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Cconents on F-ÎS-9440/V 

V«w«at rocket teralnologj was used throughout, based on recent publications, 
Adranos notices of papers read before the Radiation Conference in Veraont, etc. 

The tem rocket propellant was used whenever specific discussion of its 
exponents was inrolred. The components, in that case, were caUed ccobustible 
and oxidiser, while the tena fuel was reserved for general descriptions of rocket 
fuels. 

The tern ■TeploT03prii®chiTost,n was rendered as "heat absorptivity" in 
agreement with the symbol Q used. The term "teploemkost»" was rendered as heat 
capacity in agreement with the symbol c used. Although heat absorptivity J3 *¡ot 
too ccnsuon a term, Q is the international symbols for heat absorbed while ^ 
is the symbol for heat given off. "Susceptibility" would not be as good and heat 
capacity would be wrong. 

The terms "calorific value", "heat value", and "heating value" were used 
intermixedly, as fitted best into the context. All mean the same and are ex¬ 
pressed in thermal units per pound (or kg). 

The terms "vesovaya i obemuaya teplotvornyye" were rendered as heat value 
per unit weight and unit volume, in agreement with standard practice, and then 
shortened to "weight heat value" and "volume heat value", respectively, as in 
the forelpi text. 

In writing nuclear reactions, the more modern arrangement of using 
subscript for the atomic number in front of the symbol was used (thus, 
not Op. 

The term "shashka" was rendered as powder grain, despite the fact that it 
is wrong from s physics viewpoint. However, the term has become standard 
tsndr.ology in rocket technique for any size powder charge used in a rocket. 
Thus, tubular grain, cruciform grain, etc was used in translation. 
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GRAFTER IV 

FUELS OF ROCKET ENGINES 

I 
1. The Cheaical Energy of Rocket-Entrlne Fuels 

. 1 • 
i 

Sources of Enerar fcr Rocket Enures 

• • ¡ • 
1 

A rocket enginef*like any other engine, needs sobs source of energy for its 
. 

■ i . i • ' * 
operation. 

> 

The only source of energy used in rocket engines today is cheaical energy. 

Yfhen an engine opérâtes, this energy may be liberated in reactions of two types. 

The post widely used is the reaction of coobustion. This reaction is utilised in 

the operating processes in the orerwhelnlng majority of existing thermal engines. 

The reactions of decomposition of certain substances are also used for the libération 

of ehesdcal energy, provided this process of decomposition is accompanied by the lib- 

oration of heat. In rocket engines, for example, the reaction of the decomposition 

of hydrogen peroxide is widely used. 
i 

A rocket engine requires not only a source of energy, but also a reserve of 

mss, which is sjected by the engine during the course of its operation. The sub- 

* r 
stance ejected from a rocket is usually termed the working body. 

In existing engines, the source of chemical energy is the fuel, while the work- 
I » , • 
Ing body is constituted by the reaction products of combustion or decomposition of 

the fuel. Thus the fuel is at first the carrier of chemical energy, end then of 

kinetic energy. --- —- -- ' - - * • — p— 

>-ISt9U0/V_ 



n
rrn

 

-, A 

> — 

32- 

51. 

55. 

IfucUar energy i» 4 promising «ource of energy for rocket engine». It 1» not 

need in rocket engines today, but without doubt will be used in the near future. 

luclMkr fuel will evidently be used »ly as » source of energy, while the working 

body will have to be carried additionally on board of the rocket. 

The Process of Combustion and Chemical Energy ^ 

• ’ ! i 
By process of combustion we mean the chemical process b*, ween two substances, a 

cosfcustible anl an ooddixer, which is accompanied by the liberation of a large amount . . i 
' . • i 

of heat. 

Let us consider the simplest process of combustion, the reaction of combustion 

of a combustible ani oxidizer elements taken in the jwre, atomic form. 

The energy level of ato¿s is determined by the structure of the outer electron 

•hell of the atom. A completely definite 

number of electrons is found in the outer 

shell of the atom when it is completely 

filled« For the elements ordinarily used 

in rocket-engine fuels, this number is 

eight* Hydrogen is an exception, having 

a of two electrons in its outer 

■hell. 

Tbs filling of tho outer shell by i 
electrons 1» accompanied by a fall in the 

energy level of tho atom« Tho atom is at 

its energy level when the outer 

■hell is completely filled with electrons. \ 
If we consider the structure of atoms of cosbustible end oxidizer elements, we 

will find that their outer shells are incompletely filled with electrons. Thus 

H H 
\ 

H !#] 

0 

/ 
H 

h (r) 

\ / 
H(© 

mo, o 

Flg.4*l - Diagram of tho Course of Chem¬ 

ical Reactions. The dots indicate elec¬ 

trons. The electrons enclosed In a box 

belong simultaneously to two atoms 

(Flg.&.l) one electron (out of two) is missing In the hydrogen atom, four electrons 
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■issixig in the carbon atom,, two in the ouq/gen atom, and one electron (out of 

•i^rt) In the fluorine atom. 

Bo change in the atomic structure takes place during the chemical reaction of 

conbuetion, since the total number of electrons in the atoms of the combustible and 

oaddiser elements remains the same. On formation of the combustion product, however, 

. the electron shells of the reacting atoms are interwoven and transformed so that some 

- •lectrons are simultaneously in the shells of atoms of ths combustible and oxidizer 

elements. Por example, on combustion of hydrogen with oxygen to form water vapor, 

_the electron shells are so transformed that, as a result, two groups of two electrons 

- ••ch will be located simultaneously in the shell of an oxygen atom in that of a 

Ijjdrogen atom. In this case the oxygen atom in the water molecule has eight elec- 
* • 
trona in its outer shell, while' the hydrogen atoes have two electrons each, l.e., 

the shells of all the atoms are completely filled with electrons. 

In exactly the same way, in the hydrogen fluoride molecule (cf.Fig.4.1) the 

.during of electrons results in ths complete filling, with electrons, of the shells 
•: i 

atoms in the combustion product. Por this reason, the energy level of the 
- Í * 
molecule of the combustion product is considerably lower than the energy level of 

.the atoms before they entered into combination. It is the difference between these 

«urgy levels that determines the quantity of chemical energy liberatea during com- 

. boat Ion. 1 

Since the enerar levels of the original substances and of the products of cca- 

boaiion reaction depend on the structure of the respective particles, it follows 

that the quantity of chemical enerjr liberated during combustion is always constant 

and la entirely Independent of all external conditions, such as pressure, tempera- 
1 • ' Í » 

tore, volume, etc. 

This la the manner in which the process of combustion of atomic substances 
» 

tehee place. In reality, however, the combustible and oxldlser elementa in 

Ihel rocket engines are not in the atomic «tate but enter Into the composition of 

6). 
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. nolecules of eleaontar/ substances or, most often, of compounds. 

In this case, the combustion process with respect to the energy yield, may be 

Imagined as proceeding in the following manner: A substance in the molecular fora 

la decomposed into atoms of the corresponding elements, with the consumption or lib¬ 

eration of chemical energy. The atoms then combine into combustion products, always 
i i ! 

with liberation of chemical enerar. The total effect with respect to thejcteld of 

chemical energy is determined by the algebraic sum of the chemical energies cor¬ 

responding to each of these component process. 

It should be noted that the liberation of chemical energy during the combustion 
! 

process re<{uires an initial activation energy. This energy is used up in bringing 
- •> 

the reacting atoms into the state In which their chemical interaction can begin. 

_ For example, hydrogen and oxygen or carbon monoxide and oxygen can. remain for an 
• * • • 
- Indefinite time in the state of mixture. Chemical reaction in such mixtures begins 

only after ignition. It is this process of ignition that supplies the necessary 

Z energy of activation to the mixture ready for combustión. If combustion has been 

Z initiated in any group of particles of the mixture, then the energy of activation 

for the other particles is drawn from the chemical energy of the neighboring reacted 
• ' • t 

- particles, thus causing the combustion to spread. 
j . __ 

- The value of the activation energy varies for different mixtures. The higher 

- the activation energy, the more difficult will it be to ignite the mixture. 

4 - i ‘ • : : • / 
> 

EnerTT ««i B.«t of romatlon 
* • • 

I * * • I 

-Z The energy liberated In combustion reactions nay be determined in two 
'. ,...., • 1 

/ ! 

- th« flrtt nthod la to ealealatt fro. the apaetrm of pirtlel.a (atoms nd aoL- 
i . ' t / 

- acules) the energy levels of these particles before and after reaction, and to find 

;H 1 
—the quantity of chemical energy corresponding to a given transformation of matter. 

> ’ a— 

~ from their difference. 
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th« «ocorri method cocsist» i» • calorimetric detenaiJAtion cl the heats of 

formation (which are also called beata of conestían) of the substance. In this 

ease, the necessary reaction is run in a special eessel (a calorimeter)* * result 

of which the chemical energy i* transformed into thermal energy. This energy is 

eoasumed la heating the reaction products. After completion of the combustion proc- 

•ss* the reaction products are cooled to the temperature of the original products 

before beginning of the reaction, and the quantity of heat removed from the reaction 

producto is measured. The quantity of heat determined in this manner is called the 

boat of formation of tho substance, as distinguished from the chemical energy found 

by the first method. 

The boat of formation has a definite relation to the chetical energy, although 

it is not equal to it. • The difference between the heat of formation and the chemical 

_ energy is that, during combustion and the corresponding changes of the substance, 

"there is also a change in the heat capacity of the original substance. 

TM« change in the heat content or enthalpy is as follows: 

in eoribustlor reactions, the heat capacity of the reaction products is not equal 

i Tto the heat capacity of the original substances, since substances of properties dif- 

. I forent from those of the original substances are formed during combustion. 

*, "_L Moreover, the heat capacity of gaoeoua substances also depends on the conditions 

: ;7mriar which tho reaction takes place (at constant pressure or at constant volums). 

■ for this reason, tte change in the qual ity of energy contained in the «ubstances 
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pitee, i#«Vf on th« pressur«, Tolume, and initial temperatura. 

1ht temperature T has the greatest Influence on the Talus of AQ. - - - _ 

The heat of fornatlon used in liquid rocket engine calculations is usually relat¬ 

ed to the following coalitions: constant pressure of one absolute atmosphere, at room 

temperature. In this case, the heat of formation is considered the change in the 

value of the heat content H of the combustion products and is denoted by AflÇ» lhe 

superscript indicates the pressure at which the heat of formation is determined, and 

the subscript denotes the absolute temperature. If the heat of formation is deter¬ 

mined at the absolute pressure p ■ 1 kg/cm^, then the superscript is written as *0". 

Knowing the heat of formation and the heat capacity of the substances partic¬ 

ipating in the reaction, it is always be possible to calculate the chemical energy as 

2-_ I ' . i 
. the algebraic difference: 

,*H}±4Q. . 

Since, at T a 0, we hare ¿0-0, the chemical energy may be defined as the heat 
i « • . 

;0 _©f formation at absolute sero and denoted by AH^. This quantity serres as a measure 

— i 
j ; _of the chemical energy and la widely used in many thermodynamic calculations. 

la rlew of the fact that the heat of formation of the combustion products 

: "depends on the external conditions, so-called standard conditions are used In deter- 

2 „mining it. For the most part, the heats of formation of substances are determined 

<. “at e temperature of 1S°C, 20°C, or 25°C (291.16, 293.26 or 298.16°C aba). In this 

case, the difference between the chemical energy sum the heat of formation of the 

; ,_eorresponding products is re latterly small. 

‘ iZj Since the heat of formation of a substance depends on th# form (átenle, 

: -.er elementary substances or compounds) in which the elements composing the given 

substance are taken, the heat of formation is always related not only to the stand- 

3^-ard conditions, but also to standard states of the elemente. The standard state 
—i 

.3 i .means the state of an element in the form in which it is most widely distributed in 
s 

Só.nature. Thus the following standard states are adopted for the eembuetlble and 
» 

• . ^ 
saH 

Ó0 ..-4 

■JT ^ 
■TM •J 
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oacidiier «leicenta in nost connon use: for hydrogen, oxygen, and nitrogen, that of the 

Molecular gases 02, ïÿ *or CArbon» f-graphite; for a metal, the crystalline 
$ 

form in which it ia most often met in nature. The sign of the heat of formation is 

detendned hy the fact that the loss of energy of the system entering into the reac¬ 

tion is, naturally, considered negative. Por this reason, the heat of formation of 

combustion products always has a negative sign. 
«'f 

Th# Glorifie Value of a Fuel j 

By the calorific or heat value we mean the quantity of heat liberated on 

combustion of unit weight of the fuel. We will denote this value by Jq. It has 

the dimension keal/kg. 

The heat talue of a fuel is equal to the heat of formation of the products of 

the combustion reaction, taken with reversed sign, since the chemical energy of the 

I eubstance loot on formation of the combustion products is, according to the law of 

_ conservation of energy, completely converted into heat. Hus, 

V-"? 
The value of the heat of formation is usually given in kcal/ga-mole and is 

•7easily converted into the quantity of heat per unit weight, by using the relation 

AH kcal/kg 1000 AH kcal/go-mole 

: where ^ is the molecular weight of the products of the combustion reaction. 

Attention should be paid to the fact that in a rocket, both the combustible and 

• _the oxidizer are carried on board, and consequently are of the sams value. For this 

: treason, we will always relate the calorific value or the heat of formation to the 
» 

total mass of the substances consumed during the reaction rather than to the weight 

5^- of the combustible alone, as is done in ordir-iry thermal engineering, where the 

S*-consumption of oddizer, which is atmospheric air, is never taken into account since 
-i I 

the oxygon is taken from the ambient atmosphere. • - - -— 

_f-IS-9ü¿0/V 
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ft« combustible and oxiditer components used in rocket propellants should nat- 

orallj be those haring the maximum amotint of chemical energy. In this case, a larger 

■upplj of energy may be placed in a rocket of giren dimensions. Since there are a 

limited number of chemical elements that exist in nature, it is natural to select 
I 

. from them those haring the greatest supply of chemical energy. 
i 

As far back as the time of I.E.Tsiolkorsldy, it was pointed out in one of his 

first works "[ha Rocket in Cosmic Space" that a definite law for the values of the 
I 

Chemical energy of the elements must exist, in connection with the Mendeleyev pe¬ 

riodic system. In fact, the heats of formation of tho combustion products of tho 

various elements fall into a regular arrangement, forming periods corresponding to 

- the rows of elements in tho Mendeleyev Periodic Table. More detailed investigations 

of this question led to the following results: 

Of all the elexuiiits, only two, Mq'gsr. and fluorine, can be used as oxiditer 

- oloBonts, yielding a large supply of chemical energy and ensuring the necessary 

- Intensity of the combustion reaction. The other oxidizer elements, such as chlorine, 

_ bromine, and iodine, do not yield great chemical energies. As combustibles, the 
X'- „ • * * 

. following elements yield the greatest effect: beryllium, lithium, boron, aluminum, 

.magnesium, silicon, hydrogen, and carbon. -¡ 

- Bafore discussing in greater detail the properties and energetic characteristics 
'_ i 

; ! 
-of the various alements, let us refine the basic indices by which the components of 

- liquid-fuel rocket engine propellants, the combustible ani oxiditer, must be eval^ 

_ mated. 
{ —. ; * V ï • 

I "i! 
mmm ■ i : f . 

jaslc Requirements to be Met bv Rocket PrcneLUnts 

- Za evaluating various substances for use as rocket fuels, the fundamental 
V —« 

- requirement* that liquid-fuel rocket engine propellants oust meet are usad as basis. 
J ^ ^ " 1 

- These basic requirements an as follows: | 

!• High voight concentration of chemical tnergy, which is determinad by the 

P-TS-9W.0A_ * J 



h«At value of the fuel. The greater the value of the greater will be the kinetic 

energy that can he imparted to the combustion product, and the higher will be the 

eohauat velocity and the specific thrust of the engine. 

• 2« Greatest possible energy reserve per unit volume occupied by the fbel, i.e., 

the greatest possible heat value per unit volume of the fuel (this same quantity is 

sometimes called the heat density). The greater this value, the less volume will be 

ocoupied by the necessary fuel supply, the less will be the relative weight of the 

rocket atructure, and the smaller will be the value to which ^ for the rocket can 

be reduced. 

The bulk heat value is 

Kv-^Ka, 
(4.3) 

where Yj is the specific gravity of the fuel in kg/ltr. 

The specific gravity of a propelxant consisting of a combustible 'arri ¿n ox- 

idiaer is, in turn, determined by the fo.~mula 

U* 

1 V 

1c + * 
(4.4) 

î» J 

_ where yc is the specific gravity of the combustible; 

Y0 is the epecific gravity of the oxidizer; 

T is the quantity of oxidizer in kg, per kilogram of combustible. 

_We note that ___ ■ 

» "a 
4 . ^ .. i 

• % • 

„where \ is the quantity of oxidizer theoretically required, which is determined 

—; from the ordinary material (weight) balance of chemical reactions-under the 
-•i i 

—; condition of their completion at minimum consumption of oxidizer; 

' a Is the coefficient of loss of oxidizer; for liquid-fuel rocket engines, the 

-coefficient a is usually somewhat less than unity. _ 

• I ' ' 

- 3. A high heat capacity per unit weight of the combustion product and a cor- 

/v—J _f-ts-9uo/v. 
o') J_ 
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wspondijigly low combustion temperature. Since the process of combustion in * li«iuid 

rocket engine proceeds under constant pressure, the combustion temperature, in first 

approximation, is determirsd by the relation 

r- 
Kq 

(4.5) 

»Aare cp is the weight heat capacity of the combustion products under constant pres- 

•ure. For this reason, at the same heat value of the fuel, the temperature in the 

combustion chamoer will be lower, the greater the heat capacity of the combustion 

products. 

1 decrease in the combustion temperature of a fuel is of substantial importance 

for the design of engines that will operate reliably on this fuel. Moreover, a 

_ decrease in the combustion temperature decreases the degree of dissociation of the 

combustion products (cf. liter in text) and increases the efficiency of the engine. 

For gases with the same number of atoms In the molecules, the heat capacity c 

; «xPr«aaed in kcal/g-œole deg, varies within narrow limits. Since 1 kg contains 

_ 1000p. gram-moles of combustion products (where p is their molecular weight), the 

_heat capacity per unit weight will be: 

1?... 

» i 

C 
S * ej« d*s M) 

ConMÇMEtJj, th« lower the ooleculer weight of the combustion produite, the 

-higher will h. their weight hest cspsclty «id the easier will It be to use this fusl 

—in an sngine. « 

The molecular weight of the combustion products may also bs characterised by two 

-other quantities, namely the gas constant of tho combustion products R ami the so- 

- called quantity of gas formation v. " i . 

h Ifc i- ^11 for «V gas, the univeraal gas constant Is I • 0.M kg ’ 

; - 0s/gn-sole deg or, expressed in thermal units, 
_. i . 

56. • » 

5fi“1 * 
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Al • * 1*936 X 10r3 iccal/g^-ool® d«g 
427 

Th« weight gas constant _ 

ft ■ —kga/kg deg 
P 

Th« lower the molecular weight of the combustion products, the greater will be 

their gas constant* Thus the value of the gas constant for the combustion products 

of rocket fuels should be as great as possible. 

We will later hare occasion to use the equation of state, written for 1 kg 

of gas: 

pr ■ HT 

or 

▼ ■ ft JL 

i ;. 

_ A« we see, under given conditions, the volume of the combustion products v 

formed is proportional to the value of the gas constant R* The volume of the combua 

_tion products under normal conditions (T - 291.16° abs; p - 1 kg/cm2) is known as 

_the gas formation. It shows how many liters of combustion products arc forced from 

_1 kg of fuel under normal conditions. The greater this quantity, the greater will 

_b« the gas constant of the combustion products, and the smaller their molecular 

_w«tgbt. Consequently, the gas formation in the combustion of the fuel should be the 

_ maximum possible. 

