine, 

amount to 870 million tons, which is equivalent to 1780 million tons 

of fluorspar. Fluorine-bearing ores are processed into calcium fluo¬ 

ride which, in 1957> was employed in the following areas [1], 

Metallurgy. 241.3 thousand tons (38$) 
Chemical industry... 328.7 thousand tons (51$) 

Ceramics. 37-3 thousand tons ( 6$) 

Other areas. 35-6 thousand tons ( 5$) 

Calcium fluoride is used in the chemical industry almost exclu¬ 

sively for the production of hydrogen fluoride of 97-99$ purity. 

Elementary fluorine is obtained by the electrolysis of a solu¬ 

tion of potassium fluoride and hydrogen fluoride; it is purified of 

HF to a content of 99.9$. The USA produces 1000 tons of fluorine 

annually. The liquefaction of fluorine is accomplished by cooling it 
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with liquid nitrogen. 

Dry fluorine does not corrode soft steel more actively than 

liquid oxygen; however, every effort snould be made to avoid having 

the dry fluorine come into contact with organic compounds and water. 

Liquefied fluorine is poured into flasks for purposes of trans¬ 

portation; a pressure of up to 27 atm is used for the storage of the 

fluorine in the flasks. In 1957, in the USA, liquid fluorine cost 

$13,250 per ton, whereas the cost of liquid oxygen was $110. 

Liquid fluorine is apparently being used in rocket engineering 

at the moment in experimental rocket engines developing thrust of 

between 5 and 30 tons. Special methods have been developed for this 

purpose of producing, storing, the transporting liquid fluorine. 

Jackets are employed on storage tanks for liquid fluorine, and 

these jackets are filled with liquid nitrogen having a temperature 

of — 195.5°, whereas fluorine boils at — l87.9°« The jacket in turn 

is vacuum insulated. Liquid fluorine can be stored in a tank of this 

type for 15 to 25 days, with a daily loss not exceeding 0.75$. Stain¬ 

less steel, nickel, or aluminum can be used as the material for these 

tanks. Liquid fluorine can be stored up to 25 days in experimental 

tanks with a capacity of 2.3 tons. The tank is designed to provide 

for the storage of liquid fluorine for a period of 24 hours without 

the liquid-nitrogen jacket. Should it become necessary, liquid fluorine 

can be transported in special railroad tank cars having a capacity 

of 25 tons. 

Of the organic materials, only teflon is stable in fluorine be¬ 

low 199°. The maximum concentrations of fluorine in air must not ex¬ 

ceed 0.0001$. 

2. FLUORINE MONOXIDE FgO AND TETRAFLUOROHYDRAZINE N0F^ 

Among the possible oxidizers, fluorine monoxide deserves special 

- 688 - 



attention., since it consists of two elements each being a powerful 

oxidizer. 

Vapor pressure (tension), density, and viscosity of P20 are 

determined by the following equations [10]: 

log p = 7.3892 - (578.64/T) 

p = 2.1315 - 0.004695-T 

log T) = (131.5/T) - I.5768 (in centipoises, ranging from - 152.8 to 
-145.8°) 

The boiling point of a specimen containing 99.8# F20 is - 144.8° 

and the melting point is - 223.8° [2]; the critical temperature and 

pressure is - 58.0° and 48.7 atm, respectively. 

Fluorine monoxide is a weak endothermic compound and its heat 

of formation in the following reaction 

‘/,0, + F, — FjO — 7,6 kcal/g-mole 

amounts to 130 kcal/kg. 

The thermal decomposition of'FgO takes place slowly and the 

magnitude of its energy of activation within a range of 250 to 270° 

amounts to 4l kcal/g-mole. 

At 300 , 72# FgO decomposes and forms fluorine and oxygen. 

Because of the high energy of decomposition activation, fuorine 

monoxide can be mixed with hydrogen, methane, and similar substances 

without producing ignition as is the case when the above-mentioned 

substances are mixed with fluorine. 

Concentrated alkaline solutions quickly decompose fluorine 

monoxide. 

Fluorine monoxide is characterized by pronounced oxidation prop- 

ertids'similar to those of ozone. 

fluorine monoxide is produced by passing fluorine through a 

27# alkaline solution in the following reaction 

2F, -r 2NaOH -> F.O + 2NaF + H20. 
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The fluorine monoxide yield Is 45JÈ. This contains admixtures of 

oxygen and hydrogen fluoride [10, 11). The other oxygen fluoride 

uns^a^le and decomposes easily. 

In recent years, a new oxidizer for rocket engines has been pro¬ 

posed, i.e., tetrafluorohydrazine N2F4 [Ha]. This is derived, in 

addition to nitrogen fluoride, by the fluorination of ammonia: 

NM, + F2->NHF,t NF,. N2Ft. 

A process has been developed in the USA for the derivation [lib] 

of from NF^ and carbon in the boiling layer at 375°C: 

2NF.1 -!- -jC -*■ NjF4 -:- 1cF4. 

The tetrafluorohydrazine yield is 75*. In addition to the carbon, for 

the conversion of the nitrogen trifluoride into tetrafluorohydrazine 

powders of various metals are recommended, i.e., copper, antimony, etc. 

The vapor pressure of tetrafluorohydrazine can be found from the 

following formula: 

log p(mm Hg) = - (692/T) + 6.33. 

The critical temperature for N2F4 is + 360 and the critical pre 

sure is-77 atm; the heat of vaporization is 3170 cal/mole. 

3. CHLORINE TRIFLUORIDE, BROMINE PENTAFLUORIDE 
STITUTED HYDROCARBONS [3, 8, 12] ' 

AND FLUORINE-SUB- 

Compounds of this type are halogen derivatives of fluorine. These 

include: C1F, C1F3, BrF, BrF^, BrF^, JF5, and JF7. 

