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This book presents an approximate method for the calculation of 

thermodynamic parameters of the products of combustion in a rocket en¬ 

gine, as well as a method for the calculation of the specific thrust, 

without a determination of the composition of the products of combus¬ 

tion. 

The proposed method will make it possible to calculate these 

parameters with relatively little effort but with a sufficient degree 

of accuracy from the practical standpoint. This method is valid for 

the products of combustion of fuels composed of carbon, hydrogen, ni¬ 

trogen, and oxygen, with some reservations with regard to the method 

for the latter. Examples of the calculations are presented. In addi¬ 

tion, there is a description of a method for the determination of the 

composition of the products of combustion from the indicated fuels, and 

this method is simpler with respect to calculation than in the case of 

the methods generally employed. 

The book may be useful for specialists engaged in the area of 

rocket engineering. 

PTD-TT-62-271/1+2 



PREFACE 

In the design of a flying craft (airplane, rockets) it is nec¬ 

essary to devise the optimum power-plant version. One of the most im¬ 

portant problems here is the selection of the fuel on which the en¬ 

gine is to operate, and also the designation of the operating regime 

for the engine. 

The selection of the propellant (fuel, oxidizer, and the ratio 

between them) as well as the operating regime for the engine (the 

pressure of the products of combustion within the combustion chamber 

and at the outlet section of the nozzle) is based on*, a variety of 

thermodynamic calculations. The basic purpose of these calculations 

is to determine the magnitude of specific thrust - the most import¬ 

ant characteristic for a rocket engine. 

Existing methods of thermodynamic calculations for rocket en¬ 

gines, based on the preliminary calculation of the chemical composi¬ 

tion of the products of combustion, are complicated and difficult. It 

is therefore expedient to use approximate calculation methods which 

make it possible to arrive at sufficiently accurate results. 

This book proposes an approximate method of thermodynamic calcu¬ 

lations for rocket engines, and this method requires no preliminary 

calculation of the composition of the products of combustion, and 

the present book further considers the application of this method in 

the cases that are most frequently encountered in practice. The pro¬ 

posed method is valid for the calculation of the operating character¬ 

istics for rocket engines employing fuels consisting of carbon, hydro¬ 

gen, nitrogen, and oxygen. The composition and the characteristics of 

-1- 
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such fuels are taken from data published in foreign literature. The 

accuracy of this data has been checked by the most precise calcula¬ 

tion methods for Instances In which the pressure of the products of 

combustion In the combustion chamber ranges from 20 to 100 atm abs, 

In which the pressure at the outlet section from the nozzle dropped 

to 0.4-0.5 atm abs, and In which the temperature of the products of 

combustion attains values of 3800-4000° abs. In this case, the 

above-mentioned chemical elements are contained in the following 

quantities: 

carbon.. 4 to 4o$ 

hydrogen. from 0.5 to 13$ 

nitrogen.from 0 to 80$ 

oxygen.from 15 to 85$ 

The coefficient of excess oxygen a ranges from O.55 to O.95*. 

This factor Is associated with a more conventional parameter - the 

coefficient of excess oxidizer a0 In the following function: 

.®Cr+8Hr- 

A--jc0-8H0 

In the calculations that are carried out within the above- 

recommended limits, the changes in the chemical composition of the 

fuel, and In the pressure and temperature of the products of combus¬ 

tion, the error in the value of specific thrust does not. In the over¬ 

whelming majority of cases, exceed 0.5 to 1.0$. 

The error in the value of the temperature for the products of 

combustion does not exceed 30 to 50°. This statement follows from a 

series of comparative control calculations performed for instances in 

which the products of the fuel combustion exhibited sharply divergent 

elementary chemical composition. 

This approximate calculation method for rocket engines is ex- 

FTD-TT-62-27I/I+2 
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pedlently employed In those cases In which the known methods of 

calculation require a tremendous amount of calculation work. We have 

reference here, primarily, to the calculations that must be carried 

out in order to undertake a comparative analysis of the operating 

characteristics for engines employing different fuels and regimes. 

These calculations become necessary in the selection of the most ef¬ 

ficient fuels for the new engine, for the designation of the opera¬ 

ting regime of the engine, as well as in the development of new types 

of fuel. With a comparatively small volume of calculations, using a 

50-centimeter slide rule, it is possible to obtain answers to all of 

the questions above with a sufficient degree of accuracy. 

If extremely precise values for the thermodynamic parameters of 

the products of combustion for the indicated rocket fuels are required, 

and if extremely precise values for specific thrusts are also needed, 

the proposed method may yet be useful. In this case, it is recommended 

that the approximate value of these parameters be determined and then 

conventional methods of successive approximations should be used in 

order to find the exact solution. 

This book also presents a new method of calculating the chemical 

composition of the products of rocket-fuel combustion. This method is 

valid for the products of combustion of the same fuels for which it 

is possible to use the approximate method of thermodynamic calcula- 

tions for rocket engines which we developed. The proposed method of 

calculating the chemical composition of the products of combustion 

from rocket engines is simpler, from the calculation standpoint, 

than the methods conventionally employed. To facilitate the calcula¬ 

tion operations involved in this method, auxiliary nomograms are pre¬ 

sented. 

-3- 
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2 * The ratio of the actual oxygen content in the propellant 
to the quantity of oxygen reguired for the complete combustion 
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as the coefficient of excess oxygen: 
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2^+0,5^ ' 
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INTRODUCTION 

Specific thrust is, first of all, determined by the propellant 

used; however, it also depends substantially on the design of the 

rocket engine as well as the operating regime of the engine. We know 

that the processes involved in the combustion of the propellant and 

discharge of the gases— the products of combustion from the combus¬ 

tion chambers of rocket engines — are complex and have not been fully 

studied. In this connection,we do not yet have rigorous mathematical 

facilities to calculate the specific thrust in a manner which will 

enable us to take into consideration the losses which occur in the 

operations of actual engines. 

Thermodynamic calculations are, as a rule, performed without 

taking into consideration any energy losses with the exception of the 

losses that are attributable to the dissociation processes taking 

place within the products of combustion (the decomposition of the 

products of combustion as a result of the effect that the high tem¬ 

peratures have on the simpler monatomic and biatomic components ). The 

rated (calculated) value of specific thrust, determined without any 

calculation of losses, will be greater than the true value obtained 

during hot-firing tests of the engine. However, when the engine is 

properly designed, the divergence between the rated and actual spe¬ 

cific-thrust values is not greater than several percentage points. 

With some experience, the true specific-thrust value can be found 

from its rated value by means of a simple recalculation - the multi¬ 

plication of the rated specific-thrust value by a certain coefficient 
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less than 1. The magnitude of this coefficient Is determined through 

practical experience. 

Thermodynamic calculations for rocket engines are generally car¬ 

ried out with the following assumptions. The mixing of the propellant 

components prior to combustion is assumed to be ideal, and the com¬ 

bustion of the propellant is assumed to be complete. The heat content 

of the products of combustion within the combustion chamher of the en¬ 

gine is assumed to be equal to the heat content of the propellant. For 

the given pressure for the products of combustion within the combus¬ 

tion chamber of the engine, this condition makes it possible to calcu¬ 

late the temperature of the products of combustion. 

The process of the expansion of the products of combustion and 

their discharge from the engine is assumed to take place without fric¬ 

tion, without a supply of energy from external sources, and without 

losses to the surrounding space. Here it is assumed that the compo¬ 

nents of the products of combustion are in a state of chemical and 

energy equilibrium. This is equivalent to a statement that the pro¬ 

cess involved in the expansion of the products of combustion and the 

discharge of the products of combustion from the rocket engine are 

subject to the law of isoentropy. The entropy of the products of 

combustion at the outlet of the nozzle is assumed to be equal to the 

entropy of the products of combustion within the combustion chamber. 

At the selected pressure for the products of combustion at the out¬ 

let section of the nozzle, this latter condition makes it possible 

to calculate the temperature of the products of combustion in this 

section and, consequently, to calculate the heat content of the prod¬ 

ucts of combustion. 

The kinetic energy of the stream of exhaust gases - the prod¬ 

ucts of combustion - is formed as a result of a reduction in the 
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heat content of these products. Given ideal combustion and discharge 

processes, the ideal exhaust velocity is determined from the follow¬ 

ing equation: 

^.,=91,53 

where iv.s is the heat content of the products of combustion at the 

outlet section of the nozzle, given an isoentropic discharge processj 

i^ is the heat content of the propellant. 

The ideal specific thrust in the rated operating regime for the 

nozzle, in which the pressure of the products of combustion at the 

outlet section of the nozzle is equal to atmospheric pressure, will 

be 

Further on, we will refer to ideal specific thrust simply as 

specific thrust. 

We have developed approximate mathematical relationships between 

the heat content and the entropy of the products of combustion, be¬ 

tween their pressure and temperature, as well as for the initial ele¬ 

mentary chemical composition of the propellant, and these relation¬ 

ships serve as the basis for the proposed engine-design method. 

These relationships were established in two stages: we first obtained 

the relationship for undissociated products of combustion, and sub¬ 

sequently for the dissociated products of combustion. By undissoci¬ 

ated products of combustion for the propell nt under consideration 

we refer to those products of combustion consisting only of carbon mon¬ 

oxide, carbon dioxide, water vapors, biatomic hydrogen, and biatomic 

nitrogen. The numerical coefficients in the approximate mathematical 

expressions have been determined on the basis of the data presented 

in Table 1 (in the Appendix) for the heat content of the products of 

combustion. 

-7- 



The heat-content origin may be chosen quite arbitrarily; how¬ 

ever, in establishing the heat content of individual components of 

the products of combustion it is necessary to take into consideration 

the possibility of chemical reactions between these products. There¬ 

fore, for all of the substances participating in the process (the 

propellant components and the products of combustion), a uniform 

reference system must be adopted. A special feature of the heat-con- 

tent reference system used in this book is found in the fact that the 

heat content of carbon dioxide, water vapors, biatomic hydrogen, and 

biatomic nitrogen at 0 abs, is assumed to be equal to zero. Since 

the thermal energy of the remaining components of the products of 

combustion at 0 abs is also equal to zero, the chemical energy of 

these components at 0° abs is defined as their heat of formation from 

COg, HgO, and Ng, referred to a temperature of absolute zero. 

In Uoing the proposed calculation method for rocket engines, we 

must present the heat content of the propellant in the same heat- 

content reference system which was adopted for the heat content of 

the products of combustion. If we have data on the heat content of 

the propellant components, said data calculated on the basis of an¬ 

other reference system, these data must then be referred to the ref¬ 

erence system adopted in this book. The method used in the calculation 

of the heat content of the propellant components and the propellant as 

a whole is presented at the end of the book, in Section 20. 
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T 

a. o 

a 

V V V °g 

C . H , N , 0 
O 0' 0* 0 

ADOPTED DENOTATIONS 

- coefficient of excess oxidizer; 

- coefficient of excess oxygen; 

- content of chemical elements, by weight, 

in 1 kg of fuel, expressed in g; 

- content of chemical elements, by weight, 

in 1 kg of oxidizer, expressed in g; 

V 
o 

V 

AC' V V A0 

0 

mass fraction of fuel and oxidizer in 

1 kg of propellant; 

theoretical relationship between components 

(quantity of mass units of oxidizer necessary 

for complete oxidation of one mass unit of 

fuel); 

actual relationship between components 

(quantity of mass units of oxidizer referred 

to one mass unit of fuel, for a given o^); 

number of gram-atoms for carbon, hydrogen, 

nitrogen, and oxygen, respectively, in 

1 kg of propellant ; 

number of gram-molecules in 1 kg of undissoci¬ 

ated and dissociated products of combustion, 

respectively; 

average ("apparent") molecular weight of un¬ 

dissociated and dissociated products of com¬ 

bustion, respectively; 
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Xc “ XCJ ¾ " XH; 

XN = XN; X0 = X0 

parameters characterizing the composition 

of the propellant; 

heat of combustion of substance (determined 

from handbooks ) ; 

C^obr - heat of formation of substance (determined 

from handbooks ) ; 

p°, p - pressure of undissociated and dissociated 

products of combustion, respectively in 

atm abs; 

Tq - temperature of propellant combustion, with 

no dissociation of products of combustion, 

in °abs; 

it, ig, io - heat content of 1 kg of propellant, fuel 

(combustible), and oxidizer, respectively, 

in kcal/kg; 

T, _, T _ - temperature of products of combustion in 

combustion chamber of the engine and at 

outlet section of nozzle, respectigely in 

°abs; 

- entropy of products of combustion in com¬ 

bustion chamber of engine and outlet section 

of nozzle, respectively, in kcal/kg deg; 

- heat content of undissociated and dissociated 

products of combustion, respectively, in 

temperature zone "B" (28OO-38OO0 abs) in 

kcal/kg; 
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PH202800 

12800 

heat content of undissociated and dissoci¬ 

ated products of combustion, respectively, 

in temperature zone "H" (l400-2800° abs) in 

kcal/kgj 

heat capacity of undissociated products of 

combustion in temperature zones "B" and 

"H," respectively, in kcal/kg deg; 

partial water-vapor pressure in dissociated 

products of combustion, at a temperature of 

2800° abs, in atm abs; 

heat content of 1 kg of undissociated prod¬ 

ucts of combustion at a temperature of 2800° 

abs, in kcal/kg; 

the parameter characterizing the heat con¬ 

tent of undissociated products of combustion 

at a temperature of 2800° abs; 

0 
V , V 

heat content of 1 kg of products of combus¬ 

tion in combustion chamber of engine (at 

temperature T, ) and at the outlet section 

of the nozzle, respectively, in kcal/kg; 

specific volume of undissociated and dis¬ 

sociated products of combustion, respective- 

O 

ly, in nr/kg ; 

Ai » increment in heat content of 1 kg of prod¬ 

ucts of combustion, as a result of their 

dissociation, in kcal/kg; 

Aij^^ - increment in heat content for 1 kg of prod- 
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ucts of combustion, as a result of their 

dissociation in the temperature zone "B" 

at a pressure of 40 atm abs, in kcal/kg; 

Aljlj1) - increment in heat content for 1 kg of prod¬ 

ucts of combustion as a result of their dis¬ 

sociation in temperature zone "H" at a pres¬ 

sure of 1 atm abs, in kcal/kg; 

Ai (40) „ 
B,v 

Ai 
(3400) 
B,v 

Ai 
(2800) 
H,v 

parameter characterizing increment in heat 

content as a result of the dissociation of 

the products of combustion in the tempera¬ 

ture zone "B" at a pressure p = 40 atm abs; 

parameter characterizing increment in heat 

content as a result of the dissociation of 

the products of combustion in the tempera¬ 

ture zone of "H" at a pressure p = 1 atm abs; 

parameter characterizing increment in heat 

content as a result of the dissociation of 

products of combustion in temperature zone 

"B" at a temperature of 3400° abs; 

parameter characterizing Increment in heat 

content as a result of the dissociation of 

products of combustion in temperature zone 

"H" at a temperature of 2800° abs; 