A* Th« physical state of the combustion products is very important for the 

I . 

. process of expansion and of transformation of thermal energy into kinetic energy. 

—' Th« conversión of thermal energy into the kinetic energy of directed motion 
i'—4 

-takes place most simply in the case where the combustion products are gaseous. For 
StJ- .. . . 
.■oild products, expansion Is Impossible, so that solid products must give up their 

56^ 

60. 
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th'mal energy to the gas by means of thermal conduction or radiation. Only the 

heat of the solid product which is given up in this way to the gas participates in 

the process of expansion and will be utilized to form the Idnetic energy of the jet. 

It is obvious that the presence of solid particles in the nozzles is undesir¬ 

able. Consequently the boiling point of the combustion products must be sufficiently 

low. In addition, in order not to lose, by evaporation, a large part of the heat 

liberated during combustion, the heat of vaporization of the combustion products 

must be as small as possible. 

i 

Analysis of Combustible and Oxidizer SLeccnts as Components of Rocket Propellants 

«i. 

. 

•,o_ 

) 
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Table 17.1 gives the principal properties and energetic characteristics of the 

combustible and oxidizer elsrents of liquid rocket engine propellants. 

■ In studying this Table, the empty colimas and doubtful data (numbers in paren- 
I 

theses) that it contains may seem surprising. Although aost of the substances enu¬ 

merated In the Table have long been used in technology, a thorough study of their 

properties and of the properties of their compounds has been taken up only in recent 

years, in connection with the demands of recket engineering. The literature data on 
I 

these substances are exceedingly contradictory and are often changed. The informa¬ 

tion in the Table, however, is sufficient to give a basic evaluation of these el¬ 

ements as components of liquid rocket engine propellants. 

Among the oxygen compounds of the elements, beryllium oxide has the greatest 

heat of formation per unit weight BeO, 5830 keal/kg. This value considerably 

exceeds the heat values of the hydrocarbon fuels used today. Boron oxide, B^Oj, and 

lithium «adde Li¿0, also have a high heat of formation. The heat of formation la 

lower for water H^O than for magnesium oxide MgO, aluminum oxide Al^O^, and Silicon 
i , 

oodde 3102« Carbon dioxide OOj has the lowest heat of formation. 

The volume heat of formation is greatest for beryllium oxide and smallest for 

55 

50 

—'water. The latter circumstance constitutes a substantial shortcoming of liquid 
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hydro£*n as a rock«! fuel. 

Th« boiling points of the oxides, except for water and carbon dioxide gas, are 

▼ery high, and the heat of vaporizatlor has an excessive value, sometimes even 

greater than the heat of formation of the solid product. The use of fuels based on 

• netaille combustibles and oxygenic oxidizers may prove inadvisable, since the combus¬ 

tion process at a high temperature involves a low liberation of energy because of 

dissociation, while the combustion process at a low temperature demands the presence 

of a gas phase to absorb the heat of the solid particles. The high molecular weights 

— of the combustion products predetermine the high temperatures in the combustion 

— chamber during combustion of metals. 
t 

Among the fluorine compounds of the combustible elements, hydrogen fluoride Hr 

and carbon tetrafluorlde CF. have the lowest heats. For HF this is the same as for 
* 

i * 

water; for CF^, it is lower than that of carbon dioxide 002» In addition, the 

molecular weight of CF^ is very high. For this reason, the use of fluorine as an 
9 * tie 

oxidizer for hydrocarbon combustibles is inadvisable. 

— It must, however, be borne in mind that the diatomic molecule HT is considerably 

— more stable against dissociation than the triatomic molecule HjO. For this reason, 

— for very hydrogen-rich combustibles, the use of fluorine oxidizers may prove expo- 

— dient, orlng to the reduction of the losses connected with dissociation (cf. later 

— In text). 

— The fluorine compounds of the remaining elements have a high heat of formation, 

— per unit weight as well as per unit volume. Among them, lithium fluoride with its 
» . -, ' , 

— maximum weight has a heat of formatier, of very special interest. 
" i i 4 , 

—t Attention is attracted to the fact that all fluorine compounds of metals have 
I ,-, 

— a considerably inter boiling point than the oxygen compounds and, no less important, 

~ a relatively low heat of vaporisation. Due to this fact, the use of fluorine oxidiz- 

■“"ers for metallic combustibles say have considerable advantages over oxygen oxidizers. 
--- .... . - 

$6. 
Among the fluorine compounds LIT and Ee?2 have satisfactory molecular weights. 

w“1 
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2« Kodern Fuala for Liquid-Fuel arv PovrJer profilant E".-Ir.es 

Requirement3 to be Met by Liquid Fuels 

Betides the above-«numerated requirements for rocket fuels In general, the 

_ practical use of fuel in a liquid-fuel rocket engine results in many other require¬ 

ments large In number and, unfortunately, difficult to satisfy. Let us consider 

_ the principal ones. 

Kost rocket fuel components are chemical compounds. Every chemical compound 

■ay be formed from its elements, with either absorption or liberation of heat. 

_ Assume that a certain chemical compound, used as a fuel component, has a neg- 

_ ative heat of formation, i.e., liberates heat on its formation. In order to liberate 

- the .combustible and oxidiser elements from this substance in the combustion chamber. 

it will obviously be necessary to consume, on account of the heat of combustion, an 

additional energy equal to the heat of formation of the components. If a compound 

used as a fuel component has a negative heat of formation, then the quantity of heat 

obtained in the combustion chamber is reduced accordingly. At a positive heat of 

—formation of the fuel component, the heat value of the füel is increased over the 

—heat value of the elements taken in the standard state. 

It follows from the above that the fuel components must have positive heats of 

-formation. The proposals to utilize combustibles in the atomic state for liquid- 

_ fuel rocket engines are based precisely on this principle. 

The reqriirements resulting from the conditions of the cooling of the engine are 

-that the fuel components must be able to absorb the largest possible quantity of heat 

-or, conventionally expressed, that they have the maxlnm heat absorptivity. 

Bunarlcally, the heat absorptivity of a component is 

j-—i f « - « (TboU -¾) '“»Vic* 

t » 

56_whero e Is the heat capacity of the component; 

S3*1 
J”T-TS-?aO/7 .17 



Is the boiling point of the component under the pressure that exists in the 

cooling Jacket (for a description of the cooling systen, see belott); 

Tq la the temperature of the component equal to the temperature of the ambient 

medium. 
Í 

A component vith a greater heat absorptivity and a higher boiling point will 

have a higher heat absorptivity. 

The heat absorptivity of a component is most correctly related to 1 kg of fuel 

burned in the engine, since both the quantity of heat liberated in the engine and 

the quantity of substance used for cooling are proportional to the total consumption 

of fuel, and not to the consumption of the individual components. 
•I 

The specific heat absorptivity of a combustible is 

i 

^ * °o (Iboll ■ V TT-r fu,l! 

while the specific heat absorptivity of an oxidizer Is 
* i » 

: ' ' : • ' 

\ - «O (Tboil * V 1VV.kcAl/k« ^61 

jL 

Vith the same physical properties (heat capacity and boiling point) an oxidizer 

_wlll have a higher specific heat absorptivity than the combustible, since v ) 1, 
*» ¿ • 

— For this reason, if a high-boiling oxidizer is used in a liquid rocket engine, this 
1 ’ * * 

— ooddiser will, as a role, be used as the liquid used for cooling. 

_ The total heat absorptivity of the coolant component QS (where G is the weight 

— consumption of x'uel in unit time) must be greater than the total quantity of heat 

_ to be removed from the cooling surfaces of the engine per unit timo» If this 
t ; ! 

_ condition is not satisfied for any of the fuel components taken separately, then the 

— engine must be cooled by both componente at the same time. 

The conditions of fuel feed result In the requirement that the viscosity of the 
» 

I 
— componente as well as temperature dependence of their viscosity be low. Otherwise, 

~ a variation in the temperature of the ambient medium may lead to a variation In the 

<9 mn A • • A At 
:*T**ír7«wv/ * 1* i 

Í0. 



I 
f 

! 
i ; 

ratio V of the components supplied to the chiuober and to less favorable fuel 

utilisation. 

Iha conditions of ignition and combustion of the fuel in the engine chamber 

demand a low ignition point for fuels that are not of the Igniting tjpe, and the 

•■allest possible period of Ignition lag for self-lgnltlng fuels. The latter 

requirement is of the greatest importance. * 

12 
The self-ignition lag means the time elapsing from the moment of contact be- 

U 
_ tvaan the liquid components of a self-igniting fuel to its ignition. Sometimes this 

15 _ 
_ quantity is called the induction period. It is clear that, with chemical ignition. 

1Ô 
the quantity of fuel accumulated in the combustion chamber vfaen the engine is started 

20_¡ 
(othex'conditions being equal) will be greater, the longer the self-ignition lag. 

22 
_ As notad above, the accumulation of the mixture in the chamber may lead to explosion 

2-:- . ‘ . * 
_ol the' engine. From the condition of safe starting, the self-lgnltlon lag must not 

,S I ' . 
. a. —e 

__ axceed 0.09 seo. . 
it 

_ For reliable engine starting under various meteorological conditions and at 
' i }<t— 

.various altitudes, tha self-ignition lag must not increase excessively as the tern- 

• * — * ! 

_perature of the fuel and the atmospheric pressure decrease. 
3v ‘ 
. The operating conditions of engine and rocket require the fbels to possess 

_ physical and chemical stability, which will permit storage of the components for 
■% i 

.prolonged periods without special precautions, will ensure safety from explosion and 
* —> - 

_ will ensura high boiling points and 1cm freezing points. The fuel must not be toxic 

.end Bist not attack tha structural materials. The rocket fuel must also be cheap. 

..it Bist be possible to produce it on a large «cale, and raw materials must be avail- 
•ií—l 

able for its production. 
18-J 
_ It Bist be said that thare are still no fuels that simultaneously satisfy all 

50-J « 
— these requirements. 

5 / 
—I ; Today, in spits of the extensivo investigations in tha flald of new substances. 

—a rather limitad number of chemical compounds are being osad as fuels. 
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Çlaaaiflcation of Rocket Fuels 

Bocket fuels may be classified according to various criteria. ( 

First of all we oust distinguish the physical state of the fuel. According to 

this criterion, fuels are divided into liquid and solid (powder) fuels. Mixed fuels 

are an intermediate group, one component being a liquid, the other a solid. Numerous 

attempts to utilise such fuels in liquid-fuel rocket engines have been nade. An 

■rampin is the well-known use in rocket engines of Jollied gasoline and charcoal rods 

_ placed directly in the combustion chamber, with the liquid oxidizer supplied from 
. I I 

tanks. I 
I 

. _ Fuels may be classified according to the number of their components. 

To simplify the feed system and the engine head design, the most expedient is 
— • 

^ the monopropellant (single-component fuel) containing both the combustible and ox- 

_ idlzer elements. * Such fuels have actually been developed, but until not not a sin- 

' _gla monopropellant with a high heat value, that would be safe and reliable in operas 

:_tloo, is known. All fuels used today are of the bipropellant or two-component type. 
_ • ¡ 

; _ The third method of classification is their division, with which we are already 

!familiar, into non-self-igniting and self-igniting. 
I 1 

j Figure 4.2 gives a system of fuel classification. > 

_ The properties of a propellant are determined primarily by the properties of 

-the oxidizer. Therefore propellants are also classified Into groups according to 
* . • 

._the type of oxidizer used. For this reason, we will start the following description 

* — of fuels with a description of the properties of the oxidizers. 

’ _ The properties of the oxidizers, combustibles, and of the propellants as a 

'• -whole are given in Tables I¥.2, IV.3, «aã 17.4. These Tables indicate the elementary 

* —composition, i.e., the content of elements: carbon C, hydrogen H, oxygen 0, and ni- 
I 

- _ trogen N in 1 kg of oxidizer or combustible, the heat of formation, the specific 

> •- gravity, the melting point (or freezing point), and the boiling point. For fuels we 

i''-show the heat values per unit volume and weight, the gas formation, the approximate 
I » 

5*11 ’ 
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teispftratur« in the coaibustion chaober, and tha approxirAte thrust for a rocket en- 

fine with average parameters. 

fitr^c Acid and the Wltro^en.Oxidas.„TetranitroEethane 

i 

12- 

1-;. 

litrle acid HNO^ la a product widely used in the national econony. It* large- 

scale production had been established before the appearance of liquid-fuel rocket 

engines. It la preciselj for this reason that it vas used as oJddixer in the first 

_ liquid-fuel rocket engines. Propellants based on nitric acid are vl'.elj used in 

. rocket engineering today. 

In the pure fora, nitric acid is a colorless liquid. Technical nitric acid al- 

. vaya contains a certain quantity of «rater and of nitrogen oxides, which give the 

— technical acid a reddish-brown color. . • 

— The presence of «rater lr*nltric acid is undesirable, since it lovers the heat 

. value of the fuel. Acid of 93 - 96?, i.e., with a water content not over 2 - 1> 
> .j 

— therefore used for rocket engines. 

•> • 

i 
Pure nitris acid (ef. Table 17.2) contains 76% of oxygen and has a low negative 

7 • I 

a ) 

heat of fornation. This sakés it a relatively powerful oxidixer. Of all tha exten- 
! • ! 

_ aively used oxidizers, nitric acid has the highest specific gravity, «rhlch peralta 

—the preparation of a fuel «rlth a high heat value per unit volume. 

—; litrle acid has a boiling point (+860^ and a freexing point (-A2°C) which are 

—vary favorable for its use in a liquid-fuel rocket engine. The addition of up to 
> i 

-10% of water to HND* lowers the freexing point somewhat (to -00.5°C). On further 
i -..1 J , 

-dilution of nitric acid, the freezing point rises. 
•!j—I 

—1 The boiling point of HNO* increas s with the pressure, so that under the pres- 
43-¡ 

- eures that exist in the cooling Jacket of liquid-fuel jet engines, the boiling 
50—j j 

- point exceeds 200°C. 
52 
72 

54-1 
The heat capacity of HND^ la about 0*5 keal/kg deg which, in conjunction with 

56 
-the high boiling point and the high content of nitric acid in the propellant 

-.-A 
,0^r-T3juo/L 
60 jj_ 
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(y • 5.47), »ak«® nitric acid a high-grade coolant irith a high heat abaorptirltj. 
2-4 
_)_litric acid alao has a nuaber of di »adran tag« 3. Its rapor is toxic, and when 

4j I 
it com» into contact irith the sldn nitric acid cause» aerare burns. Therefore, 

6 J_ 
— working with it requires safety measures. 

8. 

10. 

12-1 
—! fore, flushing of engines and of parts after contact with it must be rery thorough* 

14 _j 
— Stainless steel and sons plastics withstand its action. 

C.tric acid is highly aggress ire toward metals and other structural materials, 

litric acid diluted with water has a particularly powerful action on metals. There* 

16 
1 

16 

20 

22 

/4 

26 J 
■ 

28—j 

30 

32. 

litric acid re «lily evaporates, which leads to certain inconveniences in its 

storage. 

To Improve the properties of nitric acid as an oxidizer, various additives are 

'added. These say be cdded to increase the calorific value of the propellant, to 
i 
'raise the specific gravity of the oxidizer, to decrease Its aggressiveness sgalnst 

i 
■: structural materials, to increase the activity of the oxidizer with respect to the 

combustible (especially with respect to combustibles that spontaneously ignite with 
I 

nitric acid), and, finally, to decrease the freezing point of the propellant coapo- 

—;nants. Kany additives change not only one property of nitric acid, but several, 
34—j I 

—Ji.e., exert a combined action. 

3J 

iO 

Utrogen tetroxide, sulfuric acid, and other substances are used as additives 
* « I 

{to nitric acid. • 
i I ■ ! 

-1 Utrogen tetroxide 1*0, Is an oxygen-rich nitrogen oxide with a positive heat of 
12_I * I I 

—¡of formation. Liquid nitrogen tetroxide is yellow and evaporates easily. Its vapor 
*'_J 

—idecomposes in the air, and has a pronounced yellow color. The use of pure 10 as 
4 5—i « e 

sa oxidizer is impossible, owing to Its high freezing point (-9*9°C) and its low 
J 

point (♦ZPC). It is therefore used only as tn additive to nitric sold, to 

Increase the calorific value of the propellant. The addition of 1^0, to RNO^ also 
• j 

yields a solution with a higher specific gravity than those of pure nitrogen tetro- 

specifle gravity of auch a solu¬ 

to-i 

so 

52—1 

S4 

56 

58 

60 

sida or nitric acid, taken separately. The 
I 
I 
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* j 
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-<tlcnf containing \$fi ot HjO^, is 1.63 kg/ltr« ^16 »dditio!: of UJcewiso ix>- 

^ieroas«* the actirity of the oxidizer and, consequently, facilitates the starting of 
4j 
-1the liquid-fuel rocket engine. 

6 J_ 

8 

10 

12_! 

The addition of nitrogen tetroxlde to nitric acid, just like the addition of 

water, changes the freezing point of the mixture. The lowest freezing point (-73°C) 

Is obtained on addition of lß% of 4 further Increase in the addition of 

leads to a rise In the freezing point. 
14 h 

16 
Concentrated sulfuric acid H„S0 is used as an addltire to decrease the aggros- 

2 4 i 

_ else properties and to improve the starting conditions of the engine, especially 
18_J 

with self-igniting propellants. Mixtures of nitric and sulfuric acids are called 
20. 

_ I Belanges. A disadvantage of adding sulfuric acid to nitric acid is the lowering of 
22_J 

_jthe heat value of the propellant. 
24. 

26 “1 
Ferric chloride is added to nitric acid with the object of lowering the freea- 

_ing point and increasing the activity of the acid. 
I* 

•_! Besides KJO. and # aacng the nitrogen cccpounds of oxygen, tetranitroaeth- 
m ! y ^ 4 30 

ane C(BO-), nay also be used as an oxidizer. Tetranitrocethane has a positive heat 
32J 4 i I 

_of formation. A great advantage of tetranltrccethane as an oxidizer is its high 
H_J j 

^specific weight (1.65 kg/ltr), which is greater than that of nitric acid. Tetra- 
35J t . • 

-nitrccethane displays no aggressive action against structural materials. The use of 

40_J 
—tetranitrcmeth&ne is limited by its tendency to explode. In addition. It is also 

_strongly toxic, acting on the human mucous mealranes. 
<2_J 

_ The freezing point of tetranitromethane ia rather high: but when 
t »_( 

_ mixed with N.O , it* freezing point ia lowered to -26°C, which permits the use of 
<S_J * k 

—this nlxture as an oxldizir for liquid-fuel rocket engines. 

4ad 
SO—FUels Psed in Propellants Based on Wltrlc Acid or Nitrogen Oxides 

~ 
$2-1 

54. 

56. 

58* 

60] 

Kerosene is the fuel eooponnt most widely used for propellants based on nitric 

acid or nitrogen oxides. Table IY.3 gives the principal physicochemical properties 

141¾ 
n i $ ft tyj ■gnvtri-x- n. t 
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of kerosene, «nd Tabla IV.¿, the properties of the propellant nitric acid ♦ kerosene. 

The successful use of kerosene in liquid-fuel rocket engines is promoted by * 
* • • 

. considerable nusfcer of favorable qualities of this fuel conponent. Propellants 
t _ _ . , .. _! 

... containing kerosene have a high calorific value. Kerosene remains - liquid over a 
C_ . 

.. wide range of temperatures. It may be utilized for cooling the engine: its heat 
i:. 

_ content is 0.&5 kcal/kg deg, and its boiling point at elevated pressures reaches 
1? . 