Chlorine trifluoride is a light-green gas whose boiling point is 

+ II.30 and whose melting point is - 76.30. 

The density of CIF^ in the liquid state is equal to I.85 at the 

boiling point. 

Chlorine trifluoride is an extremely reactive substance. Fiber- 

gla.o and many organic substances burst into flame on contact. GIF 

produces an explosion ["a noise like a shot"] on coming into contact 
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with water. 

The boiling point of bromine pentafluoride is + 40.76 , the 

melting point is - 61.23°, and the density is equal to 2.4? at + 20°; 

at the boiling point the density is equal to - 2.41. 

The density and vapor pressure of the liquid fluorides CIF^ and 

BrFr can be calculated according to the following equation: 
5 

d -= A — li T, 

where T is the temperature (°K); A and B are constants equal to 

3.496 and O.OOO346 for BrFv and equal to 2.729 and 0.00307 for 

GIF-. The vapor pressure is determined by the following equation: 
d 2 

log p = D - e/T + F/T , 

where D, £. and F are constants that are equal to 8.0716, 1627./, 

and 0 for BrF^, and equal to 7-42. 1292, and 0 for CIFy 

The magnitude of the thermal effect of the rea*. :n in which the 

chlorine trifluoride is formed amounts to: 

VjClj 4- VjFj — CIFj 4- 37,0 local. 

It is assumed that chlorine trifluoride is capable of dimeriza¬ 

tion according to the following equation: 

2CIF3 - (C1F;i)2 + 3,3 kcal. 

Chlorine trifluoride is obtained through the direct interaction 

of fluorine with chlorine in a mixture with nitrogen, in a copper or 

nickel reactor at 280°. A fitting covered with nickel fluoride is 

placed into the reactor. Chlorine trifluoride is separated from the 

gas mixture through the cooling of the reaction mixture to — 70 • 

Chlorine trifluoride can be stored in containers of conventional 

steel. 

Bromine pentafluoride is obtained directly from fluorine and 

bromine. For this, the fluorine together with the bromine, diluted 

with nitrogen, are passed through a copper reactor at 200-300°. Bromine 
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pentafluoride is condensed in the cooling of the reaction mixture to 

- 20°. 

Prior to the Second World War, halogen derivatives of fluorine 

were obtained in small quantities in laboratories and were quite in¬ 

accessible . 

During the Second World War, as a result of the development of 

the industrial production of fluorine, the situation changed radically. 

For example, in Germany, chlorine trifluoride was scheduled for use 

as an ignitor. In this connection, a plant was built at Falkenhagen 

and the plant was scheduled for the production of more than l800 tons 

of chlorine trifluoride annually. 

Chlorine trifluoride and bromine pentafluoride have now become 

accessible and are being produced industrially. The scale of their 

industrial production is difficult to evaluate. Approximately in 1950, 

installations for the production of these materials in the USA were 

still in the drafting stage. At that time it was assumed that the 

fluorine halogens will find great industrial application [1]. 

According to reports in 1956? chlorine trifluoride was regarded 

as an oxidizer for rocket propellants in the USA [13]. 

A mixture of FCIO^ (40$) and CIF^ (60$) is of interest as an 

oxidizer because it exhibits lower vapor pressure than perchlorylfluo- 

rH Ho 

In addition to chlorine and bromine fluorides, the USA has under¬ 

taken the production of a new oxidizer, i.e., perchlorylfluoride 

FClOn• 

Compounds of fluorine and carbon serve as oxidizers for metals 

[14], since the splitting of the C-F bond and the formation of the 

Me-F bond is associated with the liberation of a great quantity of 

heat : 



1 
CiF:/i + «Mg /iMgF, + /iC + Q. 

Fluorine-bearing organic compounds are obtained by the action of 

inorganic compounds of fluorine (CoF^, MnF^) or fluorine diluted with 

nitrogen on hydrocarbons in the presence of catalysts. Under these 

conditions, all of the hydrogen atoms in the hydrocarbons can be re¬ 

placed by fluorine, and such compounds are referred to as fluorocar¬ 

bons. The fluorination of various petroleum fractions results in the 

production of fluorine-containing liquids that are used as special 

lubricants. The polymerisation of fluoro-olefins such as, for example, 

f etrafluoroethylene C2F^, results in high-molecular fluorine-bearing 

substances (CgFjJj, used as fluorine plastics. 

Fluorocarbons and fluorine liquids are extremely stable sub¬ 

stances whose boiling point is somewhat lower than that of the initial 

hydrocarbons (Table 192). 

TABLE 192 

Properties of Fluorocarbons 

2 ) McXOflMWfl 
' yrAcnoAopoa 

2) 
OropyrncpoA 

~rr 
T. Kim., 'C T. nji„ ‘C 

fl/IOTlir.CTb 
npit liu* 

rcnraii. 
Oman. 

iMcTiuuiiK/ioreKcaii 

C,F10 
CdF ig 

CgFnCFj 

82 
104 

7r>,2 

-78 
-33 

Hii3Kan 

9) 

1,783 
1,700 
1,790 

l) Initial hydrocarbon; 2) fluorocarbon; 3) boil¬ 
ing point, OC; 4) melting point, °C; 5) density 
at 20°; 6) heptane; 7) octane; 8) methylcyclo- 
hexane; 9) low. 

The fluorocarbons, obtained from petroleum fractions, and the 

fluorine plastics are used in Industry in working with aggressive 

media. 