Aig - increment in heat content as a result of the 

dissociation of 1 kg of products of combus¬ 

tion in the temperature zone "B" at tempera¬ 

ture T and pressure £, in kcal/kg; 
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1 

A1h - increment in heat content as a result of 

dissociation of 1 kg of combustion products 

in temperature zone "H" at temperature T and 

pressure p, in kcal/kg; 

Aig^v f ~ parameter characterizing the increment in 

heat content of the products of combustion 

as a result of dissociation at fixed temper¬ 

atures p = 3400° abs, and a pressure 

' p^. „ = 40 atm abs; 
¿5,1 

Aig v f “ parameter characterizing increment in heat 

content for products of combustion as a re¬ 

sult of dissociation at fixed temperature 

Tg f = 2800° abs, and pressure PH f = 1 atm 

abs; 

nig, nig - exponents in formulas describing parameters 

associated with dissociation as functions of 

the temperature of the products of combustion 

(in zones "B" and "H" respectively); 

nef- effective exponent in formulas describing 

parameters associated with dissociation as 

functions of the pressure of the products 

of combustion; 

q - ratio between increment in heat content for 

products of combustion as a result of dis¬ 

sociation to increments in number of gram- 

molecules; 

öd - relative increment in pressure of products 
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of combustion as a result of dissociation 

taking place in a constant volume of prod¬ 

ucts of combustion; 

S-ni Su - entropy of products of combustion in temper 
15 n 

ature zones "B" and "H," respectively, in 

kcal/kg* deg.; 

w - ideal exhaust velocity for products of 
V ♦ s • 

combustion from engine nozzle, in m/sec; 

pud “ specific engine thrust, in kg sec/kg; 

k - adiabatic exponent for discharge ; 

B2 “ Parameters characterizing intensity of 

dissociation reaction; 

nQ, n - ratio of partial pressure of water vapors 

to partial pressure of blatomic hydrogen 

in undissociated and dissociated products 

of combustion, respectively. 

Manu¬ 
scripts 
Page 
No. 

11 

11 

11 
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14 

[LIST OF TRANSLITERATED SYMBOLS] 
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Chapter 1 

THERMODYNAMIC PARAMETERS OF UNDISSOCIATED PRODUCTS OF COMBUSTION 

1. Undlssoclated Products of Combustion 

In the majority of cases, products of combustion in rocket en¬ 

gines are dissociated in view of the high temperatures. The compo¬ 

sition of the dissociated products of combustion depends not only on 

the initial chemical composition of the propellant and the tempera¬ 

ture of the products of combustion, but it depends on pressure as 

well. If we assume that the pressure of the products of combustion 

increases without limit, the composition of the products of combus¬ 

tion will tend toward a fully defined limit. The products of com¬ 

bustion for the propellants under consideration, in this case, con¬ 

sist of water vapors (H^O), biatomic hydrogen (H2), carbon dioxide 

(C02)í carbon monoxide (CO), and biatomic nitrogen (N2), ( if we do 

not take into consideration the oxidation reaction of the nitrogen). 

The presence of one or another gas in a unit weight of products 

of combustion is determined only by the initial chemical composition 

of the propellant and the temperature of the products of combustion. 

Under conditions of unlimited great pressure, all reactions involving 

an increase in the number of moles (i. e., volume) are suppressed. In 

this case, chemical reactions Involving no change in the number of 

moles are possible, and as a result the magnitude of pressure has no 

effect. The most characteristic reaction of this type, taking place in 

the products of combustion of the propellants under consideration, is 

-16- 
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the reaction resulting in the formation of water gas 

CO + H20 COj-f H|. (!.!) 

The relative content of the components of the products of com¬ 

bustion will, in the case of a change in temperature, change in ac¬ 

cordance with this reaction. The equilibrium equation of the reaction 

(l.l), expressed in terms of the partial pressure of the products of 

combustion, takes the following form: 

(1.2) 

The numerical value of the equilibrium constant depends only on 

temperature and for the given reaction diminishes with an increase 

/<r). 
PcoPttfl 

in the latter. In this case, the content of water vapors and carbon 

monoxide increases within the products of combustion as a result of 

the reduced content of carbon dioxide and biatomic hydrogen. The di¬ 

atomic -nitrogen content remains constant with a change in tempera¬ 

ture. The superscript "0" indicates that the given parameter refers 

to the products of combustion whose chemical composition corresponds 

to an infinitely great pressure. 

While in calculating the composition of the products of combus¬ 

tion at any finite pressure we may conventionally assume that they 

consist only of HgO, H2, C02, CO, and N2, the quantity of the compo¬ 

nents of the products of combustion and their relative content at a 

given temperature, will be independent of the magnitude of pressure 

and will be precisely the same as in the case of infinitely great 

pressure. 

The products of combustion, whose calculation was carried out 

under the above-Indicated conditions, will, in the future, be referred 

to as undissociated products of combustion. For uniformity in handling 

the data of this book, the content of the components of undissociated 

products of combustion in Eq. (1.2) and later on will be written in 

-17- 
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terms of their partial pressure. The relationship between the num¬ 

ber of gram-molecules of a certain ith component of the products 

of combustion and its partial pressure p^ can be found from the 

known relationship: 

Ä 
" MO * (1.3) 

Since 
.1000 

0 * (1.4) 

where is the "apparent" (average) molecular rate of the mixture 

of the products of combustion; therefore, denoting 

(1-5) 
F 1000’ 

we will finally obtain 

/>?=/>yAfo. t1-6) 
The value of the parameter p° is calculated in terms of the 

elementary chemical composition of the propellant in the following 

manner. In burning 1 gram-atom of carbon, 1 gram-molecule of carbon 

dioxide and carbon monoxide are formed (total); in the combustion of 

1 gram-atom of hydrogen, 0.5 gräim „jlecules (total) of water vapor 

and biatomic hydrogen are formed; the combustion of 1 gram-atom of 

nitrogen forms 0.5 gram-molecules of biatomic nitrogen. Consequent¬ 

ly, in the combustion of 1 kg of propellant in which there are, re¬ 

spectively, Aq,Ah, and AN gram atoms of carbon, hydrogen, and ni¬ 

trogen, a gram-molecule of the products of combustion is formed; 

(1.7) 

If we examine Expressions (1.4), (l.5)> and (I.?) simultaneous¬ 

ly, we will obtain . 

^ ^ ¿c + 0,5(í4h + í4n) * ^1,8) 

The parameter p0 is fully determined by the composition of the 

propellant and remains constant with changes in the pressure and 

temperature of the products of combustion. 

To calculate the temperature of the undissociated products of 
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combustion it is necessary to devise a system of algebraic equa- 

* 

tions, and here the number of equations must be equal to the number 

of unknowns. There are a total of six unknowns, of which five are 

the partial pressures of the products of combustion making up the 

gaseous mixture, and the temperature of combustion. Consequently, 

the system must consist of no less than six equations. 

The equation of the equilibrium constants for the reaction re¬ 

sulting in the formation of water gas is used as one of the equa¬ 

tions. Further on, four'material-balance equations are employed in 

the solution (the number of material-balance equations is equal to 

the number of chemical elements entering into the composition of the 

propellant). 

The principle involved in the derivation of the material-bal¬ 

ance equations can be seen with the example of the chemical element 

oxygen. There are AQ gram-atoms of oxygen in one kilogram of pro¬ 

pellant. The products of combustion - carbon dioxide, carbon monox¬ 

ide, and water vapors - also contain oxygen. There are two gram-atoms 

of oxygen in one gram-molecule of CC^; there is one gram-atom of oxy¬ 

gen in one gram-molecule of CO; there is one gram-atom of oxygen in 

one gram-molecule of H20. On the basis of the law of the conservation 

of matter, the number of gram-atoms of oxygen is identical both for 

one kilogram of propellant as well as for one kilogram of the products 

of combustion; consequently, 

¿o=2 Afeo, + Afeo -f AfH,o. (1*9) 

Let us transform Expression (1.9)- We will multiply the right- 

and left-hand parts by p^p,^ and we will designate with Xq the product 

of the parameters of the left-hand part: 

\°o=pyA0. (1,10) 
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Taking into consideration (1.6), we finally obtain 

(1-1 

For the three remaining Chemical elements, the material-balance 

equations are obtained in similar fashion: 

(1.12) 

(1.13) 

(1.14) 

Here, in analogy with the parameter X°, the symbols X®, X?, 

and X? denote: 
Sc=/>V4:¡ 
X8“PV+h; 

(1.15) 

(1.16) 

(1.17) 
The last, the sixth, equation of the system under consideration 

will be the equation expressing the equality between the heat content 

of a weight unit of propellant and the heat content of the products 

of combustion. If we assume that there are no heat losses in the com- 

bustion of the fuel, we may write 

Here iT is the heat -content of 1 kg of undissociated products 

of combustion, at a combustion temperature Tq. 

In this case, if we know the composition of the products of com¬ 

bustion, the heat content i£ may be determined in accordance with 
0 

the following equation: 

= Tv +/coA*o+^Ph,++V&,>’ (l.l8a) 

where Iqq^í and similar denotations, here and further on, indicate 

the heat-content values for the components at a given temperature, in 

kcal/g-mole, in accordance with Table 1 of the Appendix. 

We will assemble the derived equations into a uniform system: 

PcoPttfi 

X°0 — 2PcO, + /¾) PHfii 
(1.19) 



1 

(1-19) 

The most efficient method of solving this system of equations 

consists in the following. We must assume a series of values for the 

temperatures, close to the anticipated combustion temperature Tq , 

and for each chosen temperature value we must find the partial pres¬ 

sure for the products of combustion, as well as the heat content of 

their mixture (in terms of Eq. (I.l8a). 

To check on the correctness of the temperatures selected, we 

use Eq. (l.l8), which will be satisfied only if the selected temper¬ 

ature equals TQ. To speed up the calculations, an auxiliary curve 

representing the heat content of the products of combustion as a 

function of temperature is generally constructed, and the sought 

temperature Tq is determined from this curve. 

The solution of the system of equations(1.19) for a fixed tem¬ 

perature makes it possible to reduce this system to a quadratic e- 

quation for the partial pressure of any of the products of combustion 

(with the exception of biatomic nitrogen). The partial pressure of bi- 

atomic nitrogen is determined directly from Eq. (l.l4). For purposes 

of better coordination with the data discussed in subsequent chapters, 

• we will solve the quadratic equation -for the parameter nA = p„ A/p2 : 
U nnU 

2 il2 

(1.20) ^0+^0+^1=0, 
where 

a¡=K (2Xc—XÕ + 0,5Xh); 
è, =/C (2X^ - XS)+XS - XS+0.5X&; 
ci = Xc—X¿. 

The partial pressures of the components of the products of com¬ 

bustion will be equal to: 
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Ph,' 
o.sxR 
«0+1 ’ 

rfi ^ Pc - CO' 
l + /fno ’ 

<o,=^-A>- 

The numerical values of the equilibrium constants K, at the 

chosen temperatures, are determined in accordance with Table 2 of the 

Appendix. 

The relative content of the components of undissociated products 

of combustion is independent of the magnitude of pressure. With a 

change in pressure p^, the partial pressures of the gases - the prod¬ 

ucts of combustion - change in proportion to this change, so that 

their total remains equal to p°. The relative partial pressures of 

the products of combustion, or their molar fractions [see Formula 

(1.3)], do not change in this case. Dividing the right- and left-hand 

parts of Eq. (1.19) by p° and denoting the relative partial pressure 

of the ith component by p° = p^/p°, we will obtain 

'0 "0 
if'— Pco.Ph, . 

^ ~0 “0 * 
PcoP»,o 

=2/co, Pco + /h,o» 

^0=/00,+/00: 

^4=2/^,0 + 2¾ (1.21) 

|x°4=2/n>. 

From an examination of the system of equations (1.21) we may 

come to the conclusion that the relative partial pressures of undis¬ 

sociated products of combustion are independent of the magnitude of 

the total pressure of p^ of these products. The relative partial 

pressure of biatomic nitrogen is independent both of the pressure and 

the temperature of the products of combustion. 

At comparatively low temperatures for the products of combustion 

(below I8OO0 abs), the processes of dissociation are, for all intents 
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and purposes, nonexistent. The composition of the products of com¬ 

bustion changes with a change in temperature only in accordance with 

the laws of equilibrium governing the reaction resulting in the for¬ 

mation of water gas. Consequently, Eq. (1.20) is fully applicable 

for the calculation of the actual composition of the process of com¬ 

bustion, at temperatures not exceeding l800° abs. 

2. Heat Content of Undlssoclated Products of Combustion as a Func¬ 

tion of their Temperature 

The heat content of 1 kg of undissociated products of combus¬ 

tion from the propellants under consideration, in the general case, 

is determined according to Eq. (l.l8a). We will add to and subtract 

from the right-hand portion of Eq. (l.l8,a) the following terms 

1 coPco, 
pOyfi 

and 
r 0 
íh,Ph,o 

• 

Further, after the simultaneous examination of Eqs. (l.ll), 

(1.12), (1.10), and (1.15), we will obtain 

And, finally, using (l.lO), (1.12) - (1.16), (l.l8,a), and 

(1.22), we will find . 

P=— (/C0 — ^0,) (^0 -\) + (/Co — fco, — /h, + 

+ Zh,o) +/co^c+0*5Zh1^h+0.5Zn,í4n. (1.23) 
F9 

It is the purpose of the present section to find an approxi¬ 

mate, but sufficiently accurate, relationship between the heat con¬ 

tent and temperature of the undissociated products of combustion in 

the case of a constant elementary chemical composition of the fuel 

(at constant values of Aq, A^, A^, A^, and [iP). 
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Pig. 1. l) kcal/g-mole; 2) temperature ra¬ 
tion 'ti"; 3) temperature region "B". 

This relationship is defined as the relationship between 

temperature and heat contents or the algebraic sums of the heat 

contents of the following components of the products of combus¬ 

tion: 

/co-A»,; 

/Co—ko, — In,+Infii 

Icol 

Ik 
In,* 

(1.24) 

as well as the quantity pH q/p^* 

The temperature region for the products of combustion in the 

case of rocket propellants is bounded by the temperatures of the 

products of combustion within the combustion chamber and at the 

outlet section of the nozzle. At a pressure of 20 to 100 atm abs 

for the products of combustion within the combustion chamber, the 
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temperature is generally equal to 2500 to 4000° abs., and lies 

primarily within the limits of from 2800 to 38OO0 abs.* The tem¬ 

perature of the products of combustion at the outlet section of 

the nozzle, at a pressure of 0. 5 to I.5 atm abs, in the over¬ 

whelming majority of cases lies within the limits of from l400 to 

2800° abs. Consequently, the sought law governing changes in the 

heat content of the products of combustion must be valid, first of 

all, for the temperature region bounded by the values 1400 and 

3800° abs. 