_ 25<rc. The transportation and storage of kerosene causes no difficulties, and its 
! . .. _ . 1 ' ¡ 

.. production is ensured by the broad development of the petroleum refining industry. 
. • i 

_ Kerosene may be used as a propellant component, with all oxidizers based on 
¡ -j_ 

_ nitrogen oxides. The calorific value of a propellant of nitric acid plus kerosene 
i j_ t 

la I46O keal/kg. For nitrogen oxides it is somewhat higher (1500 kcal/V g), because 
22 

_ of the better qualities of the oxidizer. A shortcoming of kerosene is its relatively ■» • 
_ low specific weight (0.30 - 0.35 kg/ltr). A mixture of kerosene and nitric acid, 

- aa well as other propellants based on kerosene and nitrogen oxides, are not aelf- 
! 

_ igniting and require forced ignition. 

— Other hydrocarbons which, in the vapor form, yield non-self-igniting propellants 
l ; 

. with nitric acid, for instance alcohols, have not found application in liquid-fuel 

_ rocket engines. . 1 

^ i- 
Self-lgnitlng fuels have also been created on the base of nitric acid and nitro- 

— gen oxides. The combustibles in such propellants are usually complex hydrocarbons: 

— aniline C^H^NÎ^, furfuryl alcohol C^OCH^H, xylidene triethylandne 

— Their composition and principal physicochemical properties are given in 

— Table 17.3. Of the peculiar properties of these hydrocarbons, only the somewhat 

■higher specific gravity of aniline (1.03 kg/ltr) needs to be pointed out. 

To obtain the shortest possible self-ignition lag, at otherwise satisfactory 

properties, optimum mixtures of propellants consisting of various substances are 
I 

•elected. This encompasses a large number of self-igniting propellants of various 

'7 —. 

1:. 

5 

53 

it- 

~compositions. Their consaon shortcoming is the high cost end short supply of their 
>0_l_ 
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. I 

I 

- coaponenta. Such self-igniting mixtures sre used in practice not only as the prin- 
2-1 

clpal propellant of the engine, but also as igniters in chemical ignition systems, 

4d 
6 _L_ 

The most widely used self-igniting propellants are the following mixtures: 

1« ntric acid ♦ a combustible consisting of 50Í xylldene and 50£ triethyl- 

asdne*. 

2« litrlc acid * a combustib. consisting of 80Í aniline and 20Í furfuryl 

8— 

10 

12 
—1 alcohol. 

u _J 

16 — liquid Oxygen 
—H 

18. “1 

20. 
Liquid oxygen ie an even more powerful oxidizer than nitric acid, since it 

i i 
- contains 100Í oxidizing element. Liquid oxygen Is a bluish transparent liquid, 
i 
■ boiling at -183°C. Its specific gravity is considerably lower than that of nitric 
i * 

—acid, being 1.¾ Icg/ltr at its boiling point. The low boiling point of liquid coy- 
. I 

■‘gen prevents its use as a coolant. Por this sane reason, osygen is unsuitable for 
23—J ! 

—use In rockets that must be kept in the ready filled state. The tanks of the rocket 
30—J j 

— are filled with liquid oxygen iraediately before launching. Even under this condi- 
32_j 

22 

2». 

26 

J J—i 

- lion there are considerable losses of oxygen by evaporation, 

Liquid oxygen is relatively hamless to husan beings. If spilled on the skin 
“1 : 
—in small quantities, liquid oxygen boils, and the layer of gaseous oxygen thus 

31-J 

■10. 
formed protests the skin fres freesinj 

12_ 
In recent years liquid oxygen has come Into Intensive use in many fields of 

—technology, so that its large-scale production has been started. The problems of 

— storing and shipping liquid oxygen have also been satisfactorily solved, for this 
4jH 

I, despite the unavoidable losses due to evaporation (when used in liquid-fuel 

—rocket engine«, about 50Í of the initial quantity of oxygen is lost), the cost of 

”4. liquid oxygen used in rockets is 
52— 

S* 

56 

58 

6c 

xow. 

* A mixture of xy lid ene end triethy lamine is cslled "Tanka 250". 
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Çnabustlblea for PropeUanta Baaed on Liquid fajfren 

Kaj hydrocarbon aaj be used as coobuatible for liquid oxygen. All yield non- 
I 

& «elf-lgnltlng propellants with liquid oxygen. A mixture of liquid oxygen and ker- 
I 

I_oaene has a high heat ralue, equal to 2200 kcal/kg. This is the most powerful of 
—ß-• 

iv — modern liquid fuels. Attempts to use a mixture of oxygen and kerosene were made 

’ : _ »t the Tery dawn of the development of rocket engineering. The difficulties of 
» 

• *■ • 

using this siixture in a liquid-fuel rocket engine are due to the high temperature of 
i 1 j 

- combustion as well as to the very small amount of kerosene in the fuel (about 20£) 
I j j 

• _ which complicates cooling of the engine. Up to now, this has limited the use of 
- ill 

i : _ oxygen in the vapor phase with kerosene. 

II Propellants with liquid oxygen as oxidizer and with ethyl or methyl alcohol as 
! ’ i 

:. _ combustible are widely used at the present time. 

I- _ Table IV.3 gives tha principal indices of ethanol and methanol. In technology,, 

_ethyl alcohol of 93-5% concentration is used. To prepare an alcohol of higher con- 

_ centration Involves too complex a procedure. The heat value of alcohols is lower 
_ i 

j:_than that of kerosene, since they have a high negative heat of formation, but. on I w 9 

: _the other hand, the temperature of combustion of the alcohol in oxygen is lower. 
—: ‘ I 

’■ :_This facilitates the creation of a reliably operating engine. The specific gravity 

'1 of these alcohols Is lew (0.3 kg/ltr). The boiling point is rather high (taking 

: '„account of the pressure in the cooling Jacket of a liquid-fuel rocket engine), which 

permits the use of the alcohol as a coolant. The heat capacity of alcohol is soce- 
- ! 
..what higher than that of kerosene, and is about 0.6 kcal/kg deg. Owing to the fact 

' <. that the alcohol Itself contains a considerable amount of oxygen, the relative 

- - proportion of the alcohol in the fuel is increased to 40 - 452. This likewise favors 

5 - successful cooling of the engine by the alcohol. : 

¡ Ethyl and methyl alcohols are miscible in all proportions with water. This 
Í 

5 * - permits reedy preparation of fuels of various heat values, thus reducing the tesv- 
—j : j 
„paxature in the combustion chamber and increasing the total heat absorptivity of the 

a“j , . . , . . t 1 ; Î-TS-944P/V_ _y> . ' t 
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. combustibles to äny desired degree* This was exactly the trend followed by designers 

_ of the first ballistic rockets, using a 75i aqueous solution of alcohol as the 

— coœbustible, although the specific thrust of the engine was considerably reduced in 

this case (to 20U kg sec/kg). 
0 — 

The low freezing point of the alcohol penults its use over a wide ambient teo- 

perature range. 
r. 

Alcohol is produced in very large quantities and is not a combustible in short 

_ supply. It has no aggressive action on the structural materials. This makes it 

.. possible to use tanks and pipelines of relatively 'jiexpensive materials for alcohol. 

Methyl alcohol can be used as a substitute for etnylTalsohol. Together oxygen. 

.. It gives a fuel somewhat poorer in quality. Methyl alcohol is miscible with ethyl 
22 J 

_ alcohol in any proportions, which allows it to be used in the absence of adequate 

3 - 

_ethyl alcohol, and permits its addition in certain proportions to the combustible. 

. Propellants on the basis of liquid oxygen are used almost exclusively in long-range 

rockets; this allows and, because of their high weight, actually demands filling of 

the rocket with the components at the launching pad. 

! 
jt_Hydrogen Peroxide 

.1 
Hydrogen peroxide H¿D2 ^ the pure state (i.e., 10CÍ cone) is not used in '» , *» • 

—.technology, since it is a highly unstable product, tending toward spontaneous de— 

_composition, which easily results in an explosion under the influence of any, appar- 
* ? 

_ently insignificant, external influence: percussion, illumination, slightest sontaa- 

_ instien by organic substances, and impurities of certain metals. 
.: f i , 

_J In rocket engineering, more stable high-ccncentration solutions of hydrogen 

—peroxide and water (most often 80Í cone) are used. To increase the stability, small 

j-—I 

■quantities of substancss preventing the spontaneous decomposition of hydrogen perox- 

-ida are added (for example, phosphoric acid). At present, the use of 80Í hydrogen 

peroxide requires only the usual safety measures as necessary in handling strong 

3S 

Ó0 J. 
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o_ 
«Mixers. Kjdrogon peroxide of such concentration Is a transparent slightïj biuish 

_i liijiid vith a freezing point of -25°C. __ _ 

6 J 

8 

10 

I 

Hydrogen peroxide liberates heat on it* decomposition into oxygen anl water 

12 Z] 

_ vapor. This liberation of heat is explained by the fact that the heat of fornât ion : 

of the peroxide is 45*20 kcal/gnv-mole, while the heat of formation of water is 

68.35 kcal/ga-oole. Thus, on decomposition of hydrogen peroxide according to the 

u 

16 

_i fórmala - H^3 ♦ 1/2 02* the chemical energy liberated is equal to the differ- 

_ 68.35 - 45*20 • 23.15 kcal/gm-oole, or 680 kcal/kg. 

Çydrogen peroxide of 8QÍ cone is able to decompose in the presence of catalysts^ 
ud 

_ liberating 540 kcal/kg of heat and evolving free oiygen, which may be utilized for 
20_J i 

_jthe oxidation of a combustible. Hydrogen peroxide has a relatively high specific 
•>*> i 

24. 

26 

frftTlty (1.36 kg/ltr for 80Í cone). Hydrogen peroxide cannot be used as a coolant. 
i * 

^•iace it dees not boil on heating but decomposes imediately. | 

Stainless steel and very pure alundnum (impurities not over 0.5Í) can be used 

—** materials for the tanks and pipelines of engines operating on peroxide. The use 
wJ :, I 

.mf copper and other heavy metals is entire!- impermissible. Copper is a powerful 

; 

H 

23. 

32 
^catalyst encouraging the decomposition of hydrogen peroxide. Certain forms of pi««- 

- ties «y be used for gaskets and seals. Concentrated hydrogen peroxide causes 
»6_l I 

bums when it come« in contact with the ekln« Organic substances 3- 

40 

J3—( 
_ contart with hydrogen peroxide. 

'3 
i^,Kropellar.t3 Based on Hyirorer. Peroxide 

•q 

'5_ 

I 

types of propellants have been developed on a hydrogen peroxide base. 

Propellants of the first type are propellants whose components are fed sej>* 
43. 

-«tv^J In which the oxygen liberated on decomposition of the hydrogen peroxide is 

—»»ed for igniting the combustible. The propellant used in the «wgi™» of the In- 
S2—, t : ; 

aircraft described above (see Chapter m)# can serve as an axample. This 

—propellant 

ST~— 
581 
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— • B^D) with methyl alcohol. On adding a special catalyst to the combustible, 

_ this fluid becomes self-igniting. The relatively low calorific value (1020 kcal/kg), 
/* « -1 m 

as wall as the low molecular weight of the combustion products, results ir a lew 

_ sonbustlon temperature which facilitates engine operation. Because of the low cal- 

— orlflc value, however, the engine has a low specific tnrust (190 kg sec/kg). 
» I 

With water and alcohol, hydrogen peroxide can form relative-ly explosion-safe 

ternary mixtures, which arc typical examples of a aonopropellant. The heat value of 

_ such expíosion-safe mixtures is relatively lew: 800 - 900 kcal/kg. For this reason, 
_ I 

.. it is not very suitable as the principal fuel for a liquid-fuel rocket engine. 

However, such mixtures may be used in steam-gas producers. 

_ The reaction of decomposition of concentrated peroxide, as already stated, is 

— widely used in rocket engineering to prepare steam-gas, which is the working medium 

— of the turbine in pump delivery. 

Engines are also known in which the heat of decomposition of the peroxide is 

— used for producing thrust. The specific thrust of such engines is low (90 - 100 
I 

-kg sec/kg). 
i 

— Two types of catalysts ore used for decomposing peroxide, liquid (a solution of 

— potassium permanganate KKnO^) or solid. The use of a solid catalyst is preferable, 

simes the system for feeding the liquid catalyst to the reactor can be eliminated 

-In this case. 

I 

Rocket Powders 

□ 

•» >. 
Rocket powders are the solid fuel used in powder rocket engines. In addition 

-to the principal requirements that all rocket fuels must meet, powder must also meet 

•the following demands: 

— !• The powder must burn stably at low pressures in the chamber. This require- 

is of considerable importance in connection with the fact that the combustion 

—chamber of a powder engine represents at the rame time the reservoir containing all 

-^---- 
ssj 

soi 
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- th« Aial. At high pressure, the required great thickness of the walls results in a 

... high weight for the chanter arxi a high value of the of the rocket. 
» 

2, The powder must have high chemical stability. This is required because of 

_ the fact that the powder is subjected to the action of pressure in the combustion 

- chamber and to considerable inertia loads. The rupture of the powder grains during 
: — { 

-- combustion leads to an increase in the combustion surface, an increase in pressure 

.r 

_ in the chamber, and to explosion of the engins. 
^ I 

Some other requirements that powders must meet will be indicated belcw, in the 
i 

-, i 

.. chapter devoted to the combustion of fuels. 

A modem rocket powder consists of a solution of two or several organic ^itro 

.. compounds. j j 

The principal substance entering into the composition of a powder and ensuring 

the necessary physical properties of a powder is nitrocellulose. 

Nit roce Huios i (cellulose nitrate) is prepared by treating cellulose, i.e., 

- organic fibrous substances (wood cellulose or cellulose prepared from cotton), with 
_ * J • 

- concentrated nitric acid. For this purpose, stacks of cellulose are dipped in a vat 
_ , • I 

- of nitric acid. By such treatment, the cellulose is converted into complex organic 

- esters containing nitrogen and oxygen. ' 

The liquid substance dissolving nitrocellulose and ensuring its gelling (i.e., 

- the preparation of a solid solution of uniform composition and unifora physicochem¬ 

ical properties) is nitroglycerin. It xS the second principal substance entering 
i .' i 

i 
into the composition of powder. Nitroglycerin is prepared by treating glycerol with 

a mixture of concentrated nitric and sulfuric acids. A molecule of nitroglycerin 

- [chemicil formula C-HJOHOJ-] contain a considerable quantity of the oxygen nec- 
• ’ el J • «I 

5 . 
— essary for combustion of the combustible elements carbon and hydrogen. The heat 

j « 

—value of nitroglycerin is 1/,85 kcal/kg. Nitroglycerin is the principal substance of 
^ ‘ t 

^powder, having a reserve of chemical energy. Its percentage determines the heat 

..—¡▼alue of the powder. \ 

H 1 

i • 
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At nonnal températures, rltrogljrcerir. is a heavy oily liquid (specific gravity 

-1.6 kg/ltr). Pure nitroglycerin is colorless, while the technical product has a 
. i 

- «lightly yellow tinge. With rising temperature, nitroglycerin gives off a faint 
ó_„. 

- Wfeetiah odor. Its vapor is toxic and causas headache, while large doses entering 

- the human organism may cause poisoning. 
! J — i 

- Glycerol, which is the starting material for the preparation of nitroglycerin, 

demands the consumption of fats for its production. For this reason, the attempt is 

made in the production of rocket powders to replace nitroglycerin, though only in 

- P^rt, by other gelling substances. Diethyl phthalate, dinitrotoluene, diethylglycol 

dinit rate, and certain other compounds are used as such substances. 

Besides these principal substances, small amounts of various additives are also 

- intxjduced into rocket powders. i m 9 

give the powder chemical stability, substances like diphenylamine and cen- 
• • • 

- tralite are added to it. These substances, which prevent the decomposition of the 

- powder, also prevent changes in the physical properties and structure of the powder. 
i 

- Changes in the structure of the powier during storage are extremely undesirable. 

- «ince they may lead to a disturbance of normal combustion and to explosion of the 

- engine. Certain additions (vaseline or wax) serve to give the powder mass the 

- plasticity required in the technology of manufacturing the powder ""ains. 

Since a recket ptarler is a mixture of various substances, the heat value of such 

powder is determined, by the composition and heat of formation of its components. 

Bi trogen, which plays the role of a binder, uniting into a single molecule the 

- combustioie and oxidizer elements, acts as ballast in powders as it does in liquid 

—fuels. For this reason a high content of nitrogen leads to a reduction in the heat 
• . —i 

. ,"~V*lue of the pewder. The nitrocellulose used for powders ordinarily contains 

12 - of nitrogen. ! 
c . * ' i 

j . i_Th« Beat value of s powder is likewise determined by the value of the so-callad 

oxygen balance, l.e., by the value of y for the powder or its components. For most 

• • • i / i 
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T»hle 17.5 

Cottpoaitioo and Properties of 7«riou3 Socket Powders 

! T 

j :m 

Powder 

IJ». 

I.P.N 

Conposition 

lÿps of Substance Content, 
In vt.£ 

nitrocellulose (13.25^ 

nitroglycerin 

Diethyl phthalate 

Dipheny lamine 
I 

Potassium nitrate 

Higrvsine 

nitrocellulose (U.25Í 

nitroglycerin 

Diethyl phthalate 

Centrante 

Potaasiua sulfate 

Gas carbon black 

CandelHa wax 

52.2 

u.o 
3.0 

0.6 

1.1 

0.1 

Heat 
Value E 
keal/kg Q* 

1230 

51.50 

U.00 

3.00 

1.00 

1.25 

0.20 

0.05 

1230 

Combus¬ 
tion 
Tem¬ 

perature 
at 

Constant 
Pressure, 
I0 aba 

Reduced Force 
of Powder 

t0, kg-n/kg 

3170 

3170 

100,000 

100,000 

i ; _ Slow- 
_ burning 

powder 

nitrocellulose (12.2Í N2) 

nitroglycerin 

Dinitrotoluene 

Centrante 

CandelHa wax 

56.5 

28.0 

11.0 

4.4 

0.1 

I 
! t 

880 2330 76,aD 

:4.- 

-+- 

0,y 
wv . 
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powdars, v ^ or» «pressed differently, the powder has a negative ox/Sen balance, 

leading to a deficiency of oxygen (a ^ 1) and incomplete combustion of the combus- 

tibie elements. 
• «... , 

Most of the components of rocket powders, except for diphenylanune, have a 

. negative heat of formation. 
a»‘ * 

Due to all these reasons (high nitrogen content, negative oxygen balance, and 

negative heat of formation of the comporente) a pa» 1er has a relatively low calorific 

value, ranging from 820 to 1250 kcal/kg, depending on the nitroglycerin content (or 

. the content of other solvents). 

As an energetic characteristic for a powder, the so-called reduced force of the 

powder f0, kg-nv^cg, is often used in addition to the calorific value. 

The product of a gas constant R by the temperature of the combustion products T 

is called the force of a powder. H»re the combustion temperature, in accordance 

with the conditions of combustion of the powder in the rocket engines, is taken at 

constant pressure. 
I 

The reduced force of a powder enters directly into the expression determining 

the exhaust velocity; therefore, in some cases it is more convenient for calculation 
I 

than the calorific value. ¡ 
I 

Table IV,5 gives the composition and properties of several rocket powders. 

„Methods of Increasing the Chemical Energy Reserve in Fuels 

— U»« desire to increase the specific thrust of a liquid-fuel rocket engine leads 
i 

„ to attempts to find new and more productive fuels. Many references are found in the 
* ' 

. literature on attempts to use ozone, fluorine and its compounds as new oxidizers ard 

_ suspensions of metals in kerosene, compounds of boron with hydrogen, as well as a 

- number of organometallic compounds as combustibles. However, no data on engines 

-operating on s:*h fuels are available. 

It will be seen from the data in Table 17.1, even today there are a number of 
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possibilities of increasing the calorific value of rocket fuels. At the same time, 

these possibilities are limited by the considerable heat loss due to the dissociation 

of the combustion products at the high temperatures prevailing in the chamber (cf. 