The industrial capacity for the production of organic fluorine 

derivatives in the USA reached 205-245 thousand tons annually in 1957 

[16] . 
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TABLE 193 , 4 riel 
properties of Oxygen Compounds of Chlorine [ 5) 

1) 
CocAMMCiii'e 

TTÑ ^ 1 TennepíTypa. *C 

2> 5T ♦opuy.ia nxiohcuH« KlinCHHH 
6) 

CboActm 

9 
10 
il 

7)OKiicb .. 
8 SflnyoKiici* ». 

UlCCTIIOKIICb * . 

CcMHOKHCb » 1 1 • 
XflopHODaTIICTaH KHtnOTa . 

l2)X^OpHCT3« KIIMOTa 

igVXflopHOBaTaa » • 
l^XflopiiaH » 

CliO 
CIO, 
CIA 
CIA 
HCIO 

HCIO, 
HCIO, 
HCIO, 

-20 
-50 
-1 

-01,5 

-112 

+ 3,8 
+20 

72 

BapbiB'iaTa I5) 

JlCfKO BipbIBaCT l6) 
To wc 17) 
CyiUCCTByCT TCWbWK8 Pac‘ 

TBopax I 

To >KC 

He BipuBacTCB. ho ne ycToii- 
iiiiáa b miictom bhac 19 ) 

l) Compound; 2) í,9^:,lulaî ¾iggIllP7)achlorlne,monoxide; 
ing; 5) heSe; 10) chlorine 
8) chlorine acid; 12) chlorous acid; 

+S*Ä“!ÄSfiifiSj SÄÜ’K 
soiut lonst619^^063 * not explode, U is not stable in 

pure form. 

, perchloric acid and oxides op chichine [17] 

^ „r chlorine are active oxidizers. Anhydrous 
Oxygen compounds of chlorin 

nerchlorlc acid was suggested as an oxidizer for rochet propellants. 

Cf the oxygen-containing acids of chlorine perchloric acid is the 

mu nf The oxv^en-containing acido o 
most stable compound. The salts of the oxygen 

chlorine are quite stable and find practical application as oxi zer 

in industry and in the fabrication of new rochet powders (grains ; 

however, they are not used in liquid reaction (rochet) propellants. 

,, f The oxvpen compounds of chlorine are presented m 
The properties of the oxy^ h 

Table 193- , , _ 
Of the oxygen confounds of chlorine, only perchloric acid 

compound that does not explode in its pure form. 

Anhydrous perchloric acid (pure) is a coloriess n^d with a 

specific weight of 1.767 (at 20°), which solidifies at - 112 • » 

does not distill without decomposition at atmospheric pressure, „t 
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1 
temperature of about 90°, vigorous decomposition begins. Perchloric 

acid distills without decomposition only in a vacuum. The boiling 

point of perchloric acid is + l6° at 18 mm Hg; + 30° at 50 mm; and 

+ 50-51° at 100 mm. 

The heat of formation for anhydrous perchloric acid in accord¬ 

ance with the following equation 

VjHj + VA + 20". -v HCIO4 

is equal to 19*35 kcal. 

The formation of perchloric acid is accompanied by the absorp¬ 

tion of heat. This explains its relative stability. 

The reaction of the total decomposition of perchloric acid takes 

place with heat liberation: 

HCIO4 - VjHjO -f'/A + 1.750,+15.7 kcal. 

Only 158 kcal are liberated per 1 kg of material, and this is 

Inadequate in order to provide for independent destructive decomposi¬ 

tion. Therefore, perchloric acid does not explode under the action of 

an impact, friction, or a detonator. However, the addition of only 

3# of organic substances to the perchloric acid produces an extremely 

explosive mixture. The organic substance may be dissolved in the 

perchloric acid without resulting in any chemical interaction, but 

in the case of heating or impact such a mixture will detonate. Many 

substances (amines, unsaturated compounds, rubber, paper, fiber, and 

wood) are hypergolic when placed in contact with perchloric acid. The 

hypergolic ignition sometimes takes place vigorously, i.e., with an 

explosion. Pure perchloric acid is not a completely heterogeneous 

substance. In the equilibrium state, it contains a certain quantity 

of perchloric anhydride and water, bound to form the hydrate of the 

perchloric acid. Perchloric anhydride is an unstable substance and 

decomposes into oxygen and chlorine monoxide, and this serves to ex- 
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-1 
plain the decomposition of the perchloric acid during storage: 

3HCI04 CIA + HjO HCIO4 < 

CIA - 2CI0, + IVA 

The oxygen is removed from the perchloric acid as it is formed 

and produces pressure in a closed container. The increase in pressure 

with time can result in the collapse of the vessel. The chlorine 

dioxide that is formed has a boiling point of + 20°. It accumulates 

in the perchloric acid as it is formed, tinting the acid a greenish 

color at first, then brown, and finally a dark-brown color. 

Chlorine dioxide is an extremely unstable substance and the ex¬ 

plosions of decomposing perchloric acid can therefore be explained 

by the apparent accumulation within it of the chlorine dioxide. 

The decomposition of perchloric acid is speeded up by the pro¬ 

ducts of the decomposition, i.e., the decomposition is self-catalytic 

in character. At room temperature, the decomposition of perchloric 

acid becomes quite pronounced only after several days. At 50°, the 

total decomposition of perchloric acid ceases after several hours. 

Perchloric acid with water forms a series of hydrates and is 

chemically completely stable in this state. The melting point of a 

number of hydrates is presented below: 

Melting point,°C Acid concentra¬ 
tion, % 

HCIO^ . - 112 100 

HClO^-iy) . + 50 84.4 

HClO^HgO . - 17.8 72 

In the distillation of the aqueous solutions of perchloric acid, 

the boiling point gradually increases to 203.0°, which corresponds to 

a continuously boiling mixture containing 72.4¾ HCIO^. 