Figure 1 presents graphically the relationship between the 

values of the parameters (1.24) and the absolute temperature (solid 

lines). The values for the heat content of the components in the 

products of combustion (on the curve, denoted by circles) are taken 

from Table 1 of the Appendix. As we can see, the relationship be¬ 

tween the parameters (1.24) and the temperature in the temperature 

region between 1400 and 38OO0 abs., proved to be impossible. There¬ 

fore, the temperature region under consideration was divided into 

two zones: 

l400 to 28OO0 abs (zone "H"), 

28OO to 3800o abs (zone "B"). 

The temperature of 2800° abs was selected as the dividing 

line for the following reasons; this line is situated approximately 

in the middle of the region under consideration and, in the over¬ 

whelming majority of cases, divides the temperatures of the prod¬ 

ucts of combustion within the combustion chamber of a rocket en¬ 

gine from the temperatures prevailing at the outlet section of the 

nozzle. 

For each of the parameters (1.24) in the two temperature 

zones, we selected a certain approximate linear function (the 
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dashed lines in Pig. 1) which has the form 

^=^ + 0^-2800) (1.25) 

Here 72800 rePresents values of the .parameters (1.24) at 

a temperature of 2800° abs. The values of the coefficients "b" for 

parameters (1.24) were determined graphically. 

The expanded functions (1.25) have the following form (heat 

content in kcal/g-mole). 

The temperature zone "B": 

/co = 89,417+ 0,008878 (r-2800); 
/H,=78,555 + 0,008833 (T - 2800); 

/N,=22,475 + 0,008925 (T-2800); 
/co - /COi « 53,453 - 0,006246 (T- 2800); 

Iço~~Ico, - /h, + /h,0= 4,581 - 0,001925 (r- 2800). 

(1.26) 

The temperature zone "H": 

/Co=89+17 + 0,008748 ( r-2500); 

/h, = 78,555 + 0,008455 (7*- 2800); 

Is, - 22,475 + 0,008693 (T - 2800); 

/co_/COj = 53,450 - 0,006046 (7*-2800); • 
Uo - 'co. - /H. + /h,o = 4,581 - 0,001979 (7”-2800). 

(1.27) 

The maximum errors in the calculation of the values of 

Irr , Im 9 and - I,™ in accordance with Eqs. (1.26) and (1.27) 
'x' ^ ^ ^ 2 

do not exceed 0. 5$. The maximum magnitude of the error for the 

parameter Ico - Ic0 + IH 0 comes to 1«5^. Since, however, 

for the products of combustion of all of the fuels under consider¬ 

ation, the fraction of the term 

•jj (/co “ /co, — /h, + /h,o) 

in the Sum (1.23) Is not great, the indicated error for this para¬ 

meter will not result in any substantial error in the determina¬ 

tion of the heat content i^. 

Solving Eqs. (1.23) and (1.26) simultaneously, we find a 
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relationship between the heat content ig and the temperature of 

the products of combustion for the temperature zone "B" (28OO- 

-3800° abs): 

/^(142,867+0,002632(7--2800)1^+ 

+ [39,278 + 0,001417 (7--2800)] AH + 

+ ( 11,238 + 0,004463 (7^- 2800)] - 

- (53,450 - 0,006246 ( T- 2800)] Aq + 

+ (4,581 -0,001925 (7--2800)] • (l. 28) 
r pO 

Here the dimensionalities of the numerical coefficients are 

expressed in kcal/g-mole; kcal/g-mole*deg, and °abs. The units of 

ig are kcal/kg. 

It is impossible to make direct use of Eq. (1.28) for the de¬ 

termination of ig, since the relationship between the parameter 

0 / 0 
Ph2o/P and the temperature is not known. To simplify the form of 

the equation, we will adopt the method discussed below. 

We will find the specific heat of the products of combustion 

at constant pressure, the specific heat equal to the derivative of 

the heat content with respect to temperature (with a constant ele¬ 

mentary composition of the products of combustion): 

di° 
C°p',= lr= 0-002632i4c + 0,0044174 + 

+ 0,004463\ + 0,006246i4o + 

+ ~¡T (4.581 -0,001925(7-- 2800)] -Ajg L _ 0,001925 . ^ ^ 

An evaluation of the importance of the two last terms in the 

sum indicate the following. The fraction of the term 

[4,581 — 0,001925 (7" — 2800)] 
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does not exceed 0.1$ of the quantity •, consequently, this 
0 0 term may be neglected. The fraction of the term 0.001925 PH q/ 

/p0!!0 attains 10 to 15$ of the quantity c^ Therefore, this term 

cannot be neglected. There is a possibility of simplifying this 

expression considerably. The partial pressure of the water vapors 

in the undissociated products of combustion undergo little change 

as temperature changes. Even under the most unfavorable of cir¬ 

cumstances (in the case of products of combustion from fuels with 

limited content of hydrogen and oxygen) a change in the partial 

pressure of the water vapors comes to approximately 5$ of its mag¬ 

nitude, as temperature changes from 38OO to 2800° abs. 

On the basis of these considerations, if we take into account 

that the fraction of the term 0.001925 q/p^0 is nevertheless 

small, we made the assumption that regardless of the temperature as¬ 

sumed in the calculation of c^ it is possible to use the para- p,b 
meter p^ q 28oo ” partial pressure of the water vapors at a 

2 * Q 
temperature of 2800° abs., instead of the partial pressure pH q of 

water: 

Ph,0, 2800-/¾ H,0* 
(1.30) 

With this assumption, as calculations for specific fuels in¬ 

dicate, the error in the determination of the quantity c^ R, does P,£3 

not exceed 0.1$. For engineering calculations this is permissible. 

As a result of the term (l/pi0) • (4.58I - 0.001925 [T - 2800]) 

>'(d(p^ Q/V^/dT) having been neglected, we obtain a somewhat re¬ 

duced value for c^ ß. Using p^ 0 280o/p0|JLO lnstead of Ph 0^°^° 

^ 0 2 results in a slight increase in the value of c As a result, p,±s 

we find that there is partial and reciprocal compensation of the 

two errors. 

The relative partial pressure of the water vapors in the 
-28- 
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undissociated products of combustion for the fuels under consid¬ 

eration, at a temperature of 2800° abs., can be calculated ac¬ 

cording to the following formula with sufficient accuracy: 

(1.31) 

Formula (I.31) was found as a result of the processing of 

direct calculations of the chemical composition of the undisso¬ 

ciated products of combustion. This formula yields a sufficiently 

accurate relationship between the relative partial pressure of 

the water vapors at 2800° abs and the elementary chemical compo¬ 

sition of the propellant. 

The adopted simplifications result in an insignificant in- 

cording to the approximate formula, and the increase is in com¬ 

parison to its value obtained by direct calculation. This demon¬ 

strated the comparibility of the results obtained in correspond¬ 

ing calculations for a series of propellants. For purposes of com¬ 

pensating the errors, the right-hand portion of Expression (I.29) 

must be multiplied by a correction factor less than unity. In 

accordance with our comparative calculations, the correction fac¬ 

tor equals 0.997« Finally, we will obtain 

c°p,, = {2,624i4c + 4,450i4„ + 6,227A0 + 

+ [3,229 - 0,797 Ig («-0,42)1 lO“*. (1.32) 

For an evaluation of the accuracy of Formula (1.32) we carried 

lation and according to the given formula for markedly divergent 

elementary chemical compositions. The results of the comparative 

*ig = log 
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TABLE 1 

'1 
VCJIOBHfclft 

HOMep XHMH 

■lecKoro co* 
crasa 

1 

2 
3 

4 

5 

9 

11 
14 

15 

Aç_ 
■dû 

0,5 

0,1333 

0,077 

0,05556 

1,75 

3,125 

0,8333 

1.5 

4.5 

8 
1.4 

0,385 

0 

5.5 

2,75 

0 
0 

0 

as*0,90 

4... on- 
peaeaeHiioe 

IipUMblM 
pacieron 

cP..f B“- 
iHCJiexHoe 

no ÿopnyjie 
(1.32) 

-zj— 
riorpein* 

HOCTb 3Ha* 

7,116 

30,10 

59,83 

95,60 

6,382 

5,707 

23,68 

14,41 

5,215 

0,3468 

0,4323 

0,5440 

0,6780 

0,3506 

0,3525 

0,4224 

0,3902 

0,3580 

0.3471 

0,4321 

0,5422 

0,6741 

0,3508 

0,3525 

0,4218 

0,3896 

0,3573 

0,086 

0,023 

0,331 

0,575 

0,057 

0 

0,142 

0,154 

0,195 

l) Conventional number for chemical compo¬ 
sition; 2) cJJ R, determined through direct 

r * -o Q 

calculation; 3) cp ß, calculated according 

to Formula (1.32); 4) error in value of 
0 

P,B> 

CONTINUATION 

1 
VcaosHbift 

HOMtp XHMH* 
lecKoro co* 

aasa 

*4c 

Ah 
An 

Ah 
Ah 

•*0,60 

cp.». on- 
peae.ieiiHoe 

ll| RMblM 
paCHcrou 

ep.: BU- 
mcjieHHoe 

no (popMVjie 
(1.32) 

F Horpe ui* 
HOCTb 3H8* 

leHHD e® . 

la 
2a 

3a 

4a 

"3 

93 . 

"a 

0.5 

0,1333 

0,077 

0,05556 

1,75 

3,125 

0,8333 

8 

1.4 

0,385 

0 

5.5 

2,75 

0 

7,500 

33,83 

73,63 

132,8 

7,280 

7,004 

31,47 

0,3468 

0,4485 

0,6022 

0.83C0 

0,3483 

0,3480 

0,4454 

0,3475 

0,4489 

0,6021 

0,8302 

0,3483 

0,3458 

0,4438 

0,202 

0,089 

0,016 

0,024 

0 

0,632 

0,359 

1) Conventional number for chemical compo¬ 
sition; 2) p, determined through direct 

o 
calculation; 3) cp calculated according 

to Formula (1.32); 4) error in value of 
0 
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calculations indicate that the error in the magnitude of c^ 
Pi-tS 

calculated according to Formula (I.32), does not exceed 0.6$ 

(Table l). 

Let us establish an analogous relationship for the tem¬ 

perature zone "h" (l400 - 2800° abs) as was established in (1.32). 

Through the simultaneous solution of Eqs. (1.23) and (1.27) we 

will find the expression which will make it possible to calculate 

the value of heat content for the undissociated products of 

combustion in the temperatue zone "H": 

/2-(142,867 + 0,002702 (7- 2800)] Ac + 

+ [39,278 + 0,004228 (T- 2800)) AH -f- 
+ (11,238 + 0,004347(7-2800)) í4n- ' 
- (53,450 - 0.00C016 ( 7- 2800)) A0 + 

+ -7 (4,581 - 0,001979 (7- 2800)] . 

^ (1-33) 

The direct utilization of Eq. (1.33) for the determination of 

ig is impossible, since the relationship betwen p^ q/p^ and tem¬ 

perature is unknown. 

Specific heat c^ at constant pressure for the products 

of combustion, is equal to the derivative of heat content with 

respect to temperature (given a constant elementary chemical com¬ 

position of the products of combustion): 

df 
¢.,,= “=0,002702j4c + 0,001228/1,, + 0,004347/1N + 0,00604 6^ + 

+ ~ [4,581 -0,001979 ( 7- 2600)] 
dT 

- 0,001979 
/V 

(1.34) 

Let us evaluate the importance of the two last terms of the 

right-hand part of Expression (1.34). An analysis of the results 

obtained from the calculations carried out for this purpose in¬ 

dicate that the fraction of the term 
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TABLE 2 

0=0,99 
X 

y cTOUHi.il 

HOMcp XIIMII- 

•icCKfiro co- 
rraoj 

! 

A •d.N 

¿11 
¿H 

fV..2°n- 
pete.iemioe 
II pH MUM Me- 

10A011 

n 3 
‘fi. H , U«- 
MiicJieiiuoe 
no <j).)pMy^2 

(1.35) 

3- 
Florpem- 

IIOCTb 3113- 
leuim c® H 

« 

! 

2 

5 

6 

9 

10 

11 

12 

13 

14 

15 

0,5 

0,1333 

1.75 

0,7 

3,125 

1,25 

0,1-333 

3.75 

2.14 

1.5 

4.5 

8 

1.4 

5.5 

1.6 

2,75 

0,5 

0 

1.5 

0,128 

0 

0 

7,116 

30.10 

6,382 

16,91 

5,707 

15.11 

23,68 

5,490 

9,810 

14,41 

5,215 j 

0,3121 

0,4258 

0,3104 

0,3816 

0,3182 

0,3844 

0,4161 

0,3512 

0,3683 

0,381» 

0,3538 

0,3100 

0-,4203 

0,3444 

0,3817 

0,3165 

0,3818 

0,4122 

0,3501 

0,3657 

0,38:0 

0,3518 

0,61 

1,29 

0,57 

0,75 

0,48 

0.C7 

0,93 

0,31 

0,70 

0,57 

0,56 

l) Conventional number of chemical compo¬ 
sition; 2) c^H, determined by direct 

method; 3) Cp calculated according to 

Formula (1.355; error in value of 
0 ^ 

I I rf(—) 
— 14,581 - 0,001979 (T - 2800) - ^ 
r l. ¿I' 

does not exceed 0.6^ of the magnitude of c° „; therefore, this 
p,H 

term is neglected. The fraction of the term 0. OOI979 p2 

attains 10$ of the magnitude of c® H; apparently, this term can¬ 

not be neglected in the calculation of c° However, it is pos- 
p,n 

sible to simplify the determination of this quantity without any 

substantial reduction in the accuracy of the results obtained in 

the calculation. For this purpose, the value of the parameter 

PH o/P°^ taken for any temperature, will be replaced (as in zone 
2 

"B") by its value for a temperature of 2800° abs. - pí ^ oq™/ 
0 0 2000 

/p M- . The parameter P^o^SOO^P0*10 is detemined according to 
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Formula (l.3l)* 

The above-mentioned assumptions result in a certain re¬ 

duction in the value of c^; therefore, for the determination of 

c° according to the approximate method, the right-hand part of 
p, H* 

Expression (1.3^0 niust he multiplied by a constant correction 

factor, numerically greater than unity. Comparative calculations, 

which we carried out, result in a value of 1.005 for this cor¬ 

rection factor. 