- Infra, Chapter V), as well as bj the difficulty of feeding solid substances into the 

- engine. Great difficulties oust be expected in any attempt to ignite solid sub- 

- stances, and also in the introduction of the highly toxic and aggressive fluorine 

oxidizers into rocket engineering. 

The use of sclid (astaille) combustibles can be imagined in the form of susperv- 

_ sions of finely divided metal in an ordinary combustible or in the fora of organo- 

Mtallic aid natal-hydrogen compounds which, under normal conditions, are liquids. 

... Table IV.6 gives the physical properties of several organometallic and metal-hydrogen 

- coeipounds (inadequately verified values of physicochemical constants are shown in 

— parentheses). 

— In the literature on questions of rocket engineering, other methods of increas- 

- ing the weight ard volume calorific value of fuels are also considered. 
ï). 

' . ! 

Table 17.6 

Properties of Certain Organometallic and Metal-Hydrogen Compounds 

! 

i :. 

! ; 

I 

• r* 
I Jm 

Tÿpe of 
Substance 

Chemical 
formula 

Melting 
Poii.t, 

°C 

Boiling 
Point, 

°C 

Heat of 
i'ormatlon, 
kcal/gP- 
-mole 

Specific 
Gravity, 
kg/ltr 

Pentaborane 1 
Oiboranelmine 

j Diethylbery Ilium 
~ Trisilane 

Trieily lamine 

BA 
B»HtN 

Be(CA), 

SA 
(StfWî 

(SO) 
.66 

12 
-117 
—106 

m 
76 

(200) 
S3 
52 

, a... 

(0) 

(-10) 
(-35) 
(-») 
(+10) 

(O,«) 
(0,70) 
(0.00) 
(0,88) 
0,895 
_ 1 

VH 

#♦ « 

The calorific value of fuels using chemical energy may be increased by using 
! 

ast the pure elements in thsir standard fora as components but by using elements in 

s ~jthe form of compounds which in themselves, in addition to the chemical energy of the 

•$R~J 
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; ) 

K* 

i ; 

i % 

•leioont» liberate»! on combustion, pxisacss the positive heat of formation consume»! 

daring their preparation. .. . --- 
i 

This heat is liberated at the time of the combustion reaction and is added to 

the chemical energy of the combustion products. 

Typical examples of substances with a positive heat of formation are the combus- 
i I 

J 
tibie or cud dizer elements which are not in the standard molecular state but in the 

atomic state. In this case, an excessive quantity of energy is consumed on the 

formation of the atomic elements (see Table IV.7)« ïïuis, 1 kg of atomic hydrogen 
» 

I 
Table IV.7 

Table of jSubstances with a Positive Heat of Formation 

• 
Type of 

Substance 
Chemical 
Formula 

Heat of Formation 
• 

Specific Gravity, 
kg/ltr 

kcal/gm- 
-cole kcal/kg • 

• 

Atonde hydrogen 

Atomic oxygen 
Ozone 

Acetylene 
Tetranitromethane 

Mitrogen tetroxiie 

H 
0 
0| 

CA 
CiNOA 

NA 

» 

¢1.6 
58,6 
35.0 
54.85 
16.0 
«.0 

51500 
36«) 

730 
2120 
81,5 
87,0 

1.71 at - i33°C 
0.618 at-81.5°C 

1.65 at 20°C 

.1.49 at 0°C 

i 
T « 

" ^ 
r r 

• i 
f ' 
¿ ) 
-, * 

; i 
, 
< 
; 
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u 

5Ó 

“stores 51,500 kcal of heat. Up to mar, however, no cases of the preparation of 

’ atomic hydrogen or atomic oxygen in pure form, nor of any prolonged storage of these 

"substances, are known. i 
; < 

Another example is provided by substances as, for example, ozone which 

requires 730 kcal/kg for its formation from molecular ox; gen, and acetylene 

which is formed from carbon and hydrogen with a consumption of 2120 kcal/kg of heat. 

A drawback of these substances is their l^w stability ard their terde.icy to 
J 
explode on storage and combustion, which makes it difficult to use them in engines. 

i j * 

Only substances with a very low positiva heat of formation, nitrogen tetroxide 



*nd tetr*rJtroB«thane have fourvl, or are finding, application in rocket 
- I 

engineering.          1 
I 

Attention is also called to the fact that many complex fuels and oxidizers have 
£ 
_ a apecific gravity higher than those of the elements of which they consist. This is 

_ a favorable property, leading to an increase in the volume calorific value of the 
J—' ! 

_ propellant. 

: 

-• The Energy of Nuclear Reactions and Its Utilization in Rocket Engines 

a. The Atomic Nucleus ani the Mass Defect 

A further and quite considerable increase in the specific thrust of a rocket 

_ engine may be attained by using the ener^ of nuclear reactions, or so-called atomic 
. 

•-.-energy. • . 

Nuclear reactions, in contrast to chemical reactions, proceed in such a way as 
I 

— ' • « 

... to modify the structure of the atoms. j 

According to modern views, the nucleus of the atom consists of heavy particles 
— 

>.. with a relatively great mass, of two forms: protons and neutrons. The proton is a 
i 

j positively charged particle having a mass almost equal to the mass of a hydrogen 

atom. The neu'.ron, as indicated by its name, has no charge at all and its mass Is 

• — likewise close to tho mass of a hydrogen atom. The total number of protons and neu- 

: trons contained in the nucleus is called the mass number of the nucleus. 
_ t • • 

‘ Ob formation of an atomic nucleus from free protons and neutrons, as in the 

formation of molecules from atoms, energy is liberated. The liberation of energy is 

::—dut to the fact that the nuclei of elements represent a stable system bound by Intra- 

nuclear forces, whose generation during the formation of the nucleus rast be accom-> 

panled by a decrease in the potential energy of the «ystem. 
I 

The energy of formation of a nucleus is most conveniently calculated by using 

>'- tkm yrlsciple of the equivalence of mass and energy, according to which these quan- 

^-titles are connected by the relation 
e«—I 
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I • ®c2 (4.7) 

/,.. where E is the energy* ; 

? _ . * 1» the »ass; _ _ ____ 

f_ e is the relocitf of light, which is 3 * 10® m/sec. 

! : _ The energy equivalent to a mass of 1 kg-sec^/a is 9 * 10^ kg-m. Converted into 

!,:_hest units, for 1 kg of weight, this gives 

-&nn?r "2,151013 kclVkg 

! ", _ It follows from the principle of equivalence of nass and energy that the inter- 

.: v_ action of the elecantary particles of a nucleus forming a stable atom (with a neg- 

_ative potential energy) is accompanied by a decrease in their mass by comparison with 

>.-the mass of the same particles separated by a distance excluding their interaction. 
i ; 

4Ç _Thls mass decrement Am in nuclear reactions is known as the mass defect ard may be 

’¿„determined experimentally. Based on the relation (4.7), the loss of energy of the 

iO_*ystem, which means the value of the energy liberated in ¿his case is 

.1 i 
£ » 

b. Nuclear Reactions 

• > » 
J w—~ 

_ The energies of formation and, consequently, also the mass defects of different 
I 
* ... 

_nuclsi differ. For this reason, nuclear reactions leading to the formation of 
¿ ' 

_ nuclei with a greater mass defect than the original nuclei are in principle possible. 
• i f 

_In this case, the newly formed nuclei will be more stable. The energy liberated on 
t 

„formation of a new nucleus Is equivalent to the difference in mass defect between 
t j—i 

_the newly forced and original nucleus. ■ \ ' 
5U 

Nuclear reactions proceed differently under the participation of different el- 
52““* • 

—«ments. Nuclear reactions with the participation of heavy «layouts having large 
) « i j . ——--  -——* ...- 

„mass numbers, take place most readily. It has been found that the higher the aass 
>3. 

sed _r-&su°/v. 
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o 
-jmurbar of a nucleus, the less stable will the nucleus be and the greater will be its^ 

ILtanieacy to disintegration. It is precisely the heavy nuclei of elenents that pos-_ 
4' . ! 
„'seas the property of radioactivity, which is characterized by powerful radiation 

8—1 
produced on fission of the nucleus. 

— Artificial nuclear reactions connected with the transmutation of light elements 
10. 

,2d 
have likewise been known for long. 

However, to obtain a high and constant energy yield in nuclear reactions, the 

_ nuclei must be artificially excited. The value of the energy of excitation in 
16 

„ itself must be relatively high and, in addition, the exciting particle, carrying the 
18 J 

necessary energy, must penetrate into the nucleus. Charged particles are unsuitable 
20—j I 

—'for intense excitation of nuclei, since the greater part of their energy is lost in 
22 J i ! 

— overcoming the forces of the electric field surrounding the nucleus. The most suit- 

* ! —able particles for the excitation of a nucleus are uncharged neutrons. 
*U ' • } 
a. w • 

—Í To sustain an uninterrupted nuclear reaction, it is necessary either to have an 
2Û—i 

JO. 
—'outside Source of neutron radiation possessing the necessary energy reserve, or the 

I * 
- nuclear reaction itself must tea source of neutrons for the excitation of an 

» ■> i 
—increasing number of nuclei. After the creation of such conditions, the practical 

J* I i 
—utilization of the energy of the heavy nuclei first became possible. 

i 
—j • I . 

3 -—c. Ine Problem of Utilizing the Energy of Nuclear Reactions in Rocket Engines 

i0_ 
In eonaldering the question of tne possibility of utilizing the energy of nu^ 

i 
—¡clear reactions in rocket engines, two basic peculiarities of nuclear energy are 

— encountered: its exceedingly high concentration and the necessity of having a so- 

called critical mass of active substance to accomplish certain nuclear reactions. 
’* * i 

Let us first discuss the question of the concentration of atomic energy. 
• i * f 

Each juclear reaction is characterized by its energetic effect. The mass de- 

ti_| 
46 

I3_ 

5Q_ 

Si- 

54 

56 

5s 

60 

feet is taken as its measure and is expressed in fractions 8 of the original mass of, 

— active substance. The value of 5 is very small and is, of course, smaller than the ‘ 



o 
-Jr«Iâtlve defects in the formation of the nuclei of the elements, since it is define! 

2-! 
_!toiy the difference for two nuclei, _.Thu?, for the reaction of fission of the nuclei . 

_1 of uranium’ 92°235. the value is 8 - C.000731; in reactions with light atoes, the 

•value of t is considerably higher. For the formation of helium from lithium and 

C_ 

I 

13 

12 

_ hydrogen ♦ .R* -*2^0^, the value is 8 - 0.00232, and for the reaction of 

transformation of hydrogen into helium ^ i* ^ • 0.00715» 
i 

Even for such small mass defects, in view of the imnense quantity of energy 

14-J 
_ corresponding to unit mass, the energy yield Kq will be very great. On the basis of 

lú —J ,, ! 
_eq.(^.7)* we have a value of • 2.15 * 10^5 kcal/^E» P°r these reactions we will 

18 _i ! 
_ have: j 

20_J I _ 

22 J 

2t_ 
l 

2iJl 
i 

23 ! 
J 

33-J 

Reaction 

Fission of uranium 

3U7 ♦ i«1 *► 2^1e^ 

*1h1 

Eq, kcal/kg 

1.57 * 1010 

2.67 « 1010 

1.54 * 1011 

32_! In the utilization of nuclear reactions in rocket engines, the energy liberated 

—i ' > 
ii—Wst be absorbed in the form of thermal energy by some working medium. Then, as in 
H ! ■ 

35_ conventional engines, this energy must be transformed into kinetic energy. The 

33—■vorking-scdium selected ruet be a substance with a diffidently high heat capacity 

*1 
40_per unit weight, i.e., as shewn above, a substance with a small number of atoms in 

«■mJ 
!?_[the Bölecule and the lowest possible molecular weight. Such substances (from among 

4 those that can possibly be used include primarily hydrogen Hj, then ammonia NH^, 

46—and water whose weight heat capacities are likewise relatively high. 
I 

It should be noted that the phenomenon of dissociation, which is harmful in the U 

so 4 

$4. 

56* 

58" 

52—* In writing nuclear reactions, notations indicating the nuclear structure are used, 

The superscript of the symbol of the element denotes the mass number, while the 
! 

subscript indicates the number of protons in the nucleus (atomic number). 

r-TS-9440/V _u_ 

60 
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Tabus 17.8 

n—: 

i:_ 

Quant itj of Energy- *G Storwi i* 1 <<« <* Working Kediiut, and the 

Corresponding Consusptica of Active Mass CA 

Type of Working Médium 

Hydrogen Hy, undisso¬ 
ciated 

Water HjO, undisso¬ 
ciated 

Asnonia, on dissocia¬ 
tion into and N2 

Atomic hydrogen H 

Atomic oxygen 0 

Atomic nitrogen N 

T - 4000° abs 

22 

iaoo 

2450 

1940 

71500 

4900 

9500 

7.20 

1.14 

0,90 

33.4 

2.28 

4,42 

• 0 0 0 0 a 

h 

822 

320 

293 

1105 

275 

298 

u 
*» 

00 
ce 
Cun 
a i 

• W 
a. X 

57,6 

330 

200 

T - 6OOCP abs 

$ 

Ou 
id X 

25300 

4700 

3000 

{81400 

5500 

10200 

o «o 

r-4 O 
C 

* « 
I 

<60 
C X 

12,0 

2.18 

1.39 

(37,8 

2.53 

4.75 

5 
» o 
o c 
S.7 

oTi? 

h 
♦» 

cu 
85! 

a. jtf 

1045 

453 

355 

1333 

337 

360 

78,2 

453 

250 

'.e 

5 

Rote. The speciric thrust is calculated for a ratio of 100 : 1 
i 

between the pressure in the chamber and the pressure at the discharge 

I 
ft-om the nozxle. In calculating the epecific thrust developed by 

atonde substances, the recombination of atoms into molecules was not 

l ¡ {J ;• l 
taken into ;^ccount. j ; 
' t * • ' I . 

_ ' ; ' ¡} —i « 

"utilization of chemical energy, may prove useful when nuclear energy is being 

“utilized since, on dissociation of the working medium, the nuclear energy may be 

~~stored in the fora of chemical energy of the dissociated gas. 

H The <iuantity of heat 1¾ stored in 1 kg of working medium at temperatures of 
"■" * * » j 

“T - 4000 aid 6000° abs (without talcing dissociation into account) are given in 

"Table 17.8, wldch also shows the quantities of active substance (uranium 92°235 or 
- f 

"'plutonium 94pü‘ö°) necessary to heat 1 kg of working medium to the respective 

52 

54 

56 

53 

60 

_temperatures. 
! ! 

'itfollowT fromthe data of this Table that the quantity of active mass is very 
f ■ • \_1 ... 

r-TS-944Q/7 M 
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small In comparison with the working medium. This, however, may involve substantial 

_j_dlfficulties in designing heat exchangers for transfer of the energy to the working 

medium. 
6 J_ 

10 

12—} 

14 

The thrust characteristics given in Table IV.3 Indicate that a specific thrust 
» 

considerably greater than in ordinary engines may be attained either by using hy- 
'—1 *r 

drogen as the working medium or by considerably increasing the temperature of the 

' working medium in the chamber. 

The use of hydrogen is made difficult by its low specific grav Lty in the liq- 
16 

_ old state, and the necessity for increasing the temperature in the chamber poses a 
isj i : 

_■ considerable number of problems connected with the difficulty of cooling. 
20 ' I 

_J The organization of the heat exchange, during which the energy will be trana- 
22 
□ ferred from the active mass to the working medium, is also an important problem. 

24. 
• _J The* second problem relating to the utilization of atomic energy is that tne 

26. 
„'presence of a certain mimimum (or critical) mass is necessary in order for nuclear 

20 
reactions to proceed. This requirement is explained by the >ct that the size of 

10 
„'the atomic nucleus is very small (the cross section of a nucleus is about 10-¾ cm^) 

32 J ! 
and that, to ensure a sufficiently high probability of collision between the neutron 

t * i •J -y__ 

„and a nucleus, the mean free path of the neutron in the active substance must have 
JS-J ? I 

_a considerable length. 
a ^ i 

The value of tha critical me the corresponding critical volume depend on 

. ^the fora of the active substance and the conditions under which the nuclear reac- 
12_J I 1 

__iions take place. For the pure substances U^3ö, U235# and Pu239# the critical vol- 

<H ! 
.-Jume is equal to that of a sphere with a radius of several centimeters. The weight 

<3- 
of auch a sphere is 20 - 30 kg. In a rocket engine, horever, it is difficult to 

SO. 

52—1 

S4 

56 

58 

60 

Jucpect the utilization of active substances in such small quantities, since under 

these conditions the heat-transfer surface would be very small. 

To Increase the heat-transfer surface, to slow down the velocity of a nuclear 

ction, and to permit its control, a so-called moderator is added to the fis- 

I 

'-TS-OUO/V JS. 
i 

! ! 

‘1 I 

..J • 

f 



r 

.'•louable substance. A moderator must ¡»«ess a low neutron-absorbing power, but must 

2- 

_'*trongljr decelerate the neutron. Graphite or heavy water 4s used as a moderator, 

4__ 
i Such a system of utilisLng the active substance is the foundation of all exlst- 

6_L 
_iing plans for utilizing atonic enerer for industrial purposes. The value of the 

8 4 

10 

12 

3 

critical mass, when using a ooderator, increases sharply and reaches a level of hun- 

,1 ■ ! • . 
dreds of kilograms. i 

Figure fc.3 shows the first of the possible systems for. the layout of an engine 

_ working on atomic ener©r. 
16 

The liquid working medium (passive mass) is placed in the tank (l). The pump 

(2) supplies this fluid through the cooling Jacket to the engine chamber. The con- 

20_| 

2',— 

It ^ 

^ ï - y- 

33—J I 

40_ 

42 

n 

46_ 

<3- 

54 

56 

58 

Fig.4.3 - Diagram of Atomic Rocket Engine with Packet of Solid 

Active Substances 
r 
\ 

1 - Tank with liquid working medium; 2 - Pump; 3 - Instrument control- I 

ling supply of working medium; 4 - Cooling jacket; 5 - Packet of ac¬ 

tive substance (atomic fuel); 6 - Head with nozzles 

SO— ;rol instrument (3) is used for metering the discharge. On passing through the 
— 1 * j 

52—:hamber head (6), the working medium comes intd contact with the packet of-reactli-g 
I 

-la heated to a high temperature, and then expands in the nozzle.— 
Í • ‘ 

The-principal difficulty in this system lies in the fact that the temperature 

6ol£ 
-IhlW/L. Jkt 
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o_ if thi«cts™ *t¿ik.»orr# le- «»«ure'heat transfer to the working nedluai, must U very ^ 

2 jWgh# higher than, the temperature of fhe working mediun itself. The solution of this 

problem involves great difficulties, since we know of no material that remains solid 

6temperatures of /,000 - 6000^ abs. Uranium melts at T - 11505 abs. A more refrac- 

8~ tory substance, uranium oxide, melts at T - 2100° abs. Even graphite vaporizes at a 

temperature of about /,000° abs. 

For these reasons, a design solution is desirable in which not all parts of the 

packet of active substance would be subjected to intense heating, and the colder 

parts would ensure the necessary mechanical strength of the packet as a whole. 

~ Another possibility in this case is to have a part of the active substance melt and 

I¡ j 
_ vaporize during operation. 

10 

12 

14 —i 

io 

16 _ 

20 

22 i 1 i 
It must, in general, be noted that the reserve of active substance is in no way 

24 —J 
_determined by the scanty quantities given in Table 17.3, calculated on the basis of 

26 —J _the energy balance. This reserve is determined at least by the value of the crit- 

ical mass. It can also be expected that the quantity of active substance will be 
j0 1 . ! ! 

still farther increased, with the object of the securing the necessary heat-transfer 

■"■—i 

„surface. 
» * ; 

Figure /,./, shows a second possible system of utilizing atomic energy in a 

rockst engine. ¡ 

The working medium is placed in the tank (1) and is fed by the pump (2) feeds 

to the engine. On passing through the control device (3), the cooling Jacket (/,), 
, i 

the chamber head (5), ^he working medium in the atomized state, enters the en— 

Ji. 