Industry generally produces a 30-70$ perchloric acid. The den¬ 

sity of the 70$ HCIO4 at 25° is equal to 1.6644. 
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Only the anhydrous perchloric acid is of interest as an oxidizer. 

Under laboratory conditions, anhydrous perchloric acid is obtained 

through the heating of potassium perchlorate with 95# sulfuric acid 

in accordance with the following reaction: 

KCIO4 + h,so4 - hcio4 + khso4. 

The reaction is carried out with the gradual heating of the re¬ 

action mixture from 100 to 200° in a vacuum from 20 to 100 mm Hg. At 

a pressure of 45-50 mm Hg, perchloric acid boils off at 30-33°. The 

product of the reaction boils off as it is formed and is condensed 

in receivers cooled by a mixture of ice and salt. 95# HgSO^ should 

be taken for the reaction, since the 99-100# acid may result in the 

dehydration of the perchloric acid with the formation of explosive 

chlorine oxides. Generally 3-4 parts of sulfuric acid are taken for 

each part by weight of the perchlorate for the reaction, in order to 

preserve the reaction mass in liquid form upon completion of the 

reaction. The perchloric-acid yield is 8O-90# of the theoretical, 

iht. purest perchloric acid is obtained when 94-95# sulfuric acid and 

a vacuum of 10-20 mm Hg are used. The resultant perchloric acid con¬ 

tains about 1# of impurities (HgSO^, HC1, and HgO). With a sulfuric 

acid of higher concentration, a product colored greenish, yellow, 

or brown, by the chlorine oxides, may be produced. 
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Appendix 

PROPERTIES OF ROCKET 

COMBUSTIBLES AND OX] 

Physicochemical Properties of Combustibles 

Trlethylamine 

Molecular weight. 101.19 

Melting point.. • • -11^.8°C 

Boiling point. 89.5°C 

Density 

•c g/cm3 
—10,0 0,784 
+20,0 0,729 
+25,0 0-,723 

Critical temperature. 262.0°C 

Critical pressure. 30*0 a^m 

Saturation Vapor Pressure 
•c mm Hg *c mm Hg «c mm Hg 
or 30 0 39,0 125,5 80,0 580,0 

Joe 48,7 190 Í7 89,5 700,0 
16 J 43^5 70,0 400,0 143,0 2870,0 
30,9 86,5 

Heat of combustion at 20.0°C (liquid) IO36.8 kcal/g-mo^e 

Viscosity 

•c centlpoises *c centipoises 
—70,0 1,67 77,0 0,51 
_40,0 1,18 110,0 0,44 

Refractive index . 1.40032 

Dlethylenetrlamlne HgNCgH^NHCgH^NHg 

Molecular weight 

Boiling point... 

IO3.I7 

20b.7C 
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Density at 20.0°C. O.956 g/cm3 

Coefficient of thermal expansion at 20.0°C. O.OOO88 cm3/deg 

Saturation vapor pressure at 120.0°C. 622.0 mm Hg 

Viscosity at 120.0 C. 71«^ centlpoises 

Ethylenedlamlne HgNCgH^NHg 

Molecular weight.. 6O.IO 

Melting point..... 8.5°C 

Boiling point. 116.1°C 

Density at 20.0°C. 0.8994 g/cm3 

Saturation vapor pressure at 21.5°C. 10.0 mm Hg 

Heat of fusion at 0.0°C. 77.0 cal/g 

Heat of evaporation. I67.O cal/g 

Heat of combustion. 452.6 kcal/mole 

Viscosity at 25«0 C. 1.54 centipoises 

Refractive index n^*°. 1.4540 

Unsymmetrlc Dimethylhydrazlne (CH3)2NNH2 

Molecular weight. 6O.078 

Melting point. -52.0°C 

Boiling point. 63.0°C 

Density at 22.0°C. 0.7914 g/cm3 

Critical temperature. 249.0°C 

Critical pressure. 60.0 atm 

Coefficient of thermal expansion at 15.6°C. O.OOI33 cm3/deg 

Surface tension at 77.0°C. 28.0 dynes/cm 

Heat of fusion at -52.0°C. 10.0 cal/g 

Heat of evaporation at 25.0°C. 139.3 cal/g 
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Heat capacity (solid) 

•c 
-260,2 
-253,2 

-243,2 
-213,2 

cal/mole-‘deg *c cal/mole • deg 
0,66 -183,2 11,50 
1,82 -143,2 14,99 
3,74 - 93,2 19,12 
8,32 .- 57,5 22,48 

Heat capacity (liquid) 

Heat of formation 

•c cal/mole*deg «c 
-57,2 
-43,2 
-28,2 
-18,2 

36,25 
36,86 
37,44 
37,76 

- 8,2 
+ 1,8 
+ 11,8 
+25.0 

cal/mole* deg 
38,07 
38,40 
38,78 
39,20 

\ 

-187.3 oal/g 

Heat of combustion at 30.0°C. 7866.7 cal/g 

Entropy at 25.0°C (liquid). 47.86 cnl/mole-deg 

. (gas) 72.8 ca;./mole*deg 
Viscosity at 15.6°C... 

Refractive index njp*° 
0.586 centipoxse 

1.4056 

Hydrogen H2* 

(Normal hydrogen, which is a mixture 
of ortho- and para-hydrogen) 

Molecular weight. 2.01418 

Melting point 

Boiling point 

•c g/cm3 
-258,2 0,0755 
-256,2 0,0738 
-254,2 0,0718 
-252,2 0,0605 

Critical pressure 

Critical density. 