Consequently, having carried out the above-mentioned sim¬ 

plifications for Eq. (1.3^)» we find 

c°,={2,716^ + 4.369i4N + 6,076¿o + 

4-(3,032 - 0.325lg(a-0.42)MH} 10“*. (l. 35) 

The error in the value of c° M, obtained according to the 
p, n 

approximate Expression (1.35), for the products of combustion of 

a series of elementary chemical compositions, markedly different 

from one another, does not exceed 1$. The results of the compara¬ 

tive calculations are cited in Table 2. 

Expressions (1.32) and (1.35) determine the derivative of the 

heat content of 1 kg of the products of combustion with respect to 

temperature in the corresponding temperature zones. Integrating 

these equations, we find the heat content of 1 kg of undissociated 

products of combustion in the corresponding temperature zones. 

For the temperature zone "B" 
r 

¿o—io = f c° dT. *2800 J * » 
2800 

Since the parameter c^ „ is independent of temperature, we p, ß 

finally obtain 

3-^+^-2800). 

Similarly, for the temperature zone "H" 
-33- 
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T 

«=&»+<?.. ^-2800)- (1>37) 

The parameter i^SOO' enterinS into Eqs* (1-36) and (I.37), 

represents the heat content of the undissociated products of com¬ 

bustion of the propellants, at a temperature of 2800° abs. For 

the calculation of ig and according to Expressions (I.36) and 

(1.37) we must know the value of the heat content i^goo' 

The method for the calculation of the value of the heat 

content of the undissociated products of combustion is presented 

in the following section. 

3. The Heat Content of Undlssoclated Products of Combustion 

Equations (1.32) and (1.35) make it possible to calculate 

the values of parameters c^ n and c^ „ without any preliminary p,rs p,ii 

calculation of the chemical composition of the undissociated 

products of combustion. For this, it is sufficient to know only 

the initial elementary chemical composition of the propellant, 

defined by the quantities A^, A^, A^, and Aq. Consequently, in 

addition to the term i2800, there are n0 other tenus requiring 

preliminary calculation of the chemical composition of the prod¬ 

ucts of combustion for the calculation of their values, which en¬ 

ter into the right-hand parts of Eqs. (I.36) and (1.37). 

For a determination of igSOO we reclu;tre> in the general case, 

a calculation of the chemical composition of the products of 

combustion at a temperature of 2800° abs. Thus, for the calcula¬ 

tion of the values of heat content at other temperatures, said 

calculation performed according to Eqs. (I.36) and (1.37), we must 

first carry out a calculation of the chemical composition of the 

products of combustion at a temperature of 2800° abs. The latter 

I 
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circumstance makes markedly more difficult the utilization of 

Eqs. (1.36) and (1.37) for the calculation of the heat content 

of undissociated products of combustion. It is desirable to sim¬ 

plify the calculation method for the parameter iggoo to the max" 

imum. 

The simplification of the calculation method for the para¬ 

meter anc* ^he same ^ime ^ the parameters ig and is 

precisely the matter with which the present section deals. 

The heat content of the undissociated products of combustion, 

at a temperature of 2800° abs., as well as at any other temper¬ 

ature, is calculated according to Eq. (I.l8a). In the general 

case, the heat content is a function of the following parameters: 

Ai» Ai» A)» T"). 

In an examination of the heat content i°, with constant tem¬ 

perature for the products of combustion (T = const), the number 

of parameters decreases to 1. Thus, for example, at T = 2800° abs., 

we obtain 

i2soo==/ (A» Ai» ■A» A))- 

In this case, the heat content of the undissociated products 

of combustion depends only on the initial elementary chemical 

composition of the propellant. The number of gram-atoms of one 

of the chemical elements, given known numbers of gram-atoms of 

the three remaining elements (and known atomic weights for all 

four elements), can be found, as a supplement to the weight of up 

to 1 kg of propellant. Thus, the number of parameters on which 

3-2800 dePendsJ can k6 reduced to three as a result of the elim¬ 

ination of, for example, the parameter A^. 

The number of gram-atoms A0 of oxygen can be expressed through 
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parameters A^, and a in accordance with the formula 

««=-do_. 
2Ac + 0,5¿h 

Finally, we will obtain 

¡»-m. »). (1.38) 

In the case of propellants for rocket engines, the carbon 

and hydrogen content ranges within wide limits. The situation is 

somewhat different with a, the coefficient of excess oxygen. The 

operating range for excess oxygen, the range in which rocket en¬ 

gines operate, is comparatively small. Let us examine the opera¬ 

tion of engines with coefficients of excess oxygen ranging in 

value from 0.5 to 1.0. Within this range of values for the coef¬ 

ficient of excess oxygen, however, we generally undertake a 

theoretical investigation of the characteristics for the combus¬ 

tion of the propellant and the operation of the engine. For this 

purpose it is sufficient to carry out thermal calculations at 

several values of a and subsequently by methods involving the 

graphical interpolation for the determination of the required 

characteristics at all intermediate values of a. 

If we take into consideration all that has been mentioned 

above, the problem of determining the parameter igSOO 1360011168 

substantially clearer. We will assume the values of a, the coef¬ 

ficient of excess oxygen to be equal to 0.95, 0.90, 0.80, 0.70, 

0.60, and 0.55* At each of these values, the heat content Í28OO 

proves to be a function of only two parameters: An and Av. 
O n 

At each fixed value of a, it is felt to be expedient to 

carry out direct calculations for the determination of heat con¬ 

tent I28OO as a funct*on of> the parameters A^ and A^ and to con¬ 

struct the corresponding nomograms. For a number of considerations. 
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TABLE 3 

a 

yCJIODIIMÎi IIOMCp 
XHMMHCCKOrO 

1 cocrana 

0,95 0,99 0,80 0,70 

Xo Ao 
\0 
A0 

v° 
Ao 

M
 

Ü.C') I 0,55 

1 
2 
3 
4 

5 
6 
7 
8 
9 

10 

11 

12 

13 

H 
15 

4 
4 
4 

4 
14 

14 

11 

14 

25 
25 

25 
! 30 
I 
I 30 
' 3;> 

30 

8 
30 

52 
72 

8 

20 

40 

52 
8 

20 

30 
8 

11 

61 

42 

20 
0 

44 
32 

12 

0 

22 
10 

0 

12 
6 
0 

0 

! 
121,85 
¡32,3 

41,8 
30.1 

36.1 

45.6 
L, „ i 

10,8 

20.7 
30.6 
39.6 

28.8 

34.2 

43.2 
48.6 

9,6 
18.4 

27.2 
35.2 
25,6 

30.4 

38.4 

43.2 

51,3 
57,0 

! 61,71 

18,6 

51,0 

58.5 

43,2 

43,0 
52,0 

'60,8 J 57,6 51,2 

! 63,65 J 60,3 53,6 
¡60,5 ! 63,0 50,0 

¡72,2 J (¡3,4 j 60,8 

8,4 
16,1 

23.8 
30.8 

22.4 

26,6 
33,0 

37.8 

37.8 
42,0 

45.5 

44.8 

16.9 
49,0 

53,2 

7.2 
13.8 

20.4 
26.4 

19.2 
22.8 

23,8 
32.4 

32.4 

36,0 

30,0 

33.4 
49.2 
12,0 

45,0 

6.6 
12,66 
18,7 

24.2 
17.6 

20,0 
26,4 
29.7 

29,7 
33,0 

35,75 
35.2 

36,85 

o3,5 
41.2 

Ñofe." The conventional number for the composition, 
noted without index (column l), corresponds to a = 
= O.9O (column 6). For other values of a, the coef¬ 
ficient of excess oxygen, the conventional compo¬ 
sition number takes subscripts 0, 1, 2, 3, or 4. 
For example, for composition No. 4: 

a 
Conventional 
Composition 
Number 

O.95 
0.90 
0.80 
O.7O 
O.6O 
0.55 

Other compositions are given analogous denotations. 

l) Conventional composition number. 

the reasons for which will become clearer after having read the 

subsequent chapters of this book, we have selected not only the 

parameters Ac and A^ as the independent variables for the construc¬ 

tion of the nomograms, but we have also chosen the parameters X? and 

XH, associated with Ac and A^ in the following manner: 
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.x;=40,Mc; 

^h=*40|iMh. 
(1.39) 

(1.40) 

The sought-after function in these nomograms is not the 

quantity iggoo " the heat content of the undissociated products 

of combustion at a temperature of 2800° abs - but the quantity 

i°, associated with i^goo ^ exPress;lon 

(1.^1) 

The nomograms are constructed for the above-mentioned coef¬ 

ficients of excess oxygen, and are shown in Figs. 1 to 6 of the 

Appendix. 

In order to plot the support points in the construction of 

the nomograms, we made use of the results obtained in the direct 

calculation of the values of the parameter i^ for the products 

of combustion of the chemical compositions which are cited in 

Table 3- 

The limits for changes in the values of the parameters X^, 

X^, and a in Table 3 correspond to the limits of changes in the 

percentage content of the chemical elements in the propellant, 

indicated in the preface to this book. The compositions denoted in 

Tables 1, 2, and 3 by one and the same conventional number, re¬ 

gardless of through which parameters they are expressed (through 

Aq, Ah, An, Aq or Xp, X^, X^, Xq). The calculation of the para¬ 

meter iy was carried out in accordance with the conventional meth¬ 

od, involving the utilization of the table for the heat contents 

for the products of combustion, presented in the Appendix. 

The sought value of igßOO determined from the nomograms 

in the following manner. Let us assume that it is necessary to 
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determine the value of igsoo at a certain fixed value for the 

coefficient of excess oxygen (a = const) (coinciding with one 

of the values of a, at which the nomograms were constructed) for 

the propellant whose chemical composition is known. For this pur¬ 

pose, the values of the independent variables X® and x2 are cal- 
O n 

culated according to Formulas (l. 39) and (l.4o). 

Then, a straight line is drawn from a point on the axis of 

abscissas, said point corresponding to the value of X^, and the 

straight line is to be parallel to the axis of ordinates, to the 

point at which it intersects with the line corresponding to the 

value of Xç. The ordinate of the point of intersection determines 

the value of i^. The sought heat content iggoo ls found according 

to Expression (l.4l): /'« a-jL. 
40{i0 ‘ 

If the given value of a, the coefficient of excess oxygen, 

does not coincide with any one of the values for this coefficient 

at which the nomograms were constructed, and if it does not ex¬ 

ceed the limits 0.55 < a < 0.95, for the determination of the 

value of the parameter i^goo at a given a it is necessary to de¬ 

termine successively the value of this parameter by means of the 

nomograms constructed at values close to the given value of a and, 

having constructed the auxiliary curve with coordinates (i^goo* 

to find the value of iggoo* 

Thus the nomograms presented in Figs. 1 to 6 of the Appendix 

make it possible to determine the parameter iggoo without any 

preliminary calculation of the chemical composition of the products 

of combustion. 

Consequently, the heat content of the undissociated products 

of combustion for the two temperature ("B" and "H"), unlike the 

methods presented earlier, can be determined according to Eqs. 
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(1.36) and (I.37), in terms of the elementary chemical composition 

of the propellant, without any preliminary calculation of the 

chemical composition of the products of combustion. 

Since the independent parameters X® and X® are used for the 

determination of the value of iggoo' it ls more convenient to 

carry out a calculation of the values of c° and c° TT in terms 
p,B p,H 

of these parameters rather than in terms of An and A„. 

With a modification of Expressions (1.32) and (1.35), we 

find 

¢. 1356.0 + (12,454a-6.276) X$ + 

+ (3,114a-1,221 ) X& -0,797 Ig (a - 0,42) X«] lO"»; ( 1.42 ) 

^.,=^ (349,6 + (12,152a—6,022) Xg + 

+ (3,038a-1,336) X°h - 0,825 Ig (a-0,42) XS] 10-». 
V !• / 

For an evaluation of the error in the values of 1^ and i^ we 
ij H 

carried out comparative calculations of the values of these para¬ 

meters for the products of combustion for a series of markedly 

divergent chemical compositions. The values of i2 and i?T were 

calculated by the direct method and according to Eqs. (I.36) and 

(1.37) . 

The results of the calculations are presented in Tfcble 4. 

From an analysis of this table it follows that for the prod¬ 

ucts of composition of the compositions under consideration the 

error in the magnitude of ig and i®, calculated according to 

Eqs. (1.36) and (1.37), does not exceed 0.4$. 
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TABLE 4 

1 

yCJIOBHUft 
HOUep XH- 
uiiiecKoro 
cocra»« 

2 

Teuneparypa 
npoayKTOB 
cropaHNR 
T9 a6c. 

SnaiCHHe ' 
/J HJIH /° 

no ypasne- 
HH8M (1.36) 
HBH (1.37) 
KKOAlKl 

SnaienHe^ 
/2 hjih <2 

npn paciere 
npauhiH ne* 

TOAOM 
KKOAlKl 

^Florpem* 
HocTb onpe* 

aeaeHHi 
<2 ¿2 
kkoa/ki 

Ôriorpem« 
HocTfc onpe* 

xeaeiMa 
/2 Han i¡ 

s npoaeMtax 

OT i2 HXM /* 

1 

1 

1 

4 

4 

4 

5 

5 

8 

8 

9 

9 

11 

11 

15 

15 

15 

3800 

3400 

3000 

3800 

3400 

3000 

34C0 

2400 

3400 

2400 

3400 

2400 

3400 

2400 

3400 

3000 

2400 

1279,0 

1140.2 

1001.4 

2579,0 

2309.4 

2039.8 

1236.6 

888,4 

1872.2 

1356.6 

1321.8 

971.6 

1584.2 

1166.2 

1400.2 

1257.4 

1045.2 

1283,0 

1136,0 

998,0 

2584,0 

2310,0 

2038,0 

1238,0 

888,5 

1876,0 

1356,0 

1327,0 

975,0 

1586,0 

1167,0 

1400,0 

1256,0 

1044,0 

4,0 * 

4.2 . 

3.4 

5,0 

0.6 

1.8 

1.4 

0,1 
3.8 

0,6 

5.2 

3.4 

1.8 

0,8 

0.2 

1.4 

1.2 

0,31 

0,37 

0,34 

0,19 

0,03 

0,09 

0.11 
0,01 

0,20 

0,04 

0,39 

0,35 

0.11 
0,07 

0,01 

0.11 
0,11 

l) Conventional chemical composition num¬ 
ber; 2) temperature of the products of com¬ 
bustion, T° abs; 3) value of ig or i® accord- 
to Eqs. (1.36) or (1.37)* kcal/kg; 4) value 
of i2 or iH, in calculation by direct method. 