”3 
40_J 

42 

U 
ï chamber. 

46_J ' • 
_j The active substance, in’ the form of a solution or suspension, is placed in the 

Junk (9). The pump (3) forces the substance through the regulator (7) into the 
SO— 1 1 

^annular collector. From the collector the active substance is injected through the 
j 

la syetem xi\ i*to the engine chamber. As a result of the nuclear reactions 

— taking place in the chamber, the working nwdiia ie heated and then expands in the 



~ nozzle. This s^-stea of utilizing atoric energy appears highly tecpting, since it 

2-j 
_ ensures optimua heat-transfer conditions in turbulent flew. ___ 

! 
The primary difficulty in the realization of the second system is the unrea- 

— sonably large size of the chamber. The value of the criticad mass in this ca-se is 

8. 

10 

!2 — 
• 

14 » 

i : -! 

[f> 

20_j 

J 

2H 

2ó _r 

> ^ I 
—I 

J j 

Jl—j 

‘°zi 
■12_; 

u. 

! 

Flg.4.4 - Layout of Atomic Rocket Engine with Injection of 
t 
I 

Active Substance Into the Chamber 

1 - Tank with liquid working medium; 2 - Pump for working medium; 

3 - Instrument controlling feed of working medium; U - Cooling 

jacket; 5 - Head with nozzles for injection of working medium; 

6 - Zone of feeding solution of active substance (atomic fUel); 
i 

7 - Feed regulator; 8 - Pump feeding active substance; 9 - Tank 
I 

with solution of liquid active substance 

*6— replaced by the critical product of the pressure in the chamber and its radius 

- ’ * ! ! 

Î3—Reh* certain calculations on the utilization of hydrogen as working medium, at 

a chamber temperature of 5000° abs, the necessary value of Pc^8cjj 1® 12000 kg-n/cm^. 

52— Thus, at a pressure of 100 kg/cm^ in the chamber, the chamber mist have a rndnimum 

5*-Uaaaeter of-2tO a.-There is no use even in talking about the construction of cha®- 

56-*bere of-eueh dimensions. Similar calculations for other working media give even 

58J . i ' 
-40. F-TS-9U0A 

I 
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_Jhigher ealuea for the '.-ritical size of the chamber. 
2-J 
_!_ Theraonuclear reactions, which ara not dependent on the value of the critical 
o 
„■aas, are known today. To excite such reactions, however, outside sources of hiçh 

6 J_ 

8 

10 

12 — 

i: 

_j temperature are necessary. For the time being, the only such source is an atomic 
mrnm 1 

__ explosion which does not allow the utilization of thermonuclear reactions for the' 
t 

•low liberation of energy. 

This short discussion of the possibilities of utilizing the enerar of nuclear 

reactions in rocket engines will show that this problem is highly complex and that 

prolonged work still faces the scientist before the utilization of nuclear energy 

__ for a rocket engine becomes actually possible. 

.... 
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CHAPTER V 

PROCESSES DÍ THE COMBUSTION CHAMBER OF A ROCKET ENGINE 

1. Combustion in the Liquid-Fuel Racket Entrlr.e 

A. Preparatory Processes and Combustion In ths Chamber of the Liquid-Fuel, Rocket 
Engine 

In the combustion chamber of a rocket.engine, chenical cocfcuation reactions take 

_ place, as a result of which the chemical ener^ of the fuel is conTerted into the 

— • • . 
_ thermal energ7 of the combustion product. 

_ There are man/ proofs for the fact that the fuel components, before entering 

I 
_into reaction, must be vaporised and that combustion thus proceeds in the gas phase. 

_ At the same time, there are also examples of reactions In the liquid phase as in the 

.case of the combustion of self-igniting fuels. It may be assumed, however, that In 

—this case, tie larger part of the fuel enters into reaction only after vaporisation. 

_ Thus or otherwise, the progress of a chemical reaction is possible only on con- 
» 

..tact between the molecules of combustible and oxidizer in the proportion necessary 

__ for combustion. For this reason, in order to effect the combustion of liquid fuels, 

— it is necessary first to fora as uniform a mixture as possible of the vapor of the 
< . L I 

— combustible and oxidizer so that, at any point of the chamber, the oxidizer- 
î J 

— combustible ratio is as close as possible to the ratio selected for the engine as a 

—whole. The process of forming such a mixture is called mixture formation. The ez>- 

— gine head is the organ for mixture formation. > . • . i 
JO.', 

5Q 

ÊOj_ 

— -rl 

50 ! ! 
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o _ 
The en£lne head contains nozzles for injecting the fuel and oxidizer into the 

,chanber in a finely atonized fora. The nixing of the fuel components may be started 

— in the liquid phase by coalescence of the droplets and mutual dissolution of the 
6 _j_.. . _i 

__ coaimstible and oxidizer, but the principal portion of the mixture is forned after 
8-J , • I 
— vaporization of the droplets and thorough mixing of the component vapors. 

IO-) 
—Vaporization and mixing of the components is connected with the phenomenon of 

12 J 
— the transfer of particles from one point of the chamber to another, i.e., with diffu- 

i-:. 
— aional and convective flow in the combustion chamber. In addition, for vaporization 

— and subsequent heating of the vapor to a temperature at which the chemical combus- 

_ tion reactions can begin and proceed, heat must be brought from the hotter zones of 
20_ 

— the chamber. The processes of transfer of particles and transfer of heat taie place 
22 _j I 
— at. one and the same time and are closely interrelated. 

24—' i 
—The laws of mechanical and thermal motion obeyed by the process of mixture . 

26 J 
— formation are extremely complex. For this reason, in discussing mixture formation. 

-» - 9 
*. W —M 

— we will confine the discussion to several qualitative conclusions. 

— It is obvious that, in designing an engine, it is of importance to have the 
J -> __ 

_ head and the nozzles arranged in such a manner as to ensure the most uniform dis- 
J >•.., 

_ trlbutlon of the fuel throughout the interior of the chamber. 
* : • 

^ - Baturally, it will be easier to obtain a uniform mixture, the smaller the drop- 

,let« of injected fuel, the more uniform the distribution of the droplets in the 

-•flare of the nozzle, and the more nozzles with a small discharge are located on the 
^ - * 

t 

—^ead. The size of the droplets and the uniformity of their distribution is deter- 
I j 

—«lined primarily by the type of nozzle. 
<5_l 

— TWo types of nozzle are used in liquid-fuel rocket engines: Jet and centrifugal. 
48_ 

SO. 
Jet nozzles (Fig.5.1) consist of a simple cylindrical opening of «man diam- 

—eter, allowing the afflux of a fine Jet of liquid. The Jet breaks down into drop- 

.lets, as s result of the friction of the liquid and the gas in the chamber. 
—1 - - ... 

Fbr a Jet nozzle, s narrow and long Jet of fu'l is characteristic; the injec- 
56 
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tion b«gin3 rather far from the nozzle. The nass of the drojlets'along the cross 

•action of the Jet i# irregularly distributed. The principal nass 1¾ located at the 

wd» of the Jet (cf.Fig. 5,1). To eliainate this 

disadvantage, Jet nozzles are placed in such a way 

that, at one point of the chamber, two or more Jets 
I 

flowing from different nozzles intersect (Fig.5.2). 

In this case the design is often so arranged that 

the Jets of fuel and oxidizer meet at that point of 

intersection. As a result of the collision of the 

Jets, they are broken down more rapidly into drop¬ 

lets, thus improving the mixing of the fuel compo- 

2)_.Fig.5#l - Jet Nozzle and the Law 
f 

.of Mass Distribution of Drops 

2¿_ along the Cross Section of the 
nents. 

Nozzle Flare 

3 }_ 

i ,_j 
—! 

4Í- 

Centrifugal nozzles (Fig.5.3) give better 

atomisation. In these nozzles, the fuel passing 

.through the nozzle channel is given a rotary motion, which is preserved even after 

_ leaving the channel. Under the action of the centrifugal forces, the emerging Jet 

contracts into a film which is rapidly broken down 

into droplets. 
, • 

The flare of centrifugal nozzles is wide and 

short, and the drops are distributed more uniformly 

! ■ j 
In it, although tha maximum concentration of Axel : 

i 
is obtained over a circle of a certain radius 

.H fig.5.2 - Jet Nozzles with 

Intersecting Axes 

described around the axis of tha nozzle. 

The liquid is given a rotary motion in tha channel of a centrifugal nozzle. 

-leither because of its tangential admission to tha nozzle (cf.Pig.5.3) or as a result 

^-jOf motion along a helical channel formed by the threaded insert (worm) ard the wall 

52~ I ¡ ‘ 
—of the nozsle. 

i4. 

56. 

58' 

— Sometimes centrifugal and Jet nozzles are used simultaneously in engins heads. 
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6_L 

Th« diacharg« of the components through the nozzle is determinei by their in¬ 

side cross section and by the pr asure drop at the nozzles; in this case, the dis- », 
i • * I 

charge is proportional to the square root of the 
. _ _ _ . _. . __ .„.I 

pressure head. The greater the head, the higher 

the quality of fuel atomization. On the other 

hand, an increase in the pressu-e drop leads to a 

rise in the necessary feed pressure, which results, 

especially under forced feed, in an increase in 
i 

engine weight. 

As stated ab ve, the procurement of a uniform 

mixture depends on using a large number of nozzles 

with a small discharge through each nozzle. 

In fact, engines built so far have a large 

number of small nozzles. For example, in the 7-2 

rocket engine, the fuel was injected at the rate 

of about 3 kg/sec into a single precombustion 
. 

through 68 nozzles (44 ol which were of the 

Fig.5-3 - Centrifugal Nozzle* and 

Law of Mass Distribution of the 
• 

Fuel Along and Over the Cross 

' _ Section of the Nozzle Flare 

a) Section through a - a 

„ centrifugal and 24 of the Jet type} so that a discharge of only 4¿ gm/sec falls to 
' i 
. the share of one nozzle. 

% • i 

To obtain the most uniform possible distribution of the components in cross 
» 

section, the nozzles for the combustible and oxidizer are arranged in a definite 

-brder over the head. The main and uniform distribution of combustible and oxidizer 

-.may be disturbed on the periphery of the head. Here only several fuel nozzles are 

-often Installed in order to form a vapor film next to the wall to protect the wall 
* * J • 

—fro« charring. 
30—i 

~ The heat necessary for vaporizing and heating the fuel vapor is transferred to 

—the droplets in three ways: because of the vortical motion of the gas in the head, 

-by radiation from the interior of the gas at a high temperature; by radiation from 
S6_J_-.. .... 
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the hot vail* of the engine; and, finally, after the beginning of the combustion 

reaction, directly by the heat liberated during the reaction. The vortical motion 

of the gas around the head is at its highest value In the transfer of boat to the 

fuel droplets during vaporization. This same vortical motion favors the mixing of 

! a volatile fuel. The vortical motion of the 

gas arouni the head is accompanied by reverse 

flov in the space between the fuel jets 

(Pig.5*4)• These reverse currents entrain the 

heat necessary for vaporizing the fuel and 

encourage tho mixing of the combustible and 
i • 

oxidizer. 
). : Flg.5.¿t - Diagram of Appearance of 

i. _ Vortical Motion Near the Head 

1 __ *) Fuel Jet; b) Reverse currents; 

c) Engine head 

In a mixture of combustible and oxidizer 

vapors, chemical reactions start on continued 

heating; as a result heat sufficient for a fur¬ 

ther reaction over the entire volume of the 

. " ; 

_ combustion chamber is liberated. 
. % . * I 
J_ 

_ In accordance with this picture of the combustion process in a liquid-fhel jet 
I 
_ engine, the latter may be arbitrarily divided into several characteristic zones 

l(Fig.5.5). : 
i 

— In the first zone, in immediate contact with the surface of the head, the fuel 
v„‘ • 1 ' 
„.Jets are atomized into droplets. For this reason, the zone may be te.ved the atonn 

¿2«; . • i 

_ization zone. The other processes, namely, vaporizing and mixing, proceed at very 
( ♦ 

— low intensity in this system. 

” I 
— With further advance of the fuel along the chamber, vaporization becomes more 

i .-. • . , 
and more intense, and mixing begins. In this zone, chemical reactions are also 

5 '—j ' , 1 Í 
— initiated, but their velocity is low because of the low temperature. Consequently, 

» ^ . i 

— the second sone may be arbitrarily termed the zone of vaporization and displacement. 

—! Finally, with increasing supply of the mixture (in the gas phase) and ita 

_A_ 
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0. 
_ increasing temperature, .intense chemical reactions begin to take place in the sub- 

2- 

•eqieht, or third, son«. In the first part of this sone, the rate of the chemical 
4_* 

- i 
6_L 

b—! 
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H 
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2 
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20—i 

30—j 

32. 

34. 
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Fig.5.5 - Head of Combustion Chamber, and Division of the 
I 

Chamber into Zones 

I - Zone of atomisation; II - Zone of vaporisation; III- Z CHS C? vH * et 

chemical reactions; uv-m - Cross section of transition of combustion from 
' ! i ' 

. the kinetic sone to the diffusion zone 
* ♦ 

a) Injection; b) Vaporization; c) Mixing; d) Chemical reactions; 
Ü : . 

•) Temperature; f) Physically incompletely burned fuel 

reactions ie still low so that the combustion of the fuel determines the velocity 

tS or, as it is also '•ailed, the kinetics of the chemical reactions. This region of 
«■J * 

(3—.the combustion chamber is called the zone of kinitlc combustion. 

50— The temperature rise leads to a sharp riao in the chemical reaction velocity 

52—land, beginning at a certain temperature value, all of the mixed fuel undergoes 

54 Jpracfcir.ally Instantaneous combustion. The rate of combustion will almost completely 
—*î ' I 

56..depend on the rate of mixing of the components. Since the rate of ¿s deter- ’ 

•SiJ 
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■dJiod by tí»« rata of diffusion*, this rsgion is called the «one of diffusion'll 

cortxistloo. The combustion process in a liquid-fuel rocket engine takes place 

'* —<nir in the diffusion «one, so that the tise necessary for combustion is determined 

by the rate of mixing. Thus the third «one in the combustion chamber is the «one of 
r 

_ and chemical reactions. 
» ' 

Tiro of Kiel In th. Contention ChMber - ■ 

The dimensions of the combustion chamber must be such that the mixing and chem- 

reactions are able to proceed to completion before exit into the engine nozzle. 

This ensures the most complete conversion of chemical energy into thermal energy and 

i ,« I 

reduces the physically Incomplete combustion. 

The necessary dimensions of the chamber are determined from the nominal value 
» ; ^ i • * 

_ of the residence X of the- fuel in the chamber. 
• • 

If the fuel consumption, the temperature of the combustion product at the end 
* 

‘ I of the chamber, ani the pressure are denoted by G, T^, and p^, respectively, then 
y ^ • . 

_ the total volunsa of gas passing through the chamber in \init time is 

^ • * I v—o —. 
, . . * * 

This volume of gas will remain in the chamber during the period of time 

: ; . , a.*» ■ . Í ' ; 
IT CRT,1 

1 Whert 7k Is the volume of the combustion chamber. 

_ . The quantity X Is termed the residence time. 

‘•-t 

The value of X only Indirectly reflects the actual residence time of the fuel 
- ( ? j 
l oud lie combustion products in tha chamber. It Is a fact that the volume of a part 

2 . «•» ' 

.3 
• What Is meant here is the so-called turbulent diffusion, whose essential nature 

i 
Si.'does not consist in the nation of the individual molecules, but in the disordered 

$ «f 

^ . i SS. mixing of small volumes of gas. 
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. of th® combustible as it undergoes combustion in the chamber increases from the neg¬ 

ligibly small Toluae of liquid fuel to the ralue Vk, while the residence time is 

_ calculated exactly from this maximum \olume. Thus the actual residence of the fuel 

in the chamber is longer than the value of X but bears a definite relation to it. 
t 

the residence time T necessary for a sufficiently complete combustion of the 

_ ftiel is determined experimentally as well as on the basis of studies of engine 

designs. In existing engines, this amounts to 0.003 - 0.008 sec. With increasing 
.. i 
_ pressure, the residence time in the chamber increases, meaning that a chamber with 

_ the aame fuel discharge at higher pressure can be made smller. 

the residence tine in the chamber for a given design of the head is the prin- 

, elpal factor deteruining the physical completeness of fuel combustion, i.e., that 

. portion of the fuel which has time to enter into chemical reaction in the chamber. 

Design of Combustion Chambers and Engine Heaas 

— will be seen from eq.(5.1), the residence time T does not depend on the shape 

— of the combustion chamber so that, for a given volume, the chamber may have any 

J ' ~ _^ t 
—desired shape. The choice of the shape of the combustion chamber, however, cannot be 

• « i * 
J » — 

— entirely arbitrary. a long chdjuber uf scvi 11 cross section, the necessary number 

-of nozilea cannot be placed on the head. With a short chamber, the zone of mixture 

— formation occupies a considerable part of the volume of the chamber, anl the length 

-Of the mixing and combustion zone becomes very short. The normal ratio of the cross¬ 

-sectional area of a chamber to the area of the critical cross section ranges from 3 

It© 10. 
--4 • * 

—í I* should be noted that the necessary volume of the combustion chamber deperxis 
r 5«- 
_on the operational quality of the head. The more uniform the fuel mixture supplied 

— by the head, the smaller can be the volume of the combustion chamber. Moreover, to 
! • * 

—reduce the necessary chamber volaae, the head should distribute the fuel mixture over 

—the cross section of the chamber in such a way that the fuel reaches all parts of the 

*oIi 
.57 
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chaaber and that the coirbustion process takes place unifonalj over the cross section 

of the chasber. In other vords, the shape of the coabustion chamber and the shape 

.. of the head must be closelj interrelated. 
_ • __i 

_ In modern engines, combustion chambers of two geometric forma are most often 

£— I 
_ used: cylindrical and spherical (or close to spherical;« 

10 —I 
la advantage of the spherical chamber is the fact that this chamber, for the 

i:._' 
same volume, will have a smaller surface area than a chamber of any other aliape. 

' 
The small surface area of the chamber is responsible for its low weight and the 

:.- . 
_ small amount of heat that will be transferred to the cooling system. 

IS J 
_ A spherical chamber is also advantageous in its mechanical' strength indices. 

o • I 
a «*«4 

_ At equal strength, the wall of a spherical chamber is only half as thick as the walls 

_ of a* cylindrical chamber. Por this reason, if the thickness of the chamber walls is 
¿4 — 

_ not determined by technological or Operating considerations but by strength ehar- 
2f . • . i 

_ acterlstlcs (this is the case in large engines and in engines with a h'.gh pressure p^ 

_ in the chamber), the spherical shape of the chamber should be given preference. 
’ * 

—* A disadvantage of the spherical chamber is the complexity of its mannfacturs and 
» ' i 

the difficulties connected with obtaining good operation of the head and good opera- 

4:. 

-u_.; 
_tion of ths chamber at one and the same ties. In this respect a cylindrical chamber 

i * j ■**_ , , , » 
„has greater advantages. . 

** * • 
J y——, 

A study of Pig. 5»6 which shows tbs chamber of a liquid-fuel rocket engine 

„booster, indicates that ths flat head installed on this engine allows a uniform dis- 
* • * « . 