Density 
•c g/cirß 

-250,2 0,0670 
-248,2 0,0640 
-246,2 0,0604 

. -259* 1°C 

-252.7°c 

•c g/cm3 
-244,2 0,0500 
-242,2 0,0503 
-240,2 0,0350 

• -239* 9°C 

. 12.80 atm 

0.031 g/cm3 

Critical temperature 

Coefficient of thermal expansion (solid) 

•c cm3/deg 
-269,0 0,0024 

. -.262,2 0,0051 
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Coefficient of thermal expansion (liquid) 
•c 

-253,2 

-253,2 

-242,2 

-253,2 

atm cmS/dee 
2,0 0,0156 

10,0 0,0137 

10,0 0,0911 

30.0 0,0098 

*c atm cm3/deg 
—240,0 50,0 0,0196 

—253,2 100,0 0,0078 

-240,0 100,0 0,0114 

Compressibility coefficient (liquid) 
•c 

-253,2 

-253,2 

-242,2 

-253,2 

atm cm3/deg 
2.0 0,00186 

10,0 0,00159 

10,0 0,02168 

50.0 0,00103 

•c 
-240,0 

-253,2 

-240,0 

atm cm3/deg 
50,0 0,00297 

100,0 0,00076 

100,0 0,00140 

Saturation vapor pressure (liquid) 

-259,2 

-259,1 

-257,2 

-255,2 

Saturation vapor 

mm Hg -c 
54,0 -253,2 

57,0 -251,2 

153,0 -250,2 

345,9 -249,6 

pressure of 100$ 

mm 
675,7 

1189,0 

1529,6 

1753,3 

ortho-hydrogen 

•c 
-259,1 

-257,2 

-255,2 

-253,2 

mm Hg .c 
55-1 -251,2 

M9>1 . > -250,2 
337,8 —249,6 
662,6 

mm Hg 
1170,4 

' 1506,4 

1730,8 

Surface tension of hydrogen (liquid) 

•c dynes/cm *c dynes/cm 
-257,2 3,00 -251 ,2 1 ,88 

-255,2 2,60 —249,2 1,50 

-253,2 2,25 

Heat of fusion at -259.2°C and 54.0 mm Hg. 28.0 cal/mole 

Heat of fusion of hydrogen vapor at 259.4°C [sic] 
and 52.8 mm Hg. 28§0 cal/mole 

Heat of evaporation (liquid) 

*c cal/mole 
-258,2 219,00 

-253,2 216,58 
i 

Heat of evaporation of 

•c 'cal/liter 
-255,2 7998,093 

-253,2 7654,089 

-251,2 7155,283 

hydrogen vapor (liquid) 

•c cal/liter 
-249,2 6622,077 

-247,2 6002,870 

-245,2 5332,062 
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Heat capacity (liquid) 

•c aal/mole* deg *c cal/mole*deg 
“259,2 3,31 -255.2 4,04 
—258,2 3,46 —254,2 4,27 
-257,2 3,63 -253,2 4,50 
“256,2 3,83 

Heat capacity of hydrogen vapor (liquid) 

•c cal/mole*deg *c cal/raole*deg 
-254,9 
-252,3 
-250,5 

4,18 
4,71 
5,33 

-248,2 
-245,6 
-241,2 

6,03 
7,85 

14,56 

Heat of formation (gaseous) 

H 
H 

H* 

•c 
-273,18 

25,0 
-273,18 

cal/mole 
51 620,0 
52 089,0 

365 138,0 

H+ 
H, 

H, 

•c 
25,0 

-273,18 
25,0 

cal/mole 
367 088,0 

0,0 
0,0 

Heat of combustion at 25°C. 28,669.6 cal/g 

•c 
-253,2 

-253,2 
-243,2 

-253,2 
-243,2 

•c 
-253,2 

-253,2 
-253,2 
-253,2 

Entropy (liquid) 

cal/mole* 
atm • deg *c 
2,0 0,013 -253,2 

10,0 0,095 -243,2 
10,0 0.125 -253,2 
30,0 0,261 -243,2 

30,0 0,692 -243,2 

Enthalpy 

atm cal/mole *c 
2,0 

10,0 
30,0 
50,0 

0,488 
4,262 

14,131 
24,327 

-253,2 
-243,2 
-243,2 

atm 

50,0 
50,0 

100,0 
100,0 
150,0 

cal/mole* 
• deg 
0,396 

■ 1,000 
0,663 

1,481 
1,792 

atm 
100,0 
100,0 
150,0 

cal/mole 
50,283 
23,452 
46,222 

Viscosity (liquid) 

•c centipoise 
-258,1 229.3 10-* 
-256,9 204.6-lO-* 
-255,4 177,2-10-4 

•c centipoise 
-254,4 160,0-10-* 
-253,9 151,9-10-* 
-252,5 136,2 10-* 

Dielectric constant of hydrogen (liquid) 
•c 

-259,2 
-256,8 
-255,7 

I,2501 
I,2421 
1,2387 

•C 

-254,6 
-253,6 
-252,8 

1,2313 
1 ,2301 

1,2278 
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Anhydrous Hydrazine NgH^ 

Molecular weight. 32.05 

Melting point. +1.4°C 

Bolling point 

atm •c 
1,0 113,0 

1,96 , 134,5 

Density at -4.4°C (solid) 

Density (liquid) 