Bn Q 
kcal/kg; 5) error in determination of iR or 
i„, kcal/kg; 6) error in determination of 
n 

ig or ig, in per cent of ig or ig. 

FOOTNOTES 

Manu¬ 
script 
Page 
No. 

*We have reference here to the propellants of the 
class under consideration. 
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Chapter 2 

THERMODYNAMIC PARAMETERS OF DISSOCIATED PRODUCTS OF COMBUSTION 

4. Dissociated Products of Combustion 

The high temperature encountered In the combustion of propel¬ 

lants In rocket engines leads to the dissociation of individual 

components of the products of combustion, and in this dissociation 

the more complex molecules decompose into simpler molecules and 

monatomic particles. The dissociation reaction is accompanied by 

an expenditure of heat and an increase in chemical energy for the 

products of combustion. The expenditure of heat in the dissociation 

of the product of combustion is a factor which tends to limit the 

magnitude of the maximum temperature of combustion for the given 

propellant. The degree of dissociation is determined, primarily, 

by the temperature. 

The formation of lighter monatomic and biatomic gases - the 

products of the dissociation - as a result of the dissociation re¬ 

sults in a decrease in the average ("apparent") molecular weight of 

the gaseous products of combustion. If we examine the dissociation 

taking place at constant pressure, it is accompanied by an increase 

in the volume of the products of combustion. Dissociation taking 

place in a constant volume results in an increase in the pressure 

of the products of combustion. 

With a substantial increase in the pressure of the dissociated 

products of combustion (theoretically, at p-*00) it is possible to 

suppress all reactions taking place with an increase in the number 
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of moles, and to cause a reaction resulting In the combination 

of the molecules and atoms that were dissociated earlier. These 

reactions are referred to as reactions of recombination. The re¬ 

combination phenomenon will take place with a drop in the temper¬ 

ature of the products of combustion. 

In the general case, the composition of the products of com¬ 

bustion depends on the initial chemical composition of the propel¬ 

lant, the pressures, and on temperature. Calculations indicate 

that in the products of combustion of the rocket propellants 

under consideration, there are 11 components present in consider¬ 

able quantities: 

CO, H20, H2, Kg, 02, OH, H, 0, N and NO. 

The formation of these components is a consequence of six dis¬ 

sociation reactions and the reaction of the oxidation of biatomic 

nitrogen: 

+-1-0,: 

H,OïîOH + -l-H,: 

y O,SO: 

~N,^N; 

jN,+i-0,îiN0. 

(2.1) 

For the calculation of the true temperature of the combus¬ 

tion of the propellant, i.e., the temperature prevailing during 

the dissociation of the products of combustion, as well as for 

the calculation of the partial pressures of these products, it 

is necessary to derive a system of equations in which the total 
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number of equations must be equal to the number of unknowns. 

If we consider the process of dissociation as the process taking 

place without any change in the volume of the products of combus¬ 

tion, pressure will increase as a result of the increase in the 

number of moles, this latter increase due to dissociation, and 

the pressure will become greater than the pressure of the prod¬ 

ucts of combustion, calculated without dissociation having been 

taken into consideration. 

With such an approach to the solution of the problem, the 

determination of the characteristics of the products of combus¬ 

tion under conditions of dissociation is carried out in two 

stages. During the first stage, we resolve the simpler problem of 

determining the characteristics of the products of combustion with¬ 

out taking into consideration dissociation and the obtained results 

are regarded as the first approximation to the actual case. In 

the second stage, we determine the correction factors for the re¬ 

sultant parameters of the first approximation, and these will 

make it possible to obtain an exact solution. The transition from 

the results of the first approximation to the exact values of the 

parameters is carried out at constant volume and temperature for 

the products of combustion. 

For the solution of the problem it is necessary to determine 

13 unknowns, and we have reference here to the 11 partial pressures 

of the products of combustion, as well as the temperature and 

volume of the mixture of these products. Consequently, the system 

must consist of no less than 13 equations. The first seven equa¬ 

tions are the equations of the equilibrium constants of the re¬ 

action (2.1): „ ./- 
v 7 PcoVp po, 

Pco, 
-K>=*MT); 
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T 

rJ!iÏJS=K,-Mn 
Ptifl 

PoH]/pHJ.^Kt=MT)\ 
PHfi 

Vph, 

«u-Kt-un 
ypo. 

MT); 

k7=/AT). 

Generally, the magnitude of the equilibrium constants for 

the products of combustion of the propellants under consideration 

are presented in a table, and here the temperature values are 

taken to the nearest hundred degrees, with an interval of 100 to 

200°. In the present book, the equilibrium constants used in the 

calculations are those presented in the Appendix. It should be 

pointed out that the equilibrium constants are always being 

refined, and therefore we may encounter tables in other works in 

which there are somewhat different values for these same equili¬ 

brium constants. 

Further on, for the solution of the problem we make use of 

the equations of material balance. 

The equations of material balance for the case of propellant 

combustion, with dissociation of the products of combustion having 

been taken into consideration, are obtained in similar fashion 

by Eqs. (l.ll) - (l.l4), valid for undissociated products of 

combustion. Let us, for example, derive a balanced equation in 

terms of a chemical element - oxygen. There are AQ gram-atoms 

of oxygen in a single kilogram of propellant. A number of com- 
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ponents of the products of combustion also contain oxygen, and 

namely: in each gram-molecule of C02 and there are two gram- 

atoms of oxygen, and in each gram-molecule of CO, H20, 0, OH, and 

NO, there is a single gram-atom of oxygen. In accordance with the 

law of the conservation of matter, the number of gram-atoms of 

oxygen in the products of combustion must be equal to their quan¬ 

tity in the propellant. Consequently, 

A0=2 A/co,+2AÍO,+A/co + A/h,o + AZo+A/oh + A/no. 

Let us modify the last expression. We will multiply the 

right- and left-hand parts by piu and the product of the parameters 

of the left-hand part will be denoted by the symbol Xqî 

(2*2) 

Here £ is the pressure of the dissociated products of com¬ 

bustion; (i is the parameter which is a function of m.. , the "appar¬ 

ent" molecular weight of the dissociated products of combustion - 

determined according to the following formula: 

ÍÍ--ÜS- 
^ 1000' 

(2-3) 

In analogy with (1.6), the terms of the sum in the right- 

hand part are written in terms of partial pressures, since for 

each component of the products of combustion the following equali¬ 

ty proves valid 
p, =*p?Mt. 

(2.4) 

The balance expression with respect to oxygen takes the form 

Xo = 2PcO,+ + + + +/,OH+/,NO* (2. 5) 

Similarly, for the three remaining chemical elements 

Xc—Pco,+Pco’* (2.6) 
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XH=2/>h,o + 2pHf+/½ + Ai* 

=+/½ +/½ 

(2.7) 

(2.8) 

Here, in analogy with the parameter XQ, the symbols Xc, XH, 

and XN denote 

xc=/vA:; 

. Xh-A^hî 

xn"A*^n. 

(2.9) 

(2.10) 

(2.11) 

For the solution of the problem presented, it is necessary 

to derive an additional two equations, since the number of unknowns 

is 13, and at the moment we have only 11 equations. 

In the absence of heat losses, the heat content of the pro¬ 

pellant is equal to the heat content of the products of combustion, 

whose composition corresponds to the combustion temperature T, : 
K. S 

(2.12) 

For the solution of Eq. (2.12) it is necessary to be able to 

determine the heat content of the products of combustion in terms 

of the composition of the products of combustion for any given 

temperature T. This heat content may be calculated according to a 

formula similar to Formula (l.l8,a): 

imm— (!cO,PCOt + I COPCO + ^fiPnfi + ^./^,+ 
A* 

+Woh+^,/>0,+Wn0+^0+4/¾+Ai/to)- (^* -*-3 ) 

Here , I , etc., are the heat-content values for the com- 
m CO' 

ponents in the products of combustion, at temperature T. 

The last missing equation is determined from the method which 

we have adopted for achieving the transition from the parameters of 

the undissociated products of combustion to the parameters of the 
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dissociated products, without any change in volume or temperature. 

Consequently, 

•o=vfl (at r=const). 
• (2.14) 

The mixture of the gaseous products of combustion, whose indi¬ 

vidual components may enter into chemical reactions with one another, 

may be regarded as an ideal gas governed by the equation of state. 

Let us break down this equation for the cases of undissociated and 

dissociated products of combustion: 

z»°= Ti 

PH 

(2.15) 

(2.16) 

Since T = const, and v = v^, if we take into consideration 

Expressions (1.5) and (2.3) we will see that for the given propel¬ 

lant the following relationship is valid, given the conditions in¬ 

dicated above: 
const. 

(2.17) 

The last equation is extremely noteworthy. From a comparison 

of Expressions (1.10), (1.15)-(1.17), and (2.2), (2.9)-(2.11), and 

taking into consideration Expression (2.17) it follows directly that 

parameters Xq, X^,, X^, and X^, found in the left-hand parts of the 

equations of material balance, said equations written for dissociated 

products of combustion [(2.5)-(2.8)],are equal to the corresponding 

parameters of Eqs. (l.11)-(1.14), written for the products of com¬ 

bustion, dissociation not having been taken into consideration. Con¬ 

sequently, 

X0-XS: 

XC-XÊ; 
X„ = X0H; 

XN=X°N. 

(2.18) 

The parameters X 
0 
0> and X^ are easily determined accord- 



T 

ing to Formulas (1.10) and (1.15)-(1.17) at given p° and a known 

elementary chemical composition of the propellant (Aq, A^, and 

An). Employing the Equation (2.17) makes it easier to apply Formula 

(2.13) to calculate the heat content of the product of combustion 

under conditions of dissociation. 

Let us combine the derived system of equations, taking into 

consideration the fact that Eq. (2.1'!) has already been used: 

1) 

2) 

3) 

4) 

5) 

6) 

7) 

8) 

9) 

10) 

11) 

12) 

=/, (7¾ 
Pco, 

pJhïfoJamKi==fi{Tyt 
Ph,0 

PohVph, 
Ph,0 

k,-/,(n 

\Ph, 

ypo, 

vkrK‘-MT)x 
Pm 

Vpn.Vpo, 

X0 = 2 Pco, + 2^0, + Pco + PntO + PoH + Pho'* 

^c—Pco^Pco* 

XJj =» 2pHf0+2^Hj -)- Pqh + Ph¡ 

^-^m.+Ano+Pn: 

ly=iT . T #K.C • 

(2.19) 

In the presence of dissociation, the composition of the mixture 

of the gaseous products of combustion is, in the general case, a 

function of the following variables: Aq» '^l* 

follows from the condition that if the temperature, pressure, and 

elementary chemical composition of the propellant are given, the 

coefficient of the system of equations (2.19) are fully given, said 

system of equations determining the only solution to the problem. 

After using additional functions as independent variables, we can 
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also use the parameters Aç, AH, a, p, T or Xç, XH> a, p, and T. 

Evidently, such a substitution is completely permissible. 

5. Heat Content of Dissociated Products of Combustion as a Function 
of the Temperature of the Products of Combustion' 

The chemical composition of the products of combustion, given 

dissociation, differs from the composition of the products of com¬ 

bustion determined for the case in which the dissociation reaction 

has not been taken into consideration. The appearance of such addi¬ 

tional products of combustion as OH, NO, H, N, etc., changes (increases) 

the number of moles for the products of combustion per unit weight 

of mixture. Together with a change in the chemical composition of 

the products of combustion there is, doubtlessly, a change in the 

thermodynamic parameters of these products of combustion, particularly 

insofar as this pertains to heat content. 

Following the method that we have adopted for the examination of 

the parameters of the dissociated products of combustion in two 

stages (see Part 4), we will present the heat content _i of 1 kg of 

dissociated products of combustion in the form of the sum 

¿=*° + A/. (2.20) 

Here i° is the heat content of the undissociated products of combus¬ 

tion; Ai is the increment in heat content to the mixture of the pro¬ 

ducts of combustion, as a result of dissociation. 

Let us investigate the parameter _i as a function of temperature, 

for the products of combustion of the propellants under considera¬ 

tion. It is evident that this function will be determined by the 

extent to which the parameters i^* and Ai are functions of tempera¬ 

ture . 

Earlier we derived Eqs. (1.3^) and (1.37) which make it possible 

to calculate the heat content i^ of the products of combustion in 
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the absence of dissociation, at temperatures falling within the tem¬ 

perature zones "B" and "H." 

Let us examine the parameter Ai. Just as other thermodynamic 

parameters, determined on the basis of the preliminarily calculated 

chemical composition of the products of combustion under conditions 

of dissociation, the parameter Ai depends on the independent variables 

Xc, X^, a, p, and T: 

Ai = f(Xc, XH, a, p, and T). (2.21) 

Let us temporarily exclude the independent variable p from our 

examination, assuming that the change Ai due to temperature and 

other independent variables takes place at constant pressure for 

the products of combustion. For this particular case, we will de¬ 

note the parameter Ai as Ai^. 

It is clear that under these conditions Ai^p^ is a function of 

the following independent variables: 

A/('>-/(Xc, XH, a, T). (2.22) 

Let us investigate Function (2.22) in order to derive simple 

but sufficiently precise analytical expressions that relate Ai ' 

with the elementary chemical composition of the propellant and the 

temperature of the products of combustion. The limits for changes 

in the variables X^,, X^, and a will be assumed to be the same as 

for the case of undissociated products of combustion (see Table 3)* 

and the temperature region under investigation will be divided, as 

before, into temperature zones "B" and "H." The pressure for the 

dissociated products of combustion, at which the increment Ai^p^ 

in heat content is determined, must be selected in advance. 

The pressure of the dissociated products of combustion must be 

sufficiently characteristic for the conditions prevailing for the 

I products of combustion in rocket engines. In the temperature zone 
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"B" (28OO-3800o abs.), for the most part coincident with the tem¬ 

peratures of the products of combustion in the combustion chambers 

of the engines, the calculations of the parameter Ai^p^ are carried 

out a pressure of Pg = 40 atm abs. In the temperature zone H 

(l400-2800° abs.), for the most part coincident with the temperature 

of the products of combustion at the outlet section of the nozzle 

of the engine, the calculations are carried out at a pressure of 

pu p = 1 atm abs. 
1 (p) 
Let us investigate the nature of the parameter Ai as a func¬ 

tion of the temperature in the temperature zone "B" (denoting this 

parameter in this zone as Ai^0^). We will employ the investigational 

method that is similar to the processing methods used for the re¬ 

sults of the physical measurements, said method involving the assump¬ 

tion of a series of values for the independent variable (in this 

case, T) in the region of its change and to determine the value of 

the sought function at each of these values, after which the re¬ 

sultant function is analyzed. Only in our case will the calculated 

values of this function serve in the role of measured values for 

the function. We will carry out the investigation, first of all, 

for the chemical compositions cited in Table 3 under the conventional 

numbers 1, 1^ 4, 42, 15, 15r and 152, since, as it follows 

from an examination of their elementary chemical composition, these 

compositions seem to be "border-line cases" with respect to the 

chemical elements which they contain - nitrogen, hydrogen, and car¬ 

bon, respectively. 