„trJbution of ths fuel over the cross section of the chamber, with no sones not 
t ;_! 
_ reached by the fuel end no sones without combustion (so-called %*rk" sones)« 

» - » ., 

■ _¡ tech a flat heed, when installed on a pear-shaped engine (Fig. 5.7) does not 
« •* J 

-permit complete utilisation of the chamber volume for combustion. Ths portion of 
50—j 
—the chamber beyond the limit« of the cylindrical part, with a diameter equal to the 

SH 

$4 
—diameter of the head, is practically unutilised for fuel combustion. In addition. 

56 J 
-the sise of the flat head does not permit installation of a large number of centrlf- 

..-4 
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Pig.5.6 - Cylindrical Chamber of Liquid-Fuel Rocket Engine Booster 

1 — Combustible suppler; 2 - Oxidizer supply; 3 - Fuel port for 

internal cooling; U - Gap for outlet of internal cooling fuel; 

5 - Oxidizer supply for cooling combustible; 6 - Outlet of oxidizer 
» f , 

from cooling jacket 
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1 - Precoobuation 
: 

chamber»; 2 - Feed 
i 

pipe» for Internal 

cooling fuel; I 

3i4#5|6 - Zone» of r i 
« 

Intake ports for 
I 
fuel to Inner sur¬ 

face of chamber ' 
i t 

wall; 7 - Pipes 

supplying fuel to 
! 

cooling jacket; 
I 

8 - Brackets at- 
i 

tachlng engine to 
i 

frais»; 9 - Main 
* i 

alcohol Taire 
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-Plg»5»M r Chamber of Engine of Long-Range V-2 Rocket_ 
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- ug&l nozzles* In this engine, the inferior Jet nozzles had to be used* 
b I 

- - coobuation-chaabex voluae in the engine of the 7-2 rocket (Fig.5*8), with 18 
ï— ! 
- pr^coobuation chambers installed on its head, la utilized Just as incompletely. The 

5 . 

- ■ixture, prepared in th j precombustion chambers, is discharged in a heavy Jet into 

- the chamber; although these Jets, ort colliding, are intensely mixed, a considerable 
10 •—j , I 

pmrt of the chamber volume included betveen the Jets discharged from the precombus- 
11 

I-, - 
tion chambers, is not utilized for the combustion process. 

Figure 5.9 gives an idea of the layout of the flat liead with Jet nozzles. 

: J 

20, 

_! 
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Fig.5.9 - rut Head 

a) Section through A-A; b) Arrangement of radial openings for oxidizer feed 

51- 
Thie head is provided with IJ2 combustible nozzles 1.5 mm in diameter and 3¾ 

5 “oxidizer nozzles 2.6 an in diameter. The combustible and oxidizer ports, as shown 

f 

by the cross section of the head and the section through A-A, are drilled obliquely 

i i 
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-. at an angle to each other, to en'-ure good atomization of the Jets on contact arci to 

. initiate mixture formation in the liquid phase. The combustible is fed from the 

_ upper cavity of the head, while for the supply of oxidizer long radial openings must 

be drilled, which must not intersect the fuel ports. The manufacture of such a head 

~ is highly complicated. 
—- • 

Centrifugal nozzles may also be placed on a flat head. It can be assumed that 

they are able to yield a more uniform distribution of the mixture over the cross 
I . i 

_ section of the chamber. In addition, centrifugal nozzles ensure intersection of the 

Fi*.5 •10 - Precombustion Chamber of Engine in Long-Range V-2 Rocket 

a) Oxygen supply; b) Alcohol cavity 

/ 
» ! 

: ' -combustible and oxidizer Jets in the standard arrangement of the nozzles, in which 

their axes are parallel to the axis of the chamber; in this way, the Installation of 

centrifugal nozzles does not demand the drilling of slanted openings. Centrifugal 

^ ''-noszles, *.owever, occupy a larger space so that the head must be larger. In a cylin- 

55-ldrical chamber this is readily possible, without increasing the chamber volume, by 
e «i“! , 
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- IncrMsln^ its diaseter and decreasing its length.

_ _  la the spherical c«e±)ustion chacsber, due to conditions of assecbly, it is very

1 dlfficxilt to Install the noaales directly on its bottom. In addition, the snail
_
_ bottoa area makes it difficult to accomnodate the necessary number of small nozzles.

C—:
_ tor « reason, preconbustion chambers are used in engines with spherical chambers

10 —
__ (Plg.5.10). Into each such chamber the oxidizer is injected through one nozzle with

12 —
largo number of holes. The combustible is supplied through nozzles located on the

l: -
_ lateral conical surface of the precombustion chamber. It is obvious that such a

1' —
_ STStea of mixing does not allow uniform distribution of the components over the cross

I L*
__ section of. the precombustion chasjber (at least not by simple means) •

_ To improve the mixture formation, a complex system of coordinated nozzles is 

used in the above described precoahustion chanber. The oxygen is injected through 

. ports placed along concentric circles and inclined to the.axis of the antechamber at 

_ variotis angles, in order to fill the interior of the chamber as uniformly as possible
2i

..with the oxidizer Jets, . i

The zones of nozzles for the combustible are arranged to correspond to the zones
., i

_of the oxidizer ports. The upper zone contains centrifugal nozzles. The smt-U flare 

_ ef these nozzles protects the walls of the antechamber Trom direct contact with ox-
» _
_ ygen. The next two zones consist of Jet nozzles which, because of the greater range,

• • :

_ direct the fuel to the center of the precombustion chamber. In the Iwer zones,

_centrifugal nozzles are again installed. The above measures permit improves»nt of 
■* ■ —
_,the quality of mixture formation, bxit as a whole this formation is still inferior to

■I —i

that in engines with a flat head. As a result, the relative volume and wei^t of the

_combustion-chanber are increased. !

4;_i :

•i;
•M.

S')—Iciltion of fuel In the Llq^lld-Puel Rocket Ehglne ‘ |

—j The course of the steady combustion process In the engine has been described

—!above. The initial inflasnatiom of the liquid fuel in the combustion chesher, or

.“1
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ignition, cakes special deranis on the engine in some cases. 

As we already know, fuel nay be self-igniting or non-self-igniting. The cooli- 

tiens of its ignition in the combustion chamber vary. Non-self-igniting fuels are 
o 

_ imitad by their injection into ti.- pricer Jet which fills ¿he combustion charber. 
C_‘ 

__The primer Jet is made heavy enough to ignite the main components as they are f t 
io. I 

_ during the starting process. Non-self-igniting fuels make no particular demands on 
i:_' ^ 

the design of the head. Self-igniting fuels login to react and liberate heat when 
I 4 

they come into contact with each other, still in the liquid state. For this reason 

it is advisable, in order to ensure reliable ignition, to provide good contact for 

the components in the liquid phase. 
t 

According to some data, it is more expedient to use Jet noatles with intersect¬ 

ing axes for self-igniting fuels. 
1 f 

Self-igniting fuels have a certain autoignition lag. On starting the engine. 

unturned liquid fuel accumulates <n the chamber. The subsequent combustion of the 

_ accumulated fuel leads to a sharp rise in pressure ( '’surge*), which may be harmful 

to the engine. 

To reduce the accumulation of fuel in the chamber, the fuel discharge mat be 
» i t 

artificially reduced during tha initial stage of starting. 

_With chemical ignition use devices ensuring a slow increase in fual supply during the 
?_: _ : • 1,. _ 

_»tarting period. These devices are either in the form of throttle valves, which open 

alcsfly during starting (see description of tha engine for the Zenith rocket) or in 

._the fora of rotating valves in ths >*ngîne head, which gradually permit access of fuel 

„to the nozales. 

ü -Oscillatory Combustion 

s: 
Ib stand tests and operation of liquid-fuel rocket engines, it has been noted 

-that so-called oscillatory burning may occur in ths combustion chamber, tm« consists 

60 J_ 
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In » periodic Tariation in gas pressure, »rith a frequency up to 200 cpa (Fig.5.U). 

Ihe anplitwle of the pressure oscillations may reach such high values as to threaten 

potential destruction of tne engine. 

The physical picture of the occurrence 

of oscillator} combustion is not entirely 

clear, but a certain qualitative explana¬ 

tion can be given. 

Assume that the pressure in the feed 

system, for example in the engine tanks or 

forced feed, remains constant. Assume fur¬ 

ther that, for some reason/ the rressure 

iC rig. 5.11 - Pressure Variation in Cham¬ 

ber during Oscillatory Combustion 

O - 

— in the combustion chamber has dropped below its rated value. In that case, the 
T- • e 

_ aaeunt of fuel discharged through the nozales will increase since the preisure drop 

at the nozsles will rise. Such increased fuel discharge through the nozzles will 
I 
continue until the first portion of the fuel at increased discharge rate, after a 

— time of the order of T, is converted into gas and begins to leave the engine. From 
•\ > 

— this moment, the pressure in the chamber of the liquid-fuel rocket engine rises 
t I 
hr 4M.! 

_proportionally to the increasing rate of discharge per second of the combustion 
1 I 

_ products of the fuel through the critical cross section (see later in text) and 
V I 

..becomes greater th-vn the rated pressure. In this connection, the pressure drop at 

— the nozzles as well as the discharge of fuel through these nozzles decrease. After 

—the time of the order of T, the discharge of the gaseous products likewise decreases, 

— causing ;he pressure in the chamber to drop thus restoring the conditions for rep- 

.:11) 
etitlon of ths preceding cycle of oscillations, 

The magnitude of the oscillations of discharge at constant initial disturbance 
5 /—I I ‘ 

— of the pressure in the chamber depends on ths rated pressure drop at the nozzles. 
52 j • l 

“■The greater this pressure drop, the surlier will be the relative variation In pres- 
54..1.,-,--- -------.... ......... ...... i 

—Ieure drop at the nozzles and the smaller will be the variation in discharge. Thus, 
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— th« Increase in the pressure drop at the nozzles counteracts the appearance of jres- 

. eure fluctuations and of oscillatory combustion.    ! 

_ j 
lhe re" ¿ne of the combustion chamber influences the generation of oscillations 

'i _ . . . 
— in exactly the same way. The gre^.¡r the rolume of the chamber, the larger will be 

fi— 

— ^ portion of excess fuel discharge expended on changing the supply of gas to the 
U — 

chAob*r. Consequently, pressure fluctuations are attenuated in a large chamber. 
**•**•• ^ i 
— Pressure fluctuations in the chamber may also cause oscillation of the fuel 

l-,_. j 

— «oluoi in the feud tubes; at certain frequency ratios, this may lead to an increase 
— 

-. in the amplitudes of oscillatory onbustioL. In cases where, during oscillatory 
ld—; . j i . 
2 - combustion, the pressure fluctuations are so great that the arrival of fuel in the 

chamber is completely stopped at a given moment, an explosion of the engine is 
-i ' 
_ entirely possible when the fuel feed is subsequently resumed. 

! 

Besides an increase in the pressure drop at the nozzles, other measures to 

prevent oscillatory combustion are: increasing the rate of combustion which'shostens 

the time necessary for conversion of the fuel into gaseous products, and selecting 

- ,uch *«>“»tric dimensions of the chamber ml feed system as will not permit genera- 

—tion of oscillations. 

J2. The Burning of Packet Powders 

Combustion Rate of Pc*.rier 

11 

i 

Rocket pewder is a uniform gas-iapermeable mass, where each volume 

-contains the necessary mixture of combustible and oxidizer elements. The burning of 

"'- powder takes place from the surface, with the flauas front penetrating into the inte- 

5 -rior of the body, meaning that the arching of the powder takes place only as the ' 
^ * : i « 

5 -.overlying layers are burned away. :- ... . , :/ 
J-j It has been theoretically and experimentally established that the burning of 

’'"■Powder i» preceded by a ♦hemal decomposition of the substance on its solid surface. 

So-The intensity of the decomposition is determined primarily by the rate of heat 

s.q 
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transfer fron the zone where further combustion of the gaseous decomposition prod¬ 

ucts, formed on the surface of the bu'ring powder, takes place. The heat is trans¬ 

ferred to the surface by thermal conduction and radiation, since the flow of the 

and 70^ Burued (b) 

gaseous products is always directed away from the burning surface so that heat 

transfer to the powder grain by cor.vjection is impossible. 

The value of the combustion rate up, i.e., the thickness of the layer of powder 

burned away in unit time, is taken as the basic characteristic of the burning of 

powder. This quantity is usually expressed in cm/sec. 

Since powder is a uniform mass, it is natural to expect uniform burning of the 

iwwder over its entire burning surface. Actually, experiments with sudden stopping 

of the combustion of a powder grain have confirmed this assumption. 

.Figure 5.12a shows the appearance of a powder grain before burning. This grain 

was ignited over its entire surface and then was extinguished after a certain time 

(Fig.5.12b). It will be seen from the photographs of the grain that burning pro¬ 

ceeds rather uniformly over the entire surface. 

The weight of powder burned in unit time and, consequently, the quantity of 

combustion products formed is 

F-TS-9U0/V 67 
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«her« Pp is the burning surface of the powder grain; 

Up Is the burning rate of the powder; ... _ 

Yp Is the specific gravity of the powder. 

Since the specific gravity of the powder is a constant (Yp • 1.6 - 1.7 kg/ltr), 

the quantity of gases formed depends on the sixe of the burning surface and the rate 

1 _ of burning. 

The burning rate of powder is primarily determined by the pressure under which 

i burning takes place. An increase in pressure facilitates the supply of heat to the 

^ _ powder grain and accelerates the reactions taking place on its surface. 

r At pressures up to 200 kg/cm^, which are characteristic for the combustion 
—jt . 

¿ i _ chaabers of powder engines and of powder pressure accumulators, the dependence of 

K „ the burning rate of powder on the pressure p may be approximately represented by the 

2;_empirical formulas: 

I 

i 

Jl— 

i, 

and 
i 

(5.3) 

(5.4) urt>p\ 
mmm’ r • 

• ! whare a« ß, b, and n ara experimental constants. 
I • 

i''— tha value of the exponent n in eq.(5.k) varies from 0.6 to 0.8. The coeffi- 

ciente a, R and b depend not only on the composition of the powder but also, to a 

.^considerable extent, on the initial temperature of the powder (before burning 
* • 

. begins)« 

. The initial temperature of the powder, naturally enough, has an influence on 

} - the rate of burning: an increase in this temperature facilitates the progress of the 
- 

5 - - reaction on the surface of the charge aui Increases the homing rats. At the saos 

* • - time, owing to the relatively hi«h burning rate and Um low 
— I 

5ó_ the entire powdex grain is cot boated through during the process of burning, so that 
54 I 
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o...- 
- th« tenperâtur« of tha povdar remains constant (oui/ i very thin layer, practically 

2-) ¡ 
-'raacted, la heated through). _ _¡ 

4 J ‘ 
lhe dependence of the burning rate of a powder charge on its initial temperature 
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Î0—; W«.5 .13 - Pressure and Temperature Dependence of the 
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32—! 

Burning Bate of Powder 

• - Past-burning powder; b - Slow-burning powder 

a) Burning rate, in cs/sec; b) Pressure, in kg/ca^ 

4 A —I« rather clearly perceptible and la the cause of a considerable variation in the 
•*—4 

— weight discharge of the combustion products over the temperature range from -50° 
12_J • 

♦ t 
~1 

I ’ 

to ♦SO^C, characteristic for different seasons and different climatic conlltiona. 

Plgure 5.13 shows typical pressure and temperature depeniences of the burning 

rate of pmders, plotted on a logarithmic scale. 

-j Äe upper group oí straight lines refers to a powder with a high burning rate 
VH • - ! 
. ri2 c^iec ât • pressure of 80 Itg/cmz and an initial temperature of t • for the 

64«; charge). Ihe burning rate of this powder, however, is only slightly pressure- 
r: 

56 
"dependent (n ■ 0.5*)« The influence of the initial temperature is likewise slight. 
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3 _ 

îhe lcw«r group of straight lines refers to a slow-burning powder (burning 
— ' • 
_ rate, 0.6 causee at the same pressure and teiperature). Hoverer, for this powder 

_ the temperature dependence of the burning rate, and particularly its pressure 

_ dependence, are stronger (n - 0.71). 
C — 

l r — Shape of Rocket Powder Charges 

1 : -■ 

i 

! 

!? 

\ ' 

1 ' 

2:- 

3.»_ 

t ♦ I 

The quantity of gas formed in unit time under constant pressure is determined, 
I 

_ as follows from eq.(5.2), by the site of the burning surface of the charge F • 
’ P I 

During the process of burning of a powder grain, the salue of F generally does not 
_j # P ¡ 
_ remain constant and may either decrease or increase. If the area F decreases dur- 

P 

ing the burning process, the quantity of gas 

formed in unit time also decreases. Such burning 

of a charge is called regressive. If the burn¬ 

ing surface increases with time, then the quan¬ 

tity of gases formed in unit time likewise 

Increases. The burning of the charge in this 
f f j 

case Is called progressive. 
: Pig.5.14 ** Burning of a Tubular 

(brain 

The broken line shows the surface 

; _ of burning after t sec. The area 

By giving a powder grain different shapes, 

burning away from the surface is 

» ; J 

* V * 

the law of formation of gases with time may be 

regulated within certain limits. 

In deslpiing powder rockets, constant an¬ 

gina thrust over the entire trajectory is usually 

attempted. For this it is obviously necessary 

to obtain a constant quantity of gases in unit time, i.e., to have a constant bum- 
* i 

Ing surface of the powder grains. To satisfy this condition, the grains are given 

hatched 

; » . i 

- special shapes. As an example, we may mention the boll«# cylindrical grain, known 
52—i j j 

*^auso us tubular grain, shown in Fig.5.U. In this grain, the burning away of the 

- outer cylindrical surface leads to a decrease in the area of the burning surface] 
5 i ' . ___ _ ’ ' j < ^ * 
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while the burning away of the inner surface leads to the sane increase in the area 

of the burning surface. 'Hius the site of the burning surface varies only by reason 

U-J 

14 

K 1 

f 

fig.5.15 - Shapes of Feeder Grains of a Rocket Charge 

a - Seven-grain thin-arch charge: 1 - Wall of chamber; 2 - Powder grain; 

2?Z: ^ " Charge of tubular grains hell in place by reds: 1 - Wall of rocket chamber; 
* 1' 1 

> _2 - Center column for explosive charge; 3 - Rod for holding grain; 4 - Powder grain; 
e J 

• * * 
;_c - Charge of cruciforn grains: 1 - Wall of rocket chamber; 2 - Cruciform powder 

ef 

n! * .* grain; 3 - Steel'partitions 

' * J «M») 
_of the decrease in the surface area of the burning faces of the grain. If the grain 

Í2_j : I 
_ ie very long, the influence of the faces on the total burning surface is very small, 

• * t 
and the burning surface may be considered to 

I 
f 

be practically constant. The burning will 
* f 

be 'Veakly regreesiven. < 
i 

We note that in some cases, for instance 

to obtain a high rocket speed on launching 

firm short guide rails, rapid combustion of 

the powder (in 0.1 - 0.3 sec) is necessary. 

;..-( M« • 5.16 - Armored Grain 

Î2- •) Armored coating; b) Burning surface 
In such cases the surface of the grains is 

Í 5)-j , 1 1 
-Increased and their thickness decreased (the thickness of the arc is decreased). The 

52-1 Îarge used is of the multi-grain type (Pig.5.15a). Other more complex shapes of 
_ - - • • - 
aine are also used, providing for the necessary law of variation of the burning 
15_'.... I -• • - - -, --.- 
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aurface (cf. Fig.5.15b ará c). 

In special cases a charge with a small burning surface, but one which will burn 

for a long tir* (tens of seconds) may be needed. This is necessary, for instance, 

for powder preusure accumulators. To slow down the burning, so-called armored grains 

are used. In those grains, part of the powder surface is covered with a plastic 
% 

(for example, acetyl cellulose); which does not itself burn and prevents the surface 

of the grain covered by it from taking fire. Figure 5.16 shows a grain armored on 

all sides except one face. 