•c g/cm3 
0,0 1,0258 

0,2 1 ,0256 

20,0 1,0085 

Density of saturated 

•c mm Hg g/cm3 
90,0 265,0 0,000365 

95,0 273,0 0,000365 

100,0 277,0 0,000365 

Critical temperature 

vapor 

•c mm Hg g/cm3 
110,0 287,0 0,000365 

120,0 294,0 0,000365 

131,0 747,0 0.000952 

. 380.0°C 

Critical pressure. 145.0 atm 

Critical volume..... 138.6 cm3/mole 

Saturation vapor pressure 

•c mm Hg ' *c 
0.0 2,69 35,0 

15,0 7,65 -¡0,0 

20,0 10,55 45,0 

25,0 14,38 50,0 

30,0 19,29 

1111,1 Hg . *c mm Hg 
25.õ7 55,0 72,85 

33,82 60,0 92,43 

44,08 65,0 116,30 

55,91 70,0 145,12 

Surface tension 

•c dynes/cm 
20,0 74,76 

40,0 69,76 > 

Heat of fusion at 25.0°C 94.5 cal/g 

Heat of evaporation at 25.0°C 10,700.0 cal/mole 
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Heat capacity (solid) 

cal/mole* 
•c • deg 

-261,2 0,07 

-203,2 , 0,35 

-233,2 2,13 

-213,2 4,23 

ca.l/mole* • 
<■• • deg *c 

-193,2 5,96 -93,2 

-173,2 7,37 -73,2 

-133,2 9,57 -33,2 

cal/mole* 
•deg 
11,36 

12,19 

13,86 

Heat capacity (liquid) 

cal/mole« 
•c '' *deg 
1,7 23,29 

7,0 23,37 

17,0 23,51 

cal/nole- 
•c • deg 

25,0 23,62 

27,0 23.65 

37,0 23,80 

cal/mole* 
•c • deg 

47,0 23,96 

57,0 24,14 

67,0 24,34 

Heat of formation at 25°C (liquid)... 

Heat of combustion at 25°C (liquid).. 

Entropy at 25°C (liquid). 

Enthalpy at 25°C (liquid). 

-376.30 cal/g 

4640.0 cal/g 

O.9052 cal/g*deg 

56.6 cal/g 

Viscosity (liquid) 

•c centipoises *c centipoises *c centipoises 
0,0 1,314 3,0 1,251 15,0 

1,0 1,293 5,0 1,207 20,0 

2,0 1,272 10,0 1,118 25,0 

1,044 

0,974 

0,905 

Refractive index 

•C «D 

35,0 1,4644 

25,0 1,4687 

20,0 1,4708 

n-Propyl Nitrate CH^CHgCHgONOg 

Molecular weight. 

Melting point. 

Boiling point. 

Density (liquid) 

IO5.09 

-101.1°C 

110.5°C 

•c g/cm3 
-50,0 1,1419 

-30,0 1,1182 

-20,0 1,1062 

-10,0 1,0941 

°c g/cirß 
10,0 1,0696 

30,0 1,0145 

60,0 1,0087 

90,0 0,9654 

•c g/cm3 
140,0 0,8935 

190,0 0,8127 

240,0 0,7154 

290,0 0,5664 

307.0°C 
Critical temperature 
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Critical pressure. 40.0 atm 

Critical density.. O.356 g/cnP 

Coefficient of thermal expansion at 20.0°C. O.OOO955 cm^/deg 

Saturation vapor pressure 

atm 
2,20000 
6,59000 

15,80000 
32,20000 

Surface tension 

* dynes/cm *c dynes/cm 
17.8 27,45 40,9 24,45 
22,3 27,02 58,4 22,53 

•C 

-50,0 
-30,0 
-20,0 
-10,0 

atm 

0,00004 
0,00070 
0,00170 
0,00350 

•C 

10,0 
30,0 
60,0 
90,0 

atm 

0,01370 
0,04230 
0,16900 
0,51700 

•c 
140,0 
190,0 
240,0 
290,0 

Heat of evaporation 

•c câl/mole 
20,0 9590,0 
40,0 9280,0 
70,0 8270,0 

•c cal/mole 
160,0 7400,0 
210,0 6300,0 
260,0 4600,0 

Heat capacity at 25.0°C. 0.419 cal/g‘deg 

Viscosity 

•c cëntipoises *c centipoises 
—78,5 8,1 30,0 0,58 
-58,0 3,0 40,0 0,50 
-30,0 1,4 60,0 0,38 

0,0 0,99 

20 
Refractive index n^ . 1.3979 

Theoretical characterization of combustion 
of n-propyl nitrate 

Combustion chamber Temperature in com- Specific impulse, 
pressure, atm bustion chamber, °K sec 

20.4 - 167 
20.4 1252 166 
20.4 1276 169 
54.4 1325 186 
68.0 - 190 

Isopropyl Nitrate (CE^CHONOg 

Molecular weight. IO5.O9 

Boiling point. 102.0°C 

Density at l8.9°C. I.O36 g/cirr^ 
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Physicochemical Properties of Oxidizers [1. 3. 41 

Tetranitromethane C(N02)^ 

Molecular weight. 196.043 

Melting point 

Bolling point 

Density (liquid) 

•c 
13,0 

25,0 

g/cm^ 
1,650 

1,630 

+14.2 

126.0°C 

Saturation vapor pressure 

•c mm Hg 
0,0 • 1,9 

20,0 8.4 

40,0 75,8 

60,0 ' 68,0 

•c mm Hg 
80,0 164,0 

100,0 339,0 

125,0 743,0 

Heat of fusion at l4.2°C. 2250.6 cal/mole 

Heat of evaporation at 125.7°C. 9200 cal/mole 

Heat capacity (solid) 

cal/mole* 
•c *deg 

-215,1 17,14 

-196,1 21,06 

-182,3 23,55 

cal/mole* 
•c • deg 

-154,7 28,25 

-131,2 31,48 

- 99.3 43,41 

cal/mole* 
•c . deg 

-63,3 50,99 

5,5 63,36 

10,0 88,38 

Heat capacity (liquid) 

cal/mole• 
•c • deg 

19,1 57,36 

25,8 58,19 

Heat of combustion.. 89.6 kcal/mole 

Viscosity at 20.0°C I.76 centlpoises 

> 

Refractive index 

•C nD 

20,0 1,43840 

25,0 1,43580 

Perchloryl Fluoride CIO^F 

Molecular weight. 102.457 

Melting point. -110.0°C 
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Boiling point -46.5°C 