Calculations of the parameter Ai^0^, as well as of other 

parameters relating to dissociated products of combustion, are 

carried out directly, according to the known chemical composition 

of the products of combustion, determined through the solution of 
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the system of equations (2.19) at a pressure of 40 atm abs for the 

dissociated products of combustion. 

The results of the calculations are presented graphically in 

Pig. 2. The curve was constructed in logarithmic coordinates. The 

lines on this graph were drawn as close as possible to the support 

points, corresponding to the results of the calculations that were 

carried out (denoted by circles on the curve). The values of log 

(T-2200) have been plotted along the axis of abscissas, and the 

values of the common logarithm of the parameter Ai^^|, associated 

with Ai^0^ by the following expression, are plotted along the axis 
1J 

of ordinates: 
Aí(»)=40|i0Jí(*). 

(2.23) 

From an examination of the curve in Fig. 2 it follows that for 

the given chemical compositions, the relationship between Ai^^| 

and T is virtually linear in logarithmic coordinates. 

The linear function is preserved at values of a (the coeffi¬ 

cient of excess oxygen) ranging from 0.60 to 0.90. 

The slope with respect to the axis of abscissas for the lines 

relating to the compositions with identical quantities and X^, 

but with various values of a, remains the same for all values of a, 

assumed for the purpose of the calculation. The magnitude of this 

slope is in strict accord with the initial elementary chemical com¬ 

position (Xc, XH) and increases in conjunction with an increase in 

the carbon content. The smallest slope with respect to the axis of 

abscissas for the line is noted in the calculation cases involving 

propellants with high nitrogen content. 

The nature of the relationship between and tempera¬ 

ture for the intermediate chemical compositions (denoted in Table 3 

by the conventional numbers 2, 3> 5, 6, 8, 9, 10> 12, and 14), 
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is investigated only for a single value of the coefficient of excess 

oxygen (a = O.90) assuming that in view of the smoothness with which 

the properties of the products of combustion change with a change in 

the chemical composition, the nature of the relationships between 

the parameter and the temperature, at other values of a, will 

be the same as in the case of the "border-line" propellants. 

V It /.# 30 31 1)(T-12D0) 

Fig. 2. 1) T° abs; 2) log (T-2200). 

The results obtained in the calculations of these compositions 

are presented graphically in Fig. 3. From an examination of this 

graph we find that for the intermediate chemical compositions the 

established quantitative relationship is preserved: the parameter 

Aig as a function of temperature, in its graphic representation 

in the above-indicated logarithmic coordinates, remains virtually 

linear, while the angle formed by the straight lines and the posi¬ 

tive segment of the axis of abscissas increases in direct proportion 

to the carbon content in the propellant. 

Consequently, it may be maintained with sufficient reliability 
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that for all of the compositions under consideration and throughout 

the entire temperature zone "Bn there exists an approximate propor¬ 

tionality of the type 

IgA/W-m, lg (7--2200) 

or, changing from the logarithmic record to a conventional system, 

^-(7--2200)7.. (2.24) 

The exponent nig is a function only of the parameters X^, and X^, 

which characterize the initial chemical composition of the propellant, 

but it is independent of the quantity a. Numerically, the parameter 

nig is equal to the tangent of the angle formed by the temperature 

axis and the straight lines which represent Ai^^ as a function of 

temperature on the graphs constructed in the above-mentioned coordinates. 

The magnitude of the parameter nig for the propellants under con¬ 

sideration in the given work can easily be determined according to a 

specially constructed nomogram, presented in Fig. 7 of the Appendix. 
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Por the construction of the nomogram, we made use of the results from 

the same thermodynamic calculations that had been carried out to 

establish the type of relationship existing between the parameter 

Ai^0^ and temperature. The values of XH have been plotted along 

the axis of abscissas on the nomogram. The lines of the graph corre¬ 

spond to the fixed values of Xc. No clarification is required for 

the sequence involved in the determination of the parameter nig accord¬ 

ing to the nomogram, for known Xp and Xt,. 

Pig. 4. 1) T° abs; 2) log (T-l400). 

Let us now investigate the parameter Ai as a function of tem¬ 

perature T in the temperature zone "H." We will denote this param¬ 

eter by Aijj'1) . We will employ the same investigational method which 

was used for the temperature zone "B.” We will perform direct cal¬ 

culations for the determination of the parameter Aij^v (at a pres¬ 

sure pH f = 1 atm abs i*01, tlie dissociated products of combustion), 

associated with the parameter Al^1^ by the expression 

(2.25) 



at various temperatures for the compositions denoted in Table 3 by 

the conventional numbers 1, 4, 4^ 42, 4^, 15, 15-^ 152> 15^• The 

results of the calculations are presented graphically (Fig. 4). The 

graph has been constructed in logarighmic coordinates: the values 

of log (T-1400) have been plotted along the axis of abscissas, and 

the values of log Ai^1^ have been plotted along the axis of ordinates. 
tt, V 

The support points according to which the curve was constructed are 

denoted by circles. From an examination of the graph in Fig. 4 it 

follows that in a graphical representation of the relationship be¬ 

tween the parameters Aij^v and T in coordinates [log Aij^v, log 

(T-l400)] this relationship for the propellants under consideration 

becomes virtually linear. The linear function is preserved at values 

for the coefficient of excess oxygen a between 0.60 to 0.90. The 

angle formed by the positive segment of the axis of abscissas and 

the lines of the graph for one and the same composition (Xc, XH) but 

for various values of a, remains the same at all values of a assumed 

for purposes of the calculation. 

We should take note of the fact that linearity of the function 

is impaired at temperatures below 2200° abs. The reason for this 

may be the actual disruption of the quantitative relationship at 

comparatively low temperatures, as well as the circumstance that the 

parameter Aij^^ becomes so small that in its calculation noticeable 

errors might arise. However, in view of the absolute smallness of 

the magnitude of Aijv1) at these temperatures we can assume that 

the established linear function is not violated, even at tempera¬ 

tures below 2200° abs. 

If we take into consideration all that has been said above, 

we can maintain with sufficient reliability that for all compositions 

under consideration and throughout the entire temperature zone H 
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there exists an approximate proportionality of the form 

1^(7--1400) 

or, converting to conventional terms, 

400)-,. (2.26) 

The exponent mH is a function only of the parameters Xc and which 

characterize the initial chemical composition of the propellant, but 

it is independent of the quantity a. Numerically, the parameter 

for the propellants under consideration may be determined according 

to the nomogram presented in Fig. 8 of the Appendix. This nomogram 

is constructed in similar fashion to the nomogram for the deter¬ 

mination of the parameter nig. The sequence of operations with this 

parameter requires no clarification. 

Let us now return to the temperature zone "B. " We will assume 

that for the products of combustion of any of the propellants under 

consideration, direct calculation was used to determine the value 

of the parameter AL^°) at a certain temperature Tp. ~ (and at a 
B, V -D» 

pressure p^ = 40 atm abs). We will denote this parameter as Aig ^ 

In this case, in accordance with Expression (2.24) there arises the 

possibility of calculating the value of the parameter £°r the 

given propellant at any temperature T (but at the same pressure 

p_. „ = 40 atm abs), without resorting to direct calculations for 

the determination of Ai^1^^ at this temperature. In actual fact, 
B, V 

it follows from Expression (2.24) that 

*• t2-2?) 

The utilization of Expression (2.27) in the thermodynamic cal¬ 

culation for rocket engines is possible only if we will have found 

a sufficiently simple method of determining the parameter Ai-^ ^ 

at the temperature Tg j, and pressure Pg ^ = 40 atm abs for the 
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products of combustion of the propellant under consideration. 

There are possibilities for the establishment of such a method. 

The parameter AiB v determined at the selected values of T^ f 

and p^ is a function only of the initial chemical composition, 
B, f 

i.e., of the independent variables Xc, ^ and a. It would be expedient 

to assume a series of values for the coefficient of excess oxygen 

a and for each of these values to construct a nomogram for the deter¬ 

mination of the parameter AiB y f for various values of Xc and XH 

At which temperature Tg ^ should the calculations of the param¬ 

eter Ai „ and the subsequent construction of the nomograms be 
B, v,f 

carried out? We have pointed out earlier that the sought functions 

in the temperature zone "B" will be used primarily for the calcula¬ 

tion of the thermodynamic characteristics of the products of combus¬ 

tion in the combustion chambers of rocket engines. On the basis of 

these considerations, we will select Tg = 3^-00 abs. 

Figures 9 to l4 of the Appendix show the nomograms for the 

determination of the parameter Aig^f at a pressure Pg^ = 40 atm 

abs and a temperature Tg = 3^00° abs., constructed for values of 

a equal to 0.95, 0.90, 0.80, 0.70, 0.60, and 0.55. The nomograms 

have been constructed on the basis of direct calculations of the 

parameter Ai . for the propellants presented in Table 3« The 

values of the parameter X^ are plotted on the axis of abscissas, 

and the lines on the nomograms correspond to the fixed values of the 

parameter Xc. The sought quantity A1B>Vif* ls determined according * 

to the ordinate of the point at which the perpendicular dropped to 

the axis of abscissas from the point on the axis, corresponding to 

the value of X^, intersects with the line which corresponds to the 
n 

value of Xç. 

If we take into consideration Expressions (2.23) and (2.27), 
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a>(40)- I r-2200 V». 
* 40|iO 

we will find an equation which associates the quantity Ai^®) in 

the temperature zone "B" with the temperature T of these products 

(at a pressure Pg f = atm abs): 

/ r-2200 y- . n. 
\ri(^-220o) * (2.28) 

The simultaneous examination of Eqs. (I.36), (2.20), and (2.28) 

will make it possible to derive a formula for the determination of 

the heat content in 1 kg of dissociated products of combustion in 

the temperature zone "B" (at a pressure pß ^ 40 atm abs): 

nm-^+tJr-™>+^(r?Ízãõ)"’- (2-29) 

Let us return to the temperature zone "H." We will assume that 

for the products of combustion of any of the propellants under con¬ 

sideration, the value of the parameter was determined directly 
n, V 

at a certain temperature >> (and at a pressure p^ = 1 atm abs). 
li j I J ^ 

We will denote this parameter by Aiu ». In accordance with Expres- 
n, v,i 

sion (2.26) in this case there arises the possibility of calculating 

the value of the parameter Ai^1^ for the given propellant at any 
n, V 

temperature T (but at the same pressure p^ f = a^m abs-)> with¬ 

out undertaking any direct calculations for the determination of 

Ai^1) at these temperatures. Indeed, it follows from (2.26) that 
xi j V 

1,(1)= Ai J..T-J400 )m' 
H.t, "•’■‘vT'h. ¢-1400 / (2.30) 

The parameter Ai^ determined at selected values of p^ „ 
n,V,I n,I 

and Tu is a function only of the independent variables X^, X , and 
n, i ^ H 

a. It is expedient to assume a series of values for a and to con¬ 

struct a nomogram for each of these values to determine the parameter 

Aiu , ^ at various values of X* and X^. 
lij V j 1 O ii 

The value of Tu * must be close to the temperatures for the 
n,l 

products of combustion at the outlet section of the nozzle. However, 

it must simultaneously be sufficiently high in order for the dis- 
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sociation of the products of combustion to be perceptible, and for 

the numerical value of the parameter Ai^ to be sufficiently 

great. Only in this case will the error of the determination of 

the parameter Ai,, „ in its calculation not exceed the permissible. 
h,V,I 

On the basis of these considerations we select = 2800 abs. 

Figures 15 to 20 of the Appendix show the nomograms for the 

determination of the parameter AiH v f at a pressure = 1 atm 

abs and a temperature = 2800° abs., constructed at the same 

values of a at which the nomograms for the determination of the 

parameter Ai „ were constructed for the temperature zone "B." 

The nomograms were constructed on the basis of direct calcula- 

tions of the parameter AiH v f for the compositions presented in 

Table 3. The determination of the parameter AiH^f according to_ 

the nomograms is carried out in a manner similar to the determina¬ 

tion of the parameter Alg v 

Taking into consideration Expressions (2.25) and (2.30), we 

will find 

" \7», ¢- H00 / • 
(2.31) 

Solving Eqs. (1.37), (2.20), and (2.31) simultaneously, we will 

derive a formula for the determination of the heat content in 1 kg 

of dissociated products of combustion in the temperature zone H 

(at a pressure p^ = 1 atm abs): 

<2-32) 

6. The Relationship Between the Increment in Heat Content and the 

Increment in the Number of Gram-Molecules for the Products—of 
Combustion, on Their Dissociation 

Let us investigate the ratio 

<-<o m 

M — M0 “&AÍ * 

(2.33) 

From an examination of Expression (2.33) we can come to the 
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conclusion that the parameter q is a ratio between parameters closely 

related to one another. As a result of the dissociation of the pro¬ 

ducts of combustion of any of the propellants under consideration 

both the number of gram molecules of the products of combustion as 

well as their heat content increase simultaneously. The intensity 

TABLE 5 

1 

yCJOBHUft HOliep 
XHumecKoro 

cocrau 
XC XH XN 

2 />—40 ama />—1 ama 
3 7=3400° a 6c 7=3000° a6c. 7-2800° a6c 7-2400* a6c. 

a i a V 8 * a <r 

1 
2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

4 

4 

4 

4 

14 

14 

14 

14 

25 

25 

25 

30 

30 

30 

36 

8 
30 

52 

72 

8 

20 

40 

52 

8 

20 

30 

8 

14 

20 

64 

42 

20 

0 
44 

32 

12 

0 

22 

10 

0 

12 

6 

0 

0,90 
0,90 
0,76 
0,90 
0,02 
0,90 
0,90 
0,63 
0,90 
0,66 
0,90 
0.71 
0,90 
0,70 
0,90 
0,66 
0,90 
0,67 
0,90 
0.68 
0,90 
0,68 
0,90 
0,70 
0,90 
0,70 

132.4 
131,0 
129,0 
129,0 
128,7 
127,0 
135.4 
122,6 
135,0 
128.7 
131.5 
127.4 
128.4 
124.7 
132.5 
127.6 
133,0 
128.6 
132,0 
126,0 
132,5 
131.2 
131.3 
130,0 
131,3 
127,1 

0 0,90 129,0 

0,90 140,7 

0,90 139,0 

0,89 

0,90 

0,89 

125,3 

127,9 

130,8 

0,89 129,8 

0,90 131,5 

0,89 133,6 

0,90 130,7 

0,91 134,6 

0,90 130,8 

0,90 127,0 

0,90 

0,94 

0,89 

0,90 

0,92 

0,94 

0,90 

0,92 

0,88 

0,93 

0,92 

0,94 

0,80 

0,92 

0,90 
0,80 
0,70 

132.2 

129.3 

141.1 

125.3 

133.4 

131,9 

129,6 

128.1 

.132,4 

131.2 

129.5 

130,4 

122.3 

129,8 

130,0 
129.2 
127.3 

0,60 128,0 

0,90 122,4 

0,90 124,6 

0,90 129,9 

0,90 131,9 

0,86 133,8 

0,93 
0,87 
0,93 
0,86 

133,0 
134.6 
131.7 
130,0 

0,99 135,5 

0,99 131,9 

1) Conventional number for chemical composition; 2) p = 40 atm abs; 

3) T = 3400° abs. 

with which these two parameter increase is determined primarily by 

the temperature of the products of combustion and is, from all that 

can be seen, approximately equal for each. 