Bumin>i of the Powder Charge in the Chamber of a Powder Engine 

The above relationships are characteristic for the burning of a powder charge 

in the absence’ of gas motion along the surface of the grain. When the grain burns 

Pig.5*17 - Íarttally Burned Powder Grain. Left - view from the 

bottom of the chamber; right - view from the nozzle 

in the chamber of a powder engine, however, the gases formed flow along the surface 

of the grain in their motion toward the nozzle. Experience shows that the burning 

rate of powder depends on the velocity of the flow washing it: the higher the veloc¬ 

ity of this flow, the higher will be the burning rate. This is explained by tho 

increase in heat supplied from the burning gases to the powder. 

In powder engines, the degree of filling of the combustion chamber by fuel is 
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I 

0 _ 

»». * -o t -"■—. V . •-• »-*<♦*•»* •«/ % >-«wWh1 < wm mm-mm ■% A 

_ uda as gr«at as possible« The space between the burning grains is small, and the 
2-. i 

velocity of the gases washing the surface of the grains is rather considerable. The 
4-i — • - . . ~ i 

▼elocity of the gases increases in the direction 

C_ 

10- 

12 

14 

16 

-J 

’1 
flf.S.lB - Layout of Igniter 

18 _i 1 of igniter; 2 - Charge 
—! 

20—j ignitar; 3 - Wires bringing 

¿2ZI current to the electric detona- 

tcsrard the exhaust« Por this reason, the powder 

grains burn «ore rapidly toward the noxsle. fig¬ 

ure 5.I7 shows a photograph of a grain that has 

partically burned in the engine. It is clearly 

shown that more of the powder grain has burned 

away on the side of the nozzle. 

At low pressures in the engine combustion 

chamber, intermittent or so-called anomalous 

I 

I 

24—1 tor; A - Electric detonator: 

!6 _! * * Mastic seal; b - Incandes— 

20 

JO 

J2 

J4 

"4 . _ burning is possible. This consists in s periodic 

extinction and reignition of the powder charge. 

Ifcz pressure under which anomalous burning takes 

place depends on the conpnsition of the powder • 
• ’ » 

end on the temperature of the charge. A decrease 

jin the initial temperature of the charge favors the appearance of anomalous burning.1 

cant filament; c — Inflammable 

composition 

q 
JS_J 

for rocket powders, anomalous burning appears at pressures of 20 - AO kg/cm2. 

J d—IJCÜtion of the Rocket Pooler Charge 

A rockat powder charge is ignited by an igniter. 
tO-J 
J 

t >_J 

_ Figure 5.^8 gives a schematic diagram of the layout of the igiiter. 
• »—i 

— Pbr ignition of the igniter, an electric current is supplied across the wires 

^-of the ignition device (4), set in the mastic seal (a), to tha Incandescent filament 

^ n(b) which, on becoming heated to incandescence, lights the readily ignitable coaposi- 

■ «h * 

Itlon (c). This composition then ignites the charge (2),, 

Tha Igniter box (l) may be nade of plastic or metal. I 

55. 

S3- 

<oï 

The hot gases formed by the ignite wash the surface of the main powder charge 
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and igjiite it. During the process of ignition, the temperature of the charge sur¬ 

face ia first increased to the ignition point, arwi then the pressure in the chamber 

C-.! 

VI -, 

* • 

W> 

10 

20. 

•je 

j ^ _ 

:5. 

i 

JO. 

n 

Pig.$.19 - Course of Ignition with Vime 
• ' • 

• I - Curve of current strength in incandescent filament circuit; 
e 

A - Current supply to incandescent filament; B - Lighting of 

Incandescent filament; 
I 

n - Curve of internal stresses the casing; C - Beginning of 

rupture of the casing; 

III - Curve of pressure build-up in combustion chamber; D - Pressure 

sufficient to initiate burning of charge 

—is increased to a level ensuring normal burning of the charge. 
i 
_ The ignition tiaw of a p«>r>er charge must be as short as possible. This 

t « ¿ 

_ requires intense heat transfer from the combustion products of the igniter to the 
*■' — ' . * 

— powder charge. 
' :_i i * ^ 1 

—' Coder the conditions of ignition, when the velocity of the gasee in the chamber 
*> j 
- is low, heat transfer by radiation is of great importance for the heat transfer. 

s,~, . •' / 
—But the radiative power of gases is low. To increaso it, the igniter charge is so 

compounded that its combustion products contain a considerable number of solid par- 

—•tides which intensely radiate heat. For this reason, the l^iiter charge is made 
S6 J_;_;_i .  .. .;_ 
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c.. 

o ^ •ither of black pnvder (scoky povder), which jieMa a certain number of aolid par- 

^ _ tides, or of a mixture of magnesium (or aluminum) powder ani potassium chlorate 

'1 (K104). 
G „ __ iir 

“1 igaition (5 - 10 mlllisec) is provided by igniters of KC10 and Mg 

(or Al), They are more dangerous to handle, however. In addition, the metal powder 
i:_J 

12 

1-: 

12 

13 J 

2-V 

_..ln their composition may oxidiae on prolonged storage, which will lead to failure 

-!°f th* The ignition time of a black-powder rocket charge is longer 

(25 - 30 ailllsec), but such an igniter is more .reliable after storage. 

-j 5*19 8h0"9 th® development of the Ignition process with time. 

In the ignition chamber of a powder engine, the igniter is placed on the faces 

_ of the charge. An igniter located at the bottom of the chamber ensures more reli- 

•» v 

i: 

_-.tble ignition. In this case the igniting gases before being discharged through the 

—.noszle, flow around the entire charge and heat it. 

!2—3» Combustion Products and their Properties 

10_ 
- Parameters of State of the Gas Mixture j 

j 

JM coœbu«lon process in the combustion chamber of a rocket engine consists of 

°r c5=?lcx cherical reactions, together with the preparatory processes 

' -- necessary for their realization. 

The «rimary result of the combustion process is the conversion of the liquid or 

tO_«olid fuel into gaseous combustion products heated to a high temperature. Since the' 

i.-fuel always contains several elements, the combustion product consists of a mixture 

: -?f various chemical compounds, for the most part gaseous. Let us consider the prin- 

l.^eipa! properties of the gaseous combustion products, and let us introduce the quan- ’ 

5 —titles that determine their state. t 1 | 
) i 

5q 7h. «.Me of . jo. 1. chu-.ct.ri.ri hr th. follorins paruct.r.i tó.oluU pr« . 

Si-j-r. p, .bsolut. t-p. r.tur. T, dcnsltj p(or .pccLflc graritr r), «i U» -. 
"i—-»P i; » fl i i -COQ* 
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It 1« vail known that for ideal gases (or for mixtures of ideal gases), the 

parameters p, p, and T are related by the equation of state (Clapeyron's formula) 

8-J 

I3.J 

I 
1 / 

1c -« 
I 

¿0-1 

(5.5) - . */?r. - 
9 

The density of a gas is connected vlth the specific volume by the relation 

t 
*>- (5.6) 

i 
Consequently, the equation of state may be written as follovss 

»-V- (5.7) 

The Talus of the gas constant for a mixture of gases is determined by its com¬ 

position. For calculating R, the following relation can be used: 

2;_ 

25' 
K-i¡- 

■ h 
(5.Í) 

—where R is the universal gas constant related to 1 kg-aole of any gas or any ge* 

mixture; B - 8/*8 kgn/kg-oole deg or, expressed in thermal units, AÏÏ 

■ 1.936 kcal/kg-oole deg; 

jl£ is the apparent molecular weight of the mixture. 

Ihe apparent molecular weight of the mixture is 

ji ! • ’ • • ! 
F* ™ 2 F/Fft 

30—I I 
« r« ! 

□ 

33.^ 
t 

-where pj is the molecular weight of the iin gas forming the mixture; 

—; 
—< is ths volumetric proportion of the gas, of molecular weight p^. 

* I 
—! Ths volnmstrie proportions of the gases in ths mixture are most simply ex* 

■th 
(5.9)Í 

Î3-; 
pressed in terms of the partial pressures p^. 

I ... 
i . 

—; At everyone knars, the partial pressure of a gaa means ths prsssurt that a gas 
5 V—i i 

—would have it it occupied the entire volume occupied by \ he gas mixture. The total 
S3—; 
^pressure of the gas mixture p« is equal to the sum of the partial pressures: 

sd__ .__ ' r— 1-: 

TS-»ttO/T , 
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Th« TolvuMtric proportion of th« gaa in queation har« ia 

(J.10) 
. 

n _ 
Taking this relation into account, wo got initead of eq^S*?) 

t’-J 

I j. 

II 

(J.U) 

!5 

2'> 

For a gaa adjcturo of conatant composition, the raluea of ««i R ara constant; 

... on th« other hand. If tho composition of tho mixturo rarles, then tho apparent molec- 
- , ¡ 
_ a ar weight of the gas constant of a mixturo will likewise rary. 

lergy and Ffaat Capacity of a foa 

- 

y : 

:: 

’ y 

<k»« of tho energetic characteristics of a gas is its internal enercr. Tho 

internal energy represente tho energy of nation of tho gas molecules, and is usually 

regarded as the quantity of heat possessed by the gas. The energy of motion of a 

molecule is determined by the temperature of the gas and the 

•tincture of the molecule itself. 

The monatomic molecule has the simplest structure. 

In etudying the properties of a gas an! in determining 

it« energy level, the intraatoaic motions (for example, the 

ration of the electroua) are usually not taken into consid- 

•ratlon, and tha atom la regarded as a material point. The 

ration of a acnatcsis molecule (or rare precisely, its posi¬ 

tion in apace) la therefore determined by three coordinates. 

-¥• recall that the number of independent coordinates determining the position of a 

- eyetea in apnea la called the number of degrees of freedom of the system. 

■-f, 

/ i \ 

■t '-K . 
Fig, 5 ,3Q — 

!-— Motion of Diatomic 

*• . Molecules 

'1 
j-- I 

Thus a monatomic molecule has three degrees of freedom. These three degrees of 

.."freedom correspond to th« displacement of the molecule in three mutually perpeniic- 

-nlar directions, l.«., to ite translational ratice. • 
Só 
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Tba «or« complex dUtoaùc molacule (Pi¿.5.20) possesses « greater Durber of 

degrees of freed on. In fact, the state of a nolecule consisting of two linked atoms 
•* 

la already determined by six coordinates, namely by the three coordinates determining 

.. Iks posit loo of the center of gravity of the molecule in space, the two angles deterv 
£--. 

- »laiAg the position of the axis of the molecule in space, aid, finally, by the coor- 
! i-' 

_ díñate character is ii g the deviation of the atoms from their position In the 
12-- 

molecule. 
I - - 

- i* customary to correlate some form of motion with each degree of freedom of 
« — 

the molecule. Thus, the three degrees of freedom that correspond to the coordinates 
1 i —... 

__ of the position of the center of gravity, are correlated with the translational mo- 
2 ' — 

_ tim of the molecules. The two degrees of freedom defining the position of the axis 
22_J 

_ of the molecule la space are correlated with the rotation of tha molecule about two 

_ csss no«, coincidi^ with the axis of the molecule. Rere it would be meaningless to 

_ speak of the rotation of a molecule about its own axis, since we are considering the 

.atoms am material points of infinitely small sise. The coordinate defining the var- 

.laticn of interatomic diatrace is correlated with the oscillatory motion of the 

.atoms in the molecule. 
j;_4 • ..i 

—^ ^ trlAtomic afcjlecule has a still a greater number of degrees of freedom, namely 

_ sine. t 
i 

— . Iho internal energy of a gas 0 represents the sum of the energies of motion of 

( i—molecule* with respect to each of its degrees of freedom. The magnitude of the 

^Internal energy thus depends on the number of degrees of freedom and on the intern- 

__sitj of molecular motion •Vith respect to the giren dsgree of freedom". 
* slemei 

^ ^ •■t*blished that the only quantity determining the energy of motion 

_ of the molecules with respect to their degrees of freedom is the temperature. Con- 
J •Jmmm 

— sequently, the energy of motion with respect to a given degree of freedom 0. may be 
1 ^“1 • 

— represented in the form of a certain function 
î • t • 

(M2) 

I 
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. Th* derimiT« 
:- 

èT C' 
J ! 

6 _ MpMMnti th« r*t« of incr«««« ln «narsr for a giren degree of freedom, vifch 

(5.13) 

8_^Incremaing temperature» If this derlratire la related to Io of temperature and to 

10_tmit mass, for example to a graanaole, then the quantitj c. trill represent the heat 
♦ 

12. 64P4® J ot the giren degrae of freedon, and trill hare the dimensions kcal/gm-mole 
3 

14I“ Wii* ease, any degree of freedom is characterized by the fact that the heat 
-i 

capacity Increases vlth temperature, but 

I 

16-4 

19 

20__, 

22 

2:_! 

u”1 
Flg.5.21 - Relation between the 

_ latió of the Heat Capacity for the 

32j rw i10 Degree of Freedom, .. .. 
n max J4 1 

”1 

i 

-1 
iV-i 

and the Ratio of the Temperatures 

T 
Ta 

only up to a certain limit. At a certain teo- 
! 

perature, the heat capacity for the giren degree 
I ! 

of freedom reaches its maximum ralue c. , 
i max' 

after which it remains constant. This tempera- 
e * 

ture *ay be termed the saturation temperature 

T#. The character of the temperature depen- 
! _ ¡ 

dence of the heat capacity for a giren degree 

of freedom is shwra in Fig.5.21. 

The ralue of the maxi min heat capacity 
I 

ei max* to 1 ça sole of gas, depends 

only on the fora of the degree of freedom to 

vk-'Ch it ia related and la completely independent of the indiridual properties of 

l¿_tho gas. It has been theoretically shown and experimentally confirmed that the ralue 

i i_of the maximwn heat capacity for the translational aal rotational degrees of freedom, 

*^-j^lated to 1 gm-mole of gas la ^_e# ^ that for the rotational degrees of freedom 

42_Lt is R, where R is the gas constant. • 

Sti— Tha degree of temperature at which saturation for the giren degree of freedom is 

S2r-‘ea«hed dependa on the type of motion and on the properties of the giren molecules. 

S4. I 

56^ 

U 

The ralue of 1 is here expressed in the 

60. 

units as the heat capacity. 
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Th« Saturation for tho translational degrees of freedom for all molecules with- 

i: 

out exception takes place at very low temperatures. Thus the heat capacity of the 

. three translational degrees of freedom, i.e., the heat capacity of the translational 

.. motion of the nolecule, is always constant, and is equal to -2- R. 

_ At a relatively high temperature (but also technically a very low one) at 
i I 

around 10 - 30° on the absolute scale, the saturation for the rotational degrees of 

freedom takes place, anl their heat capacity likewise amounts to J* from this 
5 - 

■sot for each degree of freedom. As for the rotational degrees of freedom, their 

_ saturation for most of the diatomic and triatoede gases entering into the composition 
1 d 

_ of the combustion product of rocket engines takes place only at very high tempera- 
2 ! — 

_ tures, exceeding the combustion temperature. Thus the heat capacity for the osei 11a- 
> 

_ tory degrees of freedom is variable, and changes in such a way as to depend only on 
2# —‘ 
_ the temperature of the g*»s, Increasing with that temperatura. 

The total heat capacity of any gas is composed of the heat capacities for all 
> * 

.degrees of freedom possessed by a u> leo ule of the given gas. 

Tho heat capacity of monatomic gases, as will now be easily understood, remains 

constant over a wide range of temperatures and ie equal to while their internal 

.energy is directly proportional to the temperature and is equal to 3 rt. The di- 

_ atomic gasas, at lor temperatures (as related to the Uqu'l-fuel rocket engine) 

_ possess tho nest capacity of three translational and two rotational degrees of free- 

-doo, l.e., -JL. R, but at very high temperatures their heat capacity Increases, 
;’-i 2 - 
-approaching the valus of JL R as a limit. Qualitativ sly, tho sas» temperatura 

* -_! R 

t i 

•»sj 
dependence of the heat cspeclty of a gas also holds for triatomic gases. 

Sí J. 

-i Vs have considered above the so-called koUr beat capacity of gasea ea expressed 

in deg. The weight heat capacity t 

,a»X;iroUA«i.« 
- , ,?J 

I 

* I 

is demonstrated above. Is of great Importance in evaluating rocket engine fhels. 
S5. 
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A» pointed before, the heat capacity /or each of the degrees of freeioa and the 

energy for a given degree of freedos depend only on the temperature. For this re*- 
4... 

_ eon, the Internal energy likewise depends only on the temperature and is completely 

--determined by the temperature. Consequently, this energy is a function of the state 
O 
u •—« 

— of the gas. This assertion is outwardly contradicted by the fact that the sum of 

— the heat capacities of the degrees of freedon of the gas rc. is called the heat 
il— 1 

„capacity at constant volume c^, while the internal energy or, more precisely, its 
l- — 

— variation, is usually written in the fora 

‘1 
t 

{/—J C'dT. (5.14) 

Thus at first glance it might seem that the internal energy of a gas depenis on 

. . the conditions (for example at constant volume or constant pressure) under which 

. heat is transferred to the gas. In fact, hcwever, the term heat capacity at con-* 

«tint volume has the meaning that, on heating a gas under the conditions 7 • const, 

-- hoot la consumed only to increase the internal energy of the gas and is not consumed 

, ._for any other purpose. j 

-J • -n < • 

—£ll Hiat Content of a Cas. The Adiabatic Tryi»x 

The Secotïl function thct characterises the energetic state ef a gas is the eo- 

'• .- called heat contont or enthalpy R. 

Äs heat content is distinguished from the iutemal energy by the fact that the • 

.„product pv or, expressed in heat units, Apv is aaded to the value of the internal 

- energy« This product is a measure of the potential energy possessed by one kilogram 

: i-ef gas occupying the volume v at a pressure p. The heat content is therefore a ' 

> - eriterion for the sum of the internal -nergy and the potential energy of the gas., 

;2-for instance, the total energy of a compressed spring consists of the internal energy 

> ’• - of the material, of the spring, heated to the given temnereture, and of the energy 

S6_ expended on its compression. This total energy of a compressed spring is analogous 

'lr-TS-9440/7_ «X. * 
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to tha heat content of # compressed gas. Tha name of this function obriousljr does 

not correspond to its physical meaning, since tha quantity of heat possessed by a 
. J I 

gas la detennined by its internal energy. » 

Tha heat content is tha most important energetic characteristic of a gas. This 

is due to the fact that, on a change of state of the gas in various technical proc- 
e 

asses, not only the internal energy but also the potential energy change in the vast 

majority of cases. Thus the total change in energy of a gas, taking place in var¬ 

ious gas processes, is always determined by the magnitude of the change AH in the 

I 
heat content. 

I 
By definition, the heat content is 

i i 

H=U+Apv. . . , , 

according to eqs.(5.7) and (5«1A) 

2» ' (5.15) 

//-«J c9dT +ART. 
e (5J4) 

It ia easy to see that the change AH in the heat content of a gas will cor- 
J 1 « 
_respond to the consumption of heat on heating the gas at constant pressure. With a 

e ¿ I 
^rise in temperature from to and an expansion of the gas from the specific vol- 

- j_. 
_ubs v^ to V2» the charge in the heat content will be 

31_ 

A//—Ai/+p(P|—Pt)4. 

; “ Here p(vj - v^) represents the work of expansion of the gas unier the pressure p. 

: .The derivative of the heat content wjth respect to temperature 
_J . j 

— dff 

dr 
-c,+Af!-cß (3.17) 

Í 

? _ie termed the epecific heat at constant pressure. 

' -I 
The value of the heat content. Just like the value of the internal energy, la a 

function of the parameters of etate of the gas. The change In heat content during 

55_erçy process does not depend on the form of the process end is determined only by the 

51 
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initial and final states of the gas. 
es 

the heat content of liquid and solid substances (for exaople, of fuel coipo- 
» 
— _ » 

_ neats) is almost axactlj equal to their internal energy, since, «ring to the small- 
6 ... 