Density (liquid) 

•c g/cm3 *c g/cm3 *c g/ii;n3 
-140,0 1,981 -70,0 1,770 0,0 1,518 
-130,0 1,952 -60,0 1,737 10,0 1 478 
-120,0 1,023 -50,0 1,700 20,0 1,434 
-110,0 1,894 -40,0 1,669 30,0 1 389 
-100,0 1,864 -30,0 1,634 40,0 1,339 
- 90,0 1,833 -20,0 1,597 50,0 1 Î87 
- 80,0 1,802 -10,0 1,559 

. \ 

Critical temperature. +95*21 C 

Critical pressure. 53*00 atm 

Critical density.i... . 0.637 g/cm 

Coefficient of thermal expansion for 0.0-10..0°C. 24.0*10 ? cmVdeg 
-3 -1 

Compressibility coefficient at 80.0°C.. 3*25* 10 atm 

Saturation vapor pressure 

•c atm 
-120,0 0,004 
-90,0 . 0,074 
-70,0 0,290 
-34,44 1,715 
-28,99 2,141 

•c atm 
-17,78 3,241 
- 6,67 4,808* 

10,00 7,923 
26,67 12,512 
37,78 16,512 

•c atm 
54,44 ! 1,161 
71,11 .(1,081 
82,22 -,2,102 
93,93 !i l ,349 

Surface tension 

•c dynes/cm 
-75,2 24,05 
-fi.4,9 22,31 

-55,7 21 ,25 

Heat of evaporation 

•c cal/mole 
—16,8 4600,0 
-25,0 3500,0 

.Heat capacity (liquid) 

.cal/mole* 
, *c *deg 

-50,0 0,225 
—40,0 0,229 
-20,0 0,238 

0,0 0,249 

cal/mole* 
•c • deg 

20,0 1,261 
40,0 0,277 
60,0 0,307 
80,0 0,395 
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Heat capacity at constant pressure (gaseous) 

cal/mole 
*c • deg 

-173,16 8,461 

■ 73,2 12,074 

126.8 18,153 

326.8 21,321 

cal/mole 
•c • deg 

526.8 22,968 

726.8 23,882 

1726,8 25,301 

cal/mole 
•c • deg 

2726.8 25,593 

3726.8 25,696 

4726.8 25,746 

Heat of formation at 25.0°C. +5.1200 cal/mole 

Entropy at 25.0°C (gaseous) 66.51 cal/mole*deg 

Viscosity ( liquid) 

•c centipoise *c centipoise -c centlpoise 
-80,0 0,620 . -30,0 0,298 20,0 0,184 

-70,0 0,521 -20,0 0,267 30,0 0,170 

—60,0 0,444 -10,0 0,240 40,0 0,158 

—50,0 0,384 0,0 0,219 50,0 0,148 

-40,0 0,337 10,0 0,200 60,0 0,139 

Chlorine Trlfluorlde CIP^ 

Molecular weight. 92.46 

Melting point. -82.6°C 

Boiling point. 11.3°C . 

Density (liquid) 

•c g/cm3 
-4,07 1,8970 

1,70 1 ,8806 

9.64 1,8566 

12,68 1,8476 

20,92 1,8218 

26,90 1,8031 

38,71 1,7654 

45,63 1,7431 

Density of saturated vapor 

*c g/cm-3 
0,0 0,0027 

12,0 0,0010 
40,0 o',0105 

Critical temperature. 174.0°C 

Critical pressure. 57.0 atm 

Saturation vapor pressure 
•c mm Hg *c mm Hg 

-46,97 20,06 12,24 775,88 

2.37 503,67 21,02 1107,60 
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Boiling point -46.8°C 

Density (liquid) 

•c g/cm3 
-140,0 1,981 
-130,0 1,952 
-120,0 1,923 
-110,0 1,894 
-100,0 1,864 
- 90,0 1,833 
- 80,0 1,802 

•c g/ cm3 
-70,0 1,770 

-60,0 1,737 
-50,0 1,700 
-40,0 1,669 

-30,0 1,634 
-20,0 1,597 
-10,0 1,559 

•c g/cm3 
0,0 1,518 

10,0 1,478 
20,0 1,434 
30,0 1,389 

40,0 .1,339 
50,0 1,287 

Critical temperature +95.21°C - 

Critical pressure 

Critical density. 

Coefficient of thermal expansion for 0.0-10.0°C 

Compressibility coefficient at 80.0 C..... 