Let us investigate the effect of such independent variables as 

the elementary chemical composition of the propellant (X^, X^, a), 

the pressure p and the temperature T of the products of combustion 

on the magnitude of q for the class of propellants under consideration. 
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There does not exist an exact analytical relationship between 

the quantities Ai and AM, which would not require a preliminary 

calculation of the composition of the products of combustion. An 

investigation of the parameter q may be carried out only in accor¬ 

dance with the results obtained through direct calculations of the 

quantities Ai and AM for the products of combustion from propellants 

of various compositions, at various temperatures and pressures. For 

this purpose, calculations were carried out for the quantities Ai 

and Am, and at the same time for the parameter q, for the composi¬ 

tions presented in Table 3> denoted by the conventional numbers 1 

through 15, with the coefficients of excess oxygen (a) ranging from 

O.60 to O.99, at temperatures ranging from 2400 to 3400° abs, and 

for pressures of 1 and 40 atm abs for the dissociated products of 

combustion. 

The results of the calculations are presented in Table 5. 

An analysis of the table indicates that for the adopted compo¬ 

sitions, given the temperature and pressure of the products of com¬ 

bustion, the parameter q is a virtually constant quantity. The aver¬ 

aged value of the parameter q, obtained according to the results of 

69 separate calculations, is close to 13O: 

’=iva130- 
(2.34) 

The scattering of the values for the parameters q for indi¬ 

vidual propellants does not exceed, as can be seen from Table 5, 

8.5$ of its average value. This figure includes, of course, errors 

which might have been permitted in the calculations of q. 

Table 5 covers such a wide class of chemical compositions, as 

well as such a wide range of temperatures and pressures for the pro¬ 

ducts of combustion that it is difficult to assume that this rela¬ 

tive constancy of q will not be maintained under slightly altered 
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conditions. 

It is well known that with a gradual change in the chemical 

composition of a propellant, as well as with a gradual change in 

the pressure and temperature of the products of combustion, the 

thermodynamic parameters of the products of combustion change smoothly, 

monotonically. As confirmation of this, we have the experience gained 

in the thermodynamic calculations for rocket engines and the data 

obtained in hot-firing tests. 

7. The Relationship Between the Increment in the Heat Content of the 
Products of Combustion as a Result of Dissociation and the Pres¬ 
sure of the Products of CombustlorT 

In the present section we are investigating the relationship 

between the parameters Ai and p for the products of combustion of 

the propellants under consideration. 

It is well known that there exists no analytical relationship 

between these parameters that does not require the preliminary cal¬ 

culation of the composition of the products of combustion. Earlier, 

other authors established only that the relative increment in the 

pressure of the products of combustion (<^ = Ap/p = (p-p )/p ) under 

the conditions of dissociation, taking place at constant value and 

temperature, is a function of the absolute magnitude of pressure, 

and here this function can be described by the approximate interpola¬ 

tion formula 

IDamBp-*l. (2.35) 
Here B is some coefficient, and n1 is an exponent, in absolute 

terms less than 1. 

Formula (2.35) establishes that an increase in the pressure of 

the products of combustion during dissociation is proportional to 

the negative fractional exponent of the pressure. In principle, 

this formula makes it possible to calculate the value of the param- 
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eter œ at any pressure p, if we know the value of u>x at any pressure 

Px: 
(2.36) 

A similar formula may be written for the parameter Ai — the 

increment in heat content for the products of combustion os a result 

of dissociation: 

-HtP (2.37) 

It was demonstrated through a series of examples that the values 

of the exponents n1 and n2 are close to one another, in which case 

for the products of combustion of the propellants under considera¬ 

tions, in the case of a < 1, we can assume in approximate terms that 

ft|=rt2~0.5. 

A satisfactory degree of accuracy for the determination of the 

parameters o» and Ai in Formulas (2.36) and (2.37), given the con¬ 

dition nx = n2 = 0.5, may be obtained only if the values of p and 

px are close. At values of p and px, sufficiently far apart, we 

cannot assume that the exponent is equal to 0.5; this quantity must 

be determined by special calculation. For a calculation of the value 

of n1 or n2, we can use the same Formulas (2.36) or (2.37), having 

determined preliminarily, by direct calculation, the parameters cd 

or Ai for no less than two values of the pressure for the products 

of combustion. To increase the accuracy in the subsequent calcula¬ 

tions, the parameter n1 (or n2) must be determined at values of 

pressure for the products of combustion, comparable to p and px, 

respectively. 

In addition to pressure, temperature also has an effect on the 

quantities n1 and n2> In the general case, the parameters ^ and n2 

will be functions of the chemical composition of the propellant, the 
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pressure, and the temperature. The thermodynamic calculations for 

rocket engines that we carried out indicate, however, that it is 

possible, without great error in the final calculation results; to 

operate with a single value for the exponent for the given propellant. 

We will refer to this exponent as the effective exponent nei>. 

The magnitude of nef must be determined at values of the pres¬ 

sure and temperature of the products of combustion that are character¬ 

istic of rocket engines. We will assume, as before, that a pressure 

of 40 atm abs in the combustion chamber and 1 atm abs at the outlet 

section of the nozzle are characteristic. The temperature of the 

products of combustion at which dissociation becomes noticeable is 

limited, in the region under consideration, approximately by the 

values l800 and 38000 abs. The actual relationship between ^ (or n2) 

and temperature is not known. We know only that with an increase in 

the temperature of the products of combustion, a temperature at which 

the calculation is carried out, the numerical values of the exponent, 

in the majority of cases, diminish smoothly. We will assume that 

there exists a linear function between the parameters (or n2) and 

temperature in the range of from 18OO to 38OO0 abs. In this case, 

as the value of the parameter nef for temperatures from 18OO to 

3800o abs., we can accept the value of ^ (or n2), calculated for 

28OO0 abs. Consequently, 

».♦=»2IOO- (2.38) 

The determination of n2g00 at pressure values of 40 and 1 atm 

abs and a temperature of 2800° abs., can be carried out in terms 

of parameter cu according to Formula (2.36) or in terms of Ai accord¬ 

ing to Formula (2.37)« 

Using the interrelationship between these quantities that we 

established earlier (see Chapter II, Section 6) we will demonstrate 
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that the values of and are close to one another, 

In fact, since 

In accordance with (2.34) 

/w 

(■>■ 
bp _ tiM 

p Mo ’ 

—=130^= const, (2.39) 

whence for the given propellant 

« Ai 

,gíT “ã, /ii=rtj=—--—£. 

'i^r '£7 
(2.40) 

Consequently, the equality of the values of n^ and Is main¬ 

tained to the extent to which the constancy of q is maintained for 

the propellants under consideration. 

For the determination of = n2g00 we will find the increment 

in the heat content of the products of combustion at a temperature 

of 280O0 abs., and a pressure of 40 atm abs according to Eq. (2.28): 

»/<«> /2800-2200 

• “ 40i*0 \r>f*-2200/ “ 40(1® 

(since Tg f = 3400° abs.). 

For this same purpose we will use Formula (2.25) to find the 

magnitude of at the same temperature of 2800° abs., (since 

TH £ = 28000 abs.), but at a pressure of 1 atm abs (or pH ^ = 1 atm 

abs) : 

i/JU 
** |a0 

Then, in accordance with (2.37) 

A/i,) 40A/,.,. * 

whence 
A/14°) 

ni4)=0,6242lg 

ojn*u,:,,* \ 1 / ‘ 

40 2-.4/,.,. # 

4/.,,.^ (2.41) 
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The parameters nig, Aig v and Aig y f are determined in the 

calculation carried out in accordance with the nomograms constructed 

earlier. 

It becomes possible, with the determination of the parameter nei> 

to calculate the increment in heat content as a result of the dissoci¬ 

ation of the products of combustion at any pressure £, if we know the 

increment in heat content for these products at a certain selected 

pressure (and at the same temperature). In the temperature zone "B" 

the nomograms shown in Figs. 9-1^ of the Appendix make it possible to 

determine the increment Ai^ „ in heat content at a pressure of 
D, v,i 

Pg f = 40 atmospheres absolute and a temperature Tg = 3400° abs. At 

any other pressure in this zone, but at the same temperature of 

3400° abs, the increment in heat content will be equal to 

(2.42) 

In the joint consideration of Eqs. (2.28) and (2.42) we derive 

the equation which describes the increment Aig in heat content for 1 kg 

of products of combustion as a function of the chemical composition 

of the propellant, of pressure, and of the temperature in the tempera¬ 

ture zone "B": 

A/' = A/,‘*• ♦ //V<t>y»»/ ^-2200 ( 2. 43) 
' 40-xO \ p ) lri> + -2200/ * 

Denoting 

a; (2.44) 
. p. ♦ / p*< »V1»» 

,=S 40|i0 \ , J ’ 
we will obtain 

Ai / 7--2200 V", 
' • lrPi*-220oJ * (2.45) 

The equation for the heat content of 1 kg of dissociated products 

of combustion in the temperature zone "B" is determined through the 

joint consideration of Eqs. (1.36), (2.20), and (2.45): 
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^-2800)+^(-^)--. (2_46) 

In the temperature zone "H" the nomograms in Pigs. 15-20 of the 

Appendix make it possible to determine the increment Ai^ „ « in heat 
n, V, i 

content at a pressure of pH = 1 atmospheres absolute and a tempera¬ 

ture Tpj f = 28OO0 abs. Consequently, at any other pressure in this 

zone, but at the same temperature, the increment in heat content for 

the products of combustion is equal to 

(2.47) 

Through the simultaneous examination of Eqs. (2.31) and (2.47) we 

will derive the equation which describes the increment Ai^ in the heat 

content of 1 kg of products of combustion as a function of the chemi¬ 

cal composition of the propellant, of pressure, and of the temperature 

in the temperature zone "H": 

Denoting 

we will obtain 

/ P*. »y.» / T —1400 vs 

H® \ P ) V TV 1400/ * 

(2.48) 

(2.49) 

"XT',,#- 1400/ (2.50) 

The equation for the heat content of 1 kg of dissociated products 

of combustion in the temperature zone "H" is determined through the 

simultaneous examination of Eqs. (1.37), (2.20), and (2.50): 

r—1400 V», 
(2.51) 

8. The Entropy of the Products of Combustion 

It is the purpose of this section to derive the equations which 

will make it possible to calculate the entropy of the dissociated 

products of combustion at a temperature T and a pressure p without any 
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preliminary calculation of their chemical composition. 

We will select a temperature = l400° abs , and a pressure p1 = 

= 1 atmospheres absolute as the parameters for the entropy origin. The 

temperature T1 = 1400° abs is the lower boundary of the temperature 

region under consideration and its selection as the temperature origin 

therefore requires no additional clarification. It should be pointed 

out that the selection of any other temperature as the entropy origin 

would have no effect on the results of the thermodynamic calculations 

for engines, since the absolute entropy value has no effect on these 

results. We will assume that under these initial conditions, the en¬ 

tropy for the products of combustion is equal to Sq, the products of 

combustion consisting of carbon dioxide, carbon monoxide, water vapors, 

and biatomic nitrogen and hydrogen, each in a state of chemical equi¬ 

librium with respect to the others. 

The transition from the initial parameters ^ and p-j^ for the 

products of combustion to the given T and £ may be accomplished 

through the following three reversible processes, in which a change in 

entropy can be determined quite simply. The determination of entropy 

in all of these processes is carried out by the integration of the 

following differential equation: 

The first process. The products of combustion are reversibly com¬ 

pressed from a pressure of p-^ = 1 atmospheres absolute to a high pres¬ 

sure of p° at a constant temperature T1 = l400° abs. During this proc¬ 

ess, the chemical composition of the products of combustion undergoes 

no change] therefore, the change in the heat content of the products 

of combustion is di = 0 (the products of combustion, by definition, 

represent an ideal gas). 
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A change in entropy in this process is found through the integra¬ 

tion of Expression (2.52) at T = const and (i° = const. 

It is equal to 

^—7'»^ (2-53) 

The second process. The products of combustion are reversibly 

heated at a constant pressure p° (without dissociation) from a tempera¬ 

ture T1 = l400° abs to a temperature T. The heat content for the 

products of combustion up to a temperature of 2800° abs in this case 

is determined by Expression (2.51), and above 2300° abs by Expres¬ 

sion (2.46). Having entered these values into Expression (2.52) and 

integrating this expression at a constant pressure (p^ = const) we 

find the change in entropy in the second process if the value of the 

temperature T falls within the temperature zone "B" (280O-38OO0 abs ): 

(2.54) 

If the value of the temperature T lies within the temperature 

zone "H" (l400-2800° abs ), then 

MOO 

•c® _ln —. 
2800 (2.55) 

The third process. The products of combustion expand reversibly 

from a pressure p° to the values of pressure £ under consideration at 

a constant value for the final temperature T. The change in entropy in 

the third process is equal to 

p* ? 
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(2.56) 
=i£_Í-ln 

p° V.0 J p 

since 

H» tf - 
P 1 + - 

(2.57) 

The relative fraction of the last term of Expression (2.56) 

amounts to 4 to 8$ of the total change in entropy. Therefore, the in- 
p 

tegral J* (œdp/p) can he calculated with limited accuracy. Prom Exprès- 

, po , 
sion (2.39) we obtain 

Consequently, 

130 

C a dp_(i0 

Í p 130 J p 
ï * 

Substituting the value of Aig, as given by Expression (2.43), we 

find the value of this integral for the case of temperature zone "B": 

Í f ^ 1 ( r-2200 x". ,.f f dp 
p J 40-130 \f,,^ — 2200/ • 

since the parameters Aig y f, nei>, Tg Pg and nig are independent 

of pressure. 