«F'clflc Tolumes, the potential energy of compression is negligibly 
C_; 

13 — 
— ¥e note that the specific heat c for all gases and at all temperatures is 

p 
_ fraater by the quantity AH than the specific heat c . In thencodyc¿mica, the ratio 

_ of the specific heat at constant pressure to the specific heat at constant tolusts 
» 

^ of importance. This quantity is called the adiabatic index and is denoted 

(5*18) 

^ follows from eq.(5.18) that the ralue of k depends on the specific heat of 

21—Ä constant rolume, i.e., on the structure and temperature of the gas. For 

' — tschnical gases entering into the composition of combustión products, the salue 

* — k sari*« over a wide rango as a function of temperature. Vith increasing tea- 

• ^^tore, the value of k decreases. For example, for diatomic gases, the value of k 

1 ^rtea from 1.4 at low temperatures te 1.2F at very high temperatures. 

«í.— ▼alues of k ■ 1.67 is possessed by monatomic gases, anl the min- 

i ▼»lae k • 1.15 by triatodc ga^es at high temr‘ratures. 

— •pacific heat at constant pressure may be expressod in terms of the 

adiabatic index k in the following manner; 

H 
c'~JZTAR (5.19) 

the internal enerar, th* heat content of a gas, or the respective heat capac- 

Cp *▼' *** CA^CT1^a^'a^ on bhe basis of experimentally determined molecular 

S4«_oonatants^usJÆ4 the methods of statistical thermodynamics. Over narrow temperatur« 

Só_ fWges, the variation in the heat capacity with temperature may be represented by 

S¿ 

*3 
* »I 

60 
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4_! 

, linear or power laws. Such relations, hexerer, cannot be used over “he entire rar^e 

of temperature variation of the combustion products of liquid-fMl rocket ermines. I 

6 __' ^endcal Energy and Total E>ith\lpr 

e_ 

10 

12 

- 2!üL fumamental Equation of Corabustlon 

During the coabuation process, chemical energy U converted Into thermal en- 

l<_«Tfir» For this reason, the value of the chemical energy must enter Into the 

16 -, •nergetic characteristic of a fuel and of its coirimstion products. 

heat content and the chemical energy is termed the total en— 

20— thalpy (or energy content), * For a liquid, this will be the sum of the thermal 

22 _j chemical energies, and for gases it will be the sum of the thermal, potential, ani 

H_] chemical energies. 
J i *t 

26 _i A* noted above, the value of the chemical energy la not dependent on the exter¬ 

no— conditions but is determined only hy the structure of ths chemical substances 
J * ¡ 

10— participating in ths reactions. The numerical value of the chemical energy depenis 
—j , i I 

j2_;on the system of reference adopt«! ani, in particular, on the substancee for which 

H__the chemical energy •*« considered to be aero. 
' * 1 

if—. If we assume, as Is ordinarily done, that in the standard state (see above), 

W^the molecular gaaea and carbon in the form of ß-graphite have a chemical esers' 
«■j 

i0_. equal to aero, then, for example for carbon dioxide gas we get a chemical energy 

*2—¡of -%.05 kcal/gso-aole or -2U-0 kcal/kg. Water vapor likewise has a negative chexo- 

H 

46 

43 

SO 

52— 

54. 

leal energy equal to -57.80 kcal/«=>-uole# 0r -3210 keal/kg. The formation of these 

gases leads to the conversion of chemical energy into thermal energy. 

Certain gases entering Into the composition of combustion products, such as 

for example the atomic gases, have a positive chemical anargy. This means that on 

their formation, chemical energy is absorbed rather than liberated. 

S6_ 

SB 

-Making use of the concept of total eathalpgr. It la easy to write the 
I ) 

60. 

tal equation of combustion. For this ws must apply ths law of the conservation of ) 
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0. 
~ «nercr to the combustion jxoctss. Let us first assume that the combustion is'not 

_j tccoapaniecl by ary ener^ losses. Then the total heat content I at « température 
4--. h.c ' 

». T possessed by the foses as a result of the combustion process, must be equal to the 
6 -1 

8--J 

10 

:: 

- tota¿ heat content o/í the fuel entering the chamber} 

f 
(5.20) 

Kanjr energy losses may take place during the process of combustion, for exaa- 

U_;pls# those duo to withlr«.*! of heat by the walls of the chamber, or those due the 

If — physical incompleteness of combustion with poor mixture formation. These may be 

13 _ taken into account by introducing the coefficient of complete combustion H . The 
— cc 

Î0«, •quation of combustion in this case may bo written in the following form: 

22 j 

U 
Jr (5.21) 

— To d*t«raine the temperature of combustion on the basis of eqs.(5.20) or 

.(5.21), we must know the composition of the combustion products, since not ouly the 

jOfaolcal energy but also the heat content depends on the composition of the gas ndx- 

^ _ tar« (since the heat capacities of different gases are different). 1 

u3 ft* P1,0««”” ot dissociation exert a substantial influence on the composition 

Jof the combustion products and on the completeness of the conversion of chemical 

26 

jC. 

J 3.J t 
— energy In the combustion chambers of liouid-fual ro«k«t •nHn.. 

J —i 
PlBaodatlon. and Comi^sitlon of the Combustion Products 

*2_ ! 

Thermal Dissociation and the F/millbi*lm Constants 

46- To describe the processes taking place in combustion chambers of rocket en- 

~ •«*# In particular, of liquid-fuel rocket engines, we hare paid particular 

SO- attention to the questions of ensuring complete combustion of the fuel aid, con- 

52--.equently, complete conversion of its chemical energy into thermal energy. The 

5* ~ dagrsa of -completeness of the conversion of chemical energy into thermal energy, 

S«Jhowtmuvia determined not only by the design of the chamber and head, but also by 

60. 
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0,. 

2 — 

tht ipeclfic features of the fJhyelcal and chetdcal processes at high temperatures'. 
I 

for combustion processes taking place at high temperatures, rery intense ther- 

4, 
dissociation is characteristic: the processes of formation of chemical compounds 

10 3 
on combustion under these coalitions is partially accompanied by their dissociation. 

When the reactions proceed in the opposite direction, an inverse transformation 

of energy takes place. As « result of dissociation, thermal energy losses occur. 

12 
and the degree of utilizaticn of chemical energy is decreased. For instance, at a 

14 ., 
high temperature, the oxidation reaction of carbon monoxide is necessarily accora- 

16-. 
paaied by the inverse reaction of decomposition of carbon dioxide gas 

18 

2 0. 

i > 

CO + —O.i^CO,. 

From the kinetic point of view, the possibility of an inverse reaction taking 

24. 
1 place is explained by the fact that, in the gas mixture, inverse collisions of the 

20- (X¡2 molecules with each other or with uolecules of CO and 0^, always take place 

which, at a eufficlent force of impact, is accompanied by the decomposition of the 

i0_ 
©J molecule into its components. In this case, the source of energy necessary to 

14. 

split the CO2 ■l® tk* energy of tharaal motion. 
I 

As the combustion reaction proceeds, the number of original molecules, l.e.. 

<8 * i * 
of 00 ani 0., gradually decreases, so that the rate of this reaction also decreases. 

The rate of the dissociation reaction, on the other band. Increases with the content 

42. 

44_1 

46 

43- 

50- 

52- 

54 

56 

•u 

60. 

i 
of combustion products In the gas (in our ease 00^), since the number of collisions 

ia which OOj molecules participate will increase. As a result, a moment (ami a 

state of chemical equilibrium) will arrive at which the rates of reaction of combus¬ 

tion aad dissociation become equal. The mean chemical eompoeltlon of the gas in 

this case will not vary. 
I i 

■ 
1 1 ! _ I The quantitative relationship established between ihn dissociated and undisso- 

eiated gates under the conditions of chemical equilibrium are deteradned by the so- \ 

Z «ev»** chemical equilibrium constant, or equilibrium constant. 

- FJS^OÆ 
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In liquid- fiel rocket engines, the equilibrium constants K used for the c&l- 
M , 1 . P 

_ cnlâtions ere expressed in teres of partial pressures. Each partial pressure enters 

in the expression for the constant in the degree to which it influences the rate of 

_ the reaction. For example, the equilibrium constant of the reaction 

: 

'M 

12 J 
_.ls expressed aa follows: 

U J 
I 

i<?_ 

CO.^CO + y 0, 

I 

»CO/’Î (5.a) 
*00. 

where p^, pQ , and pcQ are the partial pressures of the gases composing the given 

2¿_nlxtur«, l.e., the pressures that these components would have If they occupied the 

-! I 
l i _ entire volome of the mixture. 

“T . * 1 
>6 It will be clear from the expression presented for the equilibrium constant 

2a_that the stronger the dissociation, the greater will be the value of (the higher 

]n_will be the pressures p_and p_ ). 
• •co 

J2_J the value of the equilibrium constant Ip for a given reaction depends onlj on 

U_Jthe temperature. This relation is exceedingly complex, and for the reactions 

-J 
Jó_ between cowbu£tiw& products of rocket engines, it is impossible to present analytic 

i 

Id—expressions relating the equilibrium constants anl the temperature. 

The equilibrium constant today is calculated by the methods of statistical 

thermodynamics. In order to calculate the equilibrium constant, it is necessary to 

îO. 

t;__.lmov the molecular constant and, chiefly, the values cf the chemical energies of 

¿'S-Jthe corresponding substance. Tables giving values of the equilibrium constants, 

IS- compiled for the necessary range of temperature variation, are used In such eal- 

SC'enlation*. 

J8 Influence of Temperature and Fres juts on the ComroaVlon of dorhustlon Products 

Ihm values of the equilibrium constants of tha dissociation reactions Increase 

■JZrVM'J-_ 
— J 



•hArpl/ with iiicreasixg temperature, and the content of the dissociation products 
■> _ 

in the combustion products increases accordingly* This is also obvious from the_ 
i ~i 

~ kinetic point of riew. If the temperature T of the gas mixture is increased, then 

!. the number of molecules with a large energy reserve will also Increase, which will 
fi- 

lO- 
_ lead to an increase in the rrfe of dissociation of the combustion products and to a 

disturbance of the equilibrium established at the former temperature, it the new 
12 

and higher temperature of the gas, the equilibrium state is again established and is 
14- 

14 -, 
characterised by the equality of the rates of forward reaction (combustion) and 

lâ, 
_ inverse reaction (dissociation) but, this time, with a higher content of disso- 

_ elation products in the gas mixture. Thus the temperature of the gas mixture will 
20 — 

_ have an effect cn the composition of this mixture, such that, with increasing ten>- 
>2_; 

_ perature, the.content (in the siixture) of gases whose formation requires the cod- 

_ sumption of heat will increase with increasing temperature. 

_i 

y.-\ ' 
* 

loi] 
♦ * 

12- 

iU 

38—i 

10 „ 
«C 

The equilibrium constant for ideal gases does not depend on the presrore; hcv- 

. ever, thie doee not mean that the composition of a gas mixture will always remain 

constant at variations In pressure. 

K±r>y dissociation reactions are accompanied by a chango in the volnss of the 
» 

Zlgas mixture. For example, on dissociation of carbon dioxide gas, the number of 
— 1 
.. moles will increase, but this means that the volume of the gas mixture i/lll also 

increase by 1/2 mole for each mole of completely dissociated carbon dioxide gas. 

Fbr dissociation reactions taking place with an increase in the number of moles. 

„„the composition of the gas mixture will depend on the pressure. In this case, an 
H-J : 

_increase in pressure will lead to suppression of the dissociation reactions and to 

4H an Increase in the content of complete combustion products In the gas mixture. In 
IS_| 

A other words, an Increase in pressure will decrease the degree of dissociatiui of 
S 

—'fases if it is accompanied by an increase in the number of moles. For dissociation 
52— 

—’reactions that proceed without a change In the number of moles, the composition of 
5». 

S6 

58' 

60\ 

—>ihs products dues mot depend on the pressure. Since most reactions of dissociation 

M3=5UQ£L 
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1 _ 

4. 

6 

C 

10 

12 

I of th« combustion products of rocket fuels involve tn Increase in the number of 
I 

_ soles, it follows that an Increase in the combustion pressure will somewhat decrease 

__ the degree of dissociation (not very substantially)« 

3 

Composition ani Temperature of_the Combustion Product in Rocket Engines 

Completeness of liberation of Ovunlcal Energy 

14 — 
The usual rocket-engine fuels consist of four elements; carbon, hydrogen, ox- 

l6“jfen, and nitrogen. 

- jx combustion were not accompanied by dissociation, then the combustion prod- 

20 ' 
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Fig.5.22 - Diesociation of Water 7apor HjO and Carbon Dioxide 

Ges 0(>2 as a Function of Temperature 

a) Percent by volume 

I3_ucte would consist of carbon dioxide gas OO^, water vapor H20, and molecular ni- 

Sd—trocen Howerer, evvn at Moderate" températures (about 2800° abs), a consid- 
Ia 
arable dissociation of carbon dioxide and water vapor is already noted (Fig.5.22). jZ 
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a At a_stoichiometric ratio of the components. 
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1a thl« case, carbon monoxide CO, the hydroxyl group OH, and molecular oxygen and 

hydrogen ««1 »r« »Iso fonaed. At a «till higher temperature, the content of 

4__ 
_ aitrogen oxide MO, and of the atomi c gaees hydrogen H, oxygen 0, and nitrogen K in 

V) ... 
the combustion products, becomes substantial. 

lhe coopoaition cf the combustion products in the chafer i* determined by the 

10-j 

12-Í 

u 

16 

18 

20. 

equilibrium constants of the corresponding dissociation reactions, taking account of 

the pressure in the chamber. The composition of the gases, of course, also 

depenis on the relative content of the various elements in the fuel. 

Since the composition of the cothuai^n producta is temperature-dependent, the 

2 aolution of oqe.(5.20) or (5.2:1) requires a rather great amount of computing work. 

Ordinarily, the value of the temperature must be established and the equilibrium 

10_ Pig.5.23 - Pressure Dependence of the Pig.5.21, - Dependence of Coidbuauiou Tem- 

• » » 

\2_^ Temperature of the Combustlor Products perature of an Oxygen ♦ Kerosene Fuel on 
i ' 

U_J ef an Oxygen ♦ Kerosene Fuel at o " 0.7 the Coefficient of Excess Oxldixar a and 

46ii i; . 

iC 

on the Pressure p 
i 

cooatanta sod fuel composition must then be used in determining the oompoeitlon of 
50_l 
—the combustion products, i.e., the partial pressures of ths gases; finally, the 

$4. 

ça 

SB- 

"ftodaM&ial equation of combustion must be verified: 
¡ 
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-í 
j, 

! 
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* 

c 

t! 
« 

J 
Th» true tempe-ature and the corresponding composition of th- combustion prod- 

_ acts are thus determined by the method of selection. _ _ „ _ 
Xj * ' I 

—' ft* calculation results show that, becuuse of the sharp increase in the decree 
6 _L . 

««of dissociation of the combustion products with increasing temperature abore 3<XO° 
8—J t 

—jaba, an Increase in the supply of chemical energy in the fuel does not lead to a 
10 J I 

—proportional increase in the temperatvre of the chamber. For example, the comuustion 
12 -j ; 

temperatures of two fuels can be compared: kerosene ♦ nitric acid, and kerosene ♦ ox- 
N 

— jgen. The calorific ralue of the latter fuel amounts to 2^00 keal/kg, which is 
16-j 
. about 70Í greater than the calorific value of the former fuel (1400 keal/kg). But 

'4 
23 

« higher than the combustion temperature of kerosene with nitric acid (3050° aba). 
V* 1 t £—¡ t 

.This la a direct consequence of the intense dissociation of the combustion product 

_jtba temperature of combustion of the kerosene ♦ oxygen fuel (3550° abs) is only 15i 

*1, 

and of the decreased completeness of liberation of chemical energy. 

Consider further the dependence of the combustion temperature on the pressure. 

This dependence is well iliustrated by the graph in Fig.5.23, constructed for 

2;. 

2à. 

28. 

30. 
— the combustion product of the fuel kerosene ♦ liquid oxygen at a • 0.7. 7« will be 

J2_i t 
_sesn fres this relation that at first, at lew absolute values, an increase in p**«*- 

— turo leads to a rapid rise in temperature, but then, with increasing pressure, to 
I j 

— an ever slower rise in tecoersture. 
3i_! I ‘ I 

—j Mot only the pressure, but also the ratio of the fuel components affects the 
<0_j ; 

— temperature and composition of the combustion products. 

-j Without taking account of the dissociation, the combustion temperature and the 
<i-J , 

—'quantity of beat liberated on combustion would reach their mudmm values at the 

‘H -Jtheoretical ratio of the fuel and oxldiror v , i.e., at a • 1. But the phenomenon 
j i 

—of dissociation decreases the combustion temperature, while the norunifora stability 
50—J i 

—of the combustion products with respect to dissociation causes the tea- 

“^perature and maxlxcum haat liberation to correspond to values of a < 1 for modem 
S4 

56 

58^ 
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— liquid-fuel rockev engine fuels, i.e., t propellants with an deficiency of erddiaer 
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—' an excess of combustible. 

J_ Picures 5.¾ and 5.2$ show the dapeaience of the combuatior temperature «Td 
^ ! 

_J tb« quantity of heat liberated Q for ai* oxygen ♦ kerosene propellent on the coef- 

—1 ficient of oxidizer excess a and on the pressure. The shift in the température 
u I 1 

• ' —tni in the heat-liberation maxima touard a < 1 ie explained by the fact that, 

with a deficiency of oxidizer, the relative content of carbon monoxide, stable to 
12 —I 

» 

16 J 

- dissociation, in the combustion products will increass. As shown by the curves in 

<9 J 
i 

20 
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Pig.5.25 - Dependence of the Heat Lib- rig.5.26 - Dependence of the Gas Constant 

—i sration on Combustion of an Oxygen ♦ 

--] ♦ Ksrosens Propellant on the Cocf- 
C * 

ficient of Excess Oxidizer a and on 

: the Pressure p 

of the Combustion Produces 3, aai cf the 

Adiabatic Index k, on the Temperature T 

and the Pressure p 
j i-J 

ioJ 

ta 

so_ 

S2q, 

flg.5.2*:, the heat losses due to dissociation in the coni ustión chamber are rather 

high, amounting to over 30Í of the calorific value of the fuel, or 2b00 keti/kg, at 

J*— 4 pressure of 10 kg/cm? in the chamber. 

Va have been discussing the Influence of dissociation from the example of a 

fuel with the »n-tiram value of calorific power. Since the intensity of dissociation 

decreases with decreasing temperature, the influence of dissociation decreases for 

a lower heat vaine (oxygen ♦ alcohol, or nitric acid ♦ kerosene), 

S6J 

'w-4 

«0. 

although it still remains rather substantial. For example, ths hsat loss in the 
• I I 
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chamber, dus te dissociation, for an oxypen + alcohol propellant acounta to 18 - 25¾ 

of the heat Talus, and for fuels containing nitrogen and oxygen, to 12 - 18Í, 

The composition of the combustion products determines the value of their gas 

constant. The combined influence of composition and temperature on the specific 

bsat of gases leads to a corresponding change in the exponent of adiabatic of curve k. 

Ths influence of the temperature and pressure of the combustion products on the value 

of the gas constant R, and on that of the exponent of adiabatic curve k, is illustrated 

by the graph in Fig. 26. As shown by this graph, the gas constant of the combustion 

product increases with increasing temperature. This is a consequence of tae de¬ 

creased content of polyatomic gases la the combustion products, which is a result 

of dissociation. For this sajr.o reason, The adiabatic curve of the combustion prod¬ 

ucts Increases with increasing temperature and decreasing pleasure. 
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