Saturation vapor pressure 

•c atm • 
-120,0 0,004 
-90,0 . 0,074 
-70,0 0,290 
-34,44 1 ,715 
-28,99 2,141 

•c 
s—17,78 
— 6,67 

10,00 
26,67 

37,78 

atm 
3,241 
4,808 
7,923 

12.512 
16.512 

*c 
54,44 
71,11 
82,22 
93,93 

53.00 atm 

0.637 g/cm^ 

24.0* 10“^ cmVdeg 

3.25-10"3 atm"1 

atm 
24,161 
34,081 
42,102 
51,349 

Surface tension 

•c dynes/cm 
-75,2 24,05 
—fiS.O 22,31 
-55,7 21 ,25 

Heat of evaporation 

I *c cal/mole 
—4G,S 4600,0 
-25,0 3500,0 

Heat capacity (liquid) 

cal/mole • 
•c • deg 

20,0 1,261 
40,0 0,277 
60,0 0,307 
80,0 0,395 

cal/mole • 
«o * deg \ 

-50,0 0,225 
-40,0 0,229 
—20,0 0,238 

0,0 0,249 



Heat capacity at constant pressure (gaseous) 

cal/mole 
•c *deg 

-173,16 8,461 

- 73,2 12,074 

126.8 18,153 

326.8 21,321 

cal/mole 
•c • deg 

526.8 22,968 

726.8 23,882 

1726,8 25,301 

cal/mole 
*c • deg 

2726.8 25,593 

3726.8 25,696 

4726.8 25,746 

Heat of formation at 25.0°C. +5.1200 cal/mole 

Entropy at 25.0°C (gaseous). 66.51 cal/mole-deg 

Viscosity (liquid) 

•c centipoise *c centipoise *c centipoise 
-80,0 0,620 , -30,0 0,298 20,0 0,184 

-70,0 0,521 -20,0 0,267 30,0 0,170 

—60,0 0,444 —10,0 0,240 40,0 0,158 

-50,0 0,384 0,0 0,219 50,0 - 0,K8 

-40,0 0,337 10,0 0,200 60,0 0,139 

Chlorine Trlfluorlde CIF^ 

Molecular weight. 92.46 

Melting point... -82.6°C 

Boiling point... 11.3°C 

Density (liquid) 

*c g/em3 
-4,07 1,8970 

.7',70 • ] ¡8806 
9.64 1,8506 

12,68 1,8476 
20,92 1,8218 
26,90 1,8031 
38,71 1,7654 
45,63 1,7431 

Density of saturated vapor 

g/cnp 
0.0 0,0027 

12,0 0,0040 
ty.o O',0105 

Critical temperature. 

Critical pressure.,, 

Saturation jor pressure 
•c mm Hg 

-46,97 20,06 
2,37 503,67 

mm Hg 
775,88 

1107,60 

174.0°C 

57*0 a ;m 



Surface tension (liquid) 

•c dynes/cm *c dynes/cm *c dynes/cm 
0,0 26,6 14,6 24,3 38,0 20,3 

4,0 26,0 20,6 23,1 42,0 20,0 ' 

9,0 25,1 25,5 22,7 49,9 18,7 

Heat of fusion at -76.32°C. I819.3 cal/mole 

Heat of evaporation at 11.75°C. 6580.0 cal/mole 

Heat capacity (solid) 

cal/mole* 
•c • deg 

-259,12 1,03 

-250,42 2,67 

-232,49 8,42 

-216,86 10,96 

cal/mole* 
*c • dee 

-170,32 12,43 

-146,62 14,16 

-112,55 16,59 

- 94,54 17,88 

Heat capacity (liquid) 

cal/mole* 
•c • deg 

-76,32 26,68 

-68,33 26,78 

-56,63 26,94 

-46,21 27,05 

cal/mole* 
•c • deg 

-24,55 27,38 

- 3,30 27,84 

5,09 28,02 

Heat capacity at constant pressure (gas) 

cal/mole* 
•c * deg 

-23,16- 14,48 

26,89 15,58 

326,89 18,45 

cal/mole* 
•c • deg 

626.89 19,20 

926.89 19,48 

1226.89 19,63 

Free energy 

•c cal/mole/ 
23,16 / 54,81 

26,89/ 56,80, 

326,89 65,71 

(gaseous) 

•c 
626.89 

926.89 

1226.89 

cal/mole 
71,84 

76,51 

80,34 

Free energy of formation 

-c cal/mole 
-23,16 30 970,0 

26,89 29 410,0 . 

326,89 20 130,0 

Entropy at 11.75°C (liquid) 

•c cal/mole 
626.89 -11050,0 

1226.89 - 6650,0 

43.66 cal/g*deg 
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Heat capacity (solid) 

cal/mole 
•c • deg 

■258,2 1,167 
■253,1 2,240 
•247,7 3,440 
•251,2 4,795 

cal/mole 
*c • deg 

-237,8 6,561 
-230,1 7,120 

225,2 7,741 

Heat capacity 

cal/mole* 
•c * deg 

-219,6 13,700 
-213,2 13,680 
-208,2 13,607 

(liquid) 

cal/mole* 
•c • deg 

—203,2 13,558 
— 193,2 13,793 
— 188,1 13,948 

Heat capacity at constant pressure (gaseous) 

cal/mole 
•c *deg 

-187,9 6,950 
-153,2 6,960 
- 73,2 7,110 
- 33,2 7,270 

26,8 7,445 

cal/mole 
•c • deg 

126.8 7,848 
226.8 8.187 
426.8 5,535 
626.8 8,722 

1226.8 8,989 

cal/mole 
•c • deg 

1726.8 8,881 
2726.8 9,258 
3726.8 9,388 
4726.8 9,510 

Heat capacity at constant volume at 25.0°C (gaseous) 

Entropy (liquid) 

cal/mole* 
•c • deg 

-219.6 14,586 
-218,2 14,955 
-213,2 16,146 

cal/mole • 
•c • deg 

-203,2 18,245 
— 193,2 20,067 
-188,2 ' 20,907 

5.535 cal/mole*deg 

Enthalpy (gaseous) 

*c cal/mole 
-183,2 626,0 
-173,2 695,0 
-153,2 834,0 
-133,2 977,0 

Viscosity at-188.2°C (liquid). 0.24 centipoise 

•c cal/mole *c cal/mole 
-113,2 1,23,0 -33,2 1817,0 
- 93,2 1280,0 -13,2 2024,0 
- 73,2 1440,0 6,8 2255,0 
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