0 
Since at a pressure p there are no dissociation reactions, 

f dp 
J /*#+1 " «»♦/HI 

Consequently, for the case of temperature zone "B" 

fî^e g'.t*0 / T-2200 \mu 
130n^ 

/ r-2200 \w. 

U. #-2200// ’ 
(2.58) 

where c'g is determined from Expression (2.44). 

We find the value of the integral for the case of the temperature 

zone "H" in similar fashion: 
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0 / r-HOO V", 
>.4> \r,,*-noo/ 

(2.59) 

where c'H is determined from Expression (2.49). 

The entropy of the products of combustion having temperature T 

and pressure jc is equal to 

5=5()-f + A5j + a5j. 

There is no need to know the absolute value of the entropy of the 

products of combustion in these calculations, but we must know only 

the entropy difference that is found in the processes being calculated. 

Therefore, the value of the initial entropy SQ may be selected arbit¬ 

rarily. For the sake of simplicity in the calculation formulas, we 

will select the following initial value of entropy 

In 2800 

1400' 
(2.60) 

The equation for the entropy of the products of combustion for 

the case of the temperature zone "B" is derived through the joint con¬ 

sideration of Expressions (2.53), (2.54), (2.56), (2.58), and (2.60): 

^.=2.303^.^-240311,,,+ 
IC' ( T— 2200 y». R V 

^..^-2200/ \ T T 130/t»« /’ (2.61) 

Similarly, for the case of the temperature zone "H" we will ob¬ 

tain 
S,=2,303c® „ I g ^—2,303 

i j ( T—1400 V"./ 1 , 
+ "U. ¢-1400/ (r + 

-1^\ 
Mntp )' 

(2.62) 

Equations (2.6l) and (2.62) make it possible to calculate the en¬ 

tropy of the products of combustion at their pressure jo and temperature 

T without any preliminary calculation of their chemical composition. 

These equations, used in conjunction with the equations established 
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earlier for the heat content of the products of combustion, and pre¬ 

sented in this work in the form of nomograms, make it possible to de¬ 

velop a new method of thermodynamic calculation for rocket engines op 

erating on the propellants under consideration. The new method of cal 

culation for engines is examined in the following chapter. 



Chapter 3 

THERMODYNAMIC CALCULATION METHOD FOR 

LIQUID-FUEL ROCKET ENGINES 

The Temperature of the Products of Combustion in the Combustion 
Chamber of the Engine “ 

Let us assume that we are given certain components of a propel¬ 

lant - the fuel and the oxidizer - and that we know both their chemi¬ 

cal composition and the value of the coefficient of excess oxidizer 

a'0 at which these components burn up within the combustion chamber of 

the engine, and let us also assume that we know the pressure p, of 

the products of combustion. We must find the temperature of the prod¬ 

ucts of combustion of the propellant under given conditions. 

In carrying out the calculation with the same premises and as¬ 

sumptions which were enumerated in the "Introduction," the theoretical 

temperature of the products of combustion T, in the combustion cham- 
K. • S 

ber of the engine can be determined from the conditions of equality 

between the heat content of a unit weight (1 kg) of the products of 

combustion and the heat content of the same unit weight of propellant 

(3.1) 

The heat content of the unit weight (1 kg) of propellant may be 

known or can be found through separate calculation. The method used to 

determine this heat content is demonstrated in Section 20 of this book. 

Here we will assume that the value of the parameter i, is known. 

To calculate the value of temperature T, we will assume the 
K. S 
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1 

following calculation sequence. 

1. We will determine, in grams, the mass content of the chemical 

elements in 1 kg of oxidizer: 

C0, H0, N0, 0„. 

2. We will determine, in grams, the mass content of the chemical 

elements in 1 kg of fuel (combustible): 

Cf» Hp, Nr« Of* 

3. We will determine the quantity of oxidizer required for the 

oxidation of 1 kg of fuel: 

— Cr + 8Hr Of ■ 

V--s-• (3.2) 
Oo-yC0-8H0 

4. We will assume several values for the coefficient of excess 

oxygen (a), i. e., precisely those values for which the nomograms pre¬ 

sented in Pigs. 1 to 6 and 9 to 20 of the Appendix were constructed 

(0.95, 0.90, O.8O, 0.70, 0.60, and O.55), and we will determine the 

corresponding values for the coefficient of excess oxidizer a accord- 
0 

ing to the following formula: 

8 Or ■ tc' + ,h’-. 
'’7-T^ 

(S.S) 

We will determine the value of a', corresponding to the given a' 

a = - °r+Vo 

3 (Cr + VoCo ) + 8(Hr + VoH,,) 
(3.3a) 

5. We will calculate the weight ratio v for the propellant com¬ 

ponents at the selected values of a and the obtained value of a' ac¬ 

cording to the following formula: 

v“*oV (3.4) 

6. We will find the number of gram-atoms of the chemical elements 

carbon, hydrogen, and nitrogen in 1 kg of propellant at the selected 

- ?6 - 



values of a and the obtained value of a' according to the following 

formulas: 

» _Çr_+_lÇo*. 
C 12(1+v)’ 

A Hr + vH0 
“TT—• 

A _Nr + ^No 

'’»"¡ÏÏÏTT)- 

(3.5) 

7. At the selected values of a and the obtained value of a', we 

will determine the parameter according to the following formula: 

|i°=—. 
Ato 

(3.6) 
Ac + 0,5 (í4h + í4n) 

Formula (3*6) Is derived as a result of the joint consideration 

of Expressions (1.4), (I.5), and (I.?). 

8. According to Formulas (1.39) and (1.4o) we will find the val¬ 

ues for the parameters = and X^ = ^ at the selected values of a 

and the obtained value of a': 

Xc=40fi% (1.39) 
Xh=40jiMh. ( 1.40) 

9. According to the nomograms In Figs. 1 to 6 and 9 to 20 of the 

Appendix, we will determine the values of the parameters 1^, Aig v 

and Alu „ r, for the selected values of a. n, v,i 
10. We will construct an auxiliary curve which indicates the 

change In the parameters i?r, Al^ „ and Alu „ „ as functions of the 
V n, v, I 

change in a. 

11. We will employ the methods of graphical interpolation to de¬ 

termine the values of the parameters 1^, Aig v f, and Aig v f, which 

correspond to the given value of the coefficient of excess oxidizer 

(a'0) (i.e., correspond to the obtained value of a'). 

A further calculation of the temperature T, of the products of 

combustion within the combustion chamber of the engine, in accordance 

with the conditions of the problem, will be carried out only for the 
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obtained value of a'. The values of T, _ generally fall into the tem- 

perature "B," i.e., above 2800° abs. Most frequently, it will be nec¬ 

essary to determine the temperature according to Eq. (2.46). We will 

demonstrate the method of calculating the temperature T. according 
1C« s 

to this equation. 

12. We will use the nomogram in Pig. 7 of the Appendix to find 

the value of the parameter mg. 

13. We will calculate the value of the parameter c° B according 

to Formula (1.42). 

14. We will calculate the value of the parameter nef, according to 

Formula (2.4l). 

15* We will calculate the value of the parameter i^SOO accor,^lnS 

to Formula (l.4l). 

16. We will calculate the value of the parameter c'g according to 

Formula (2.44), assuming that P = s* ^ this case, pß f = 40 atmos¬ 

pheres absolute. 

17* We will write Eq. (2.46) to conform to our case: 

^00+^.,(/;.e-2800) +c' /Ai-æooV». 
* V », $ — 2200 / * 

This equation will be written in a form convenient for the calcu¬ 

lation of Tk g: those terms independent of temperature will be col¬ 

lected in the left-hand part of the equation and the algebraic sum of 

the terms in the left-hand part will be denoted by 1,: 
JC 

=4-^+2800¾.. (3.7) 

Then, if we take into consideration that Tn « = 3400° abs., we 
b,I 

will obtain 

: _-o r i X / TVt — 2200 y», 
k p,t «.«+ 1200 j (3.8) 

It is recommended that the value of the temperature T, be de- 
JC. s 

termined, in the following manner, according to the equation: three or 
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four values of the temperature ^ are assumed, close to the antici¬ 

pated temperature T, of the products of combustion in the combustion 

chamber of the engine and to employ Eq. (3-8) to find the heat-content 

(i ) values which correspond to the assumed temperature values. Pur- 

ther, from the condition i^ 1 = i^, to find the sought value of Tktg 

by some method. 

When the anticipated value of the temperature s falls below 

2800° abs (in the temperature zone "H"), Eq. (2.51) Is used to deter¬ 

mine this temperature value. 

10. Entropy of Products of Combustion in the Combustion Chamber of an 
Engine 

The value of the entropy of the products of combustion in the 

combustion chamber of an engine, at temperatures of 2800° abs and 

higher for the products of combustion can be found from Eq. (2.6l). 

For the given case, the equation takes the form 

, ../r.«-2200y./ 1 . 1,827-10--\ (3.9) 
+ -\ 1200 ) )■ 

Here it is assumed that Sk g = Sg, T = Tk>s, p = Pj^g* 

R = O.OOI986 kcal/deg. 

The values of the parameters c^ B, p°, c'g, nig, and nef were de¬ 

termined earlier. 

At temperatures below 2800° abs, for the products of combustion 

in the combustion chamber of an engine, the calculation of the entropy 

of the products of combustion is carried out in accordance with Eq. 

(2.62). 

11. Temperature and Heat Content of the Products of Combustion at the 
Outlet Section of the Engine Nozzle 

The temperature of the products of combustion at the outlet sec¬ 

tion of the nozzle is determined on the basis of the premises adopted 
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in this work, according to which the expansion of the products of com¬ 

bustion and their discharge through the engine are reversible proc¬ 

esses, involving neither loss nor addition of energy. 

In this case, the entropy _ of the products of combustion is 

equal to the entropy S„ _ at the outlet section of the nozzle: 

(3.10) 

We will assume, in this case, that the value of the entropy 3^.^ s 

which we found in accordance with the method described in the previous 

section and the pressure p of the products of combustion at the 

outlet section of the nozzle to have been given. 

The temperature T for the products of combustion at the outlet 

section of the nozzle is, in the absolute majority of cases, in the 

temperature zone "H," i.e., below 2800° abs. To determine the tempera¬ 

ture it is most frequently necessary to employ Eq. (2.62). We will 

first determine the values of certain of the parameters that are con¬ 

tained in Eq. (2.62). 

1. We will calculate the value of the parameter Cp ^ in accord¬ 

ance with Formula (1.43). 

2. We will determine the value of the parameter in accordance 

with the nomogram presented in Fig. 8 of the Appendix. 

3. We will calculate the value of the parameter c'^, assuming 

that p = p , according to Formula (2.49). In this case, Pu ^ = 1 

atm abs. 

We will write Eq. (2.62) in a form convenient for the calculation 

of the value of T . With this goal in mind, we will collect all of 
V • s 

the terms in the equation that are independent of temperature on the 

left-hand side, and the algebraic sum of the terms in the left-hand 

side will be denoted by S . Assuming R = O.OOI986 kcal/deg, we will 
cl 

obtain 



T 

$.=3,.,+2,303c® „lg 2800+\gp^. 
In this case, 

Sa - 2,303c® „ Ig r,+-1400 YV-L- + 1.527 10-t y 
■\ 1400 / \rt.e /1,} ) 

(3.11) 

(3.12) 

(since Th f = 2800° ahs). 

The value of temperature Tv>s is most expediently determined from 

Eq. (3.12) in the following manner: we assume several values for the 

temperature T ., close to the anticipated value of T , and at 

each of these values we find the value of the entropy S from Eq. 

(3.12). Further, from the condition Sa^ = Sa we determine the true 

value of the temperature T 
V* s 

Sa/Cn wi 7-30, the calculation of T „ can be carried out ac- 
a ^ *n V. s 

cording to the following formula: 

(3-13) 

In this case T Q < I8OO0 abs. 

The value of the heat content i o for the products of combustion 

at the outlet section of the nozzle can be found from Eq. (2.51). In 

the solution of the equation it is necessary to assume that iTT = i 
H v. s 

and T = Tv s, 

p = pv.s’ TH,f = 2800° abs; Pjj f = 1 atm abs. 

12. Exhaust Velocity for the Products of Combustion and Specific 
Thrust During Rated Operating Regime of Engine 

The ideal exhaust velocity for the products of combustion is de¬ 

termined according to the following equation: 

w..c=91,53 (3.14) 

Specific thrust for the rated operating regime of the engine is 

determined according to the following equation: 

Pud = wv.s/g (^/(kg/sec)]. (3.15) 
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13. Specific Volume of Products of Combustion 

When the thrust of the engine Is given, the thermodynamic calcu¬ 

lation may he continued In order to determine the basic dimensions of 

the combustion chamber. In this case, It becomes necessary to deter¬ 

mine the specific volumes of the products of combustion at various 

sections of the chamber. 

Let us demonstrate a method for the calculation of the specific 

volumes of the products of combustion by using the approximate mathe¬ 

matical expressions established In this work. In accordance with (2.3^) 

the number of gram-molecules of dissociated products of combustion In 

1 kg Is equal to 

130 

Here Ai is expressed In kcal/kg. 

We also know that 

^1000..1000 
K« 84S 

where R Is the gas constant of the dissociated products of combustion, 

in kg-m/kg’deg. Consequently, 

y?=0,848Ai°-f 0.00652A/. (3-16) 

For the case of the combustion chamber of an engine, the gas con¬ 

stant of the products of combustion will be equal to 

/?KC=0,848Af° -f 0,00652Ai, k.c* 

where 
A/ =c' ~ 2200 Y"» 
KC 'V 1200 ) * 

For the conditions prevailing at the outlet section of the nozzle, 

the gas constant is equal to 

/?BC = 0,848*10+0,00652A/..,, 

a/>c = c'b(JVç^\".. 
,c ' B\ 1400 / 

where 
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The specific volumes of the products of combustion in the combus¬ 

tion chamber of the engine at the outlet section of the nozzle are de¬ 

termined on the basis of the following equations: 

JtXMU . 

*Vc“ 

Ptu 

Pm 

(3.17) 

(3.18) 

The adiabatic exponent for the exhaust outflow is determined ac- 

cording to the well-known expression 

“(f1) 'Pm/ (3.19) 

Thus the proposed calculation method will make it possible to es¬ 

tablish the basic dimensions of the combustion chamber in an engine, 

without having to resort to the calculation of the chemical composi¬ 

tion of the products of combustion. 

14. Methods Employed in Thermodynamic Calculations in Certain Special 

Cases 

A. Effect of coefficient of excess oxidizer in the propellant on the 
operating characteristics of the engine 

In carrying out thermodynamic calculations for rocket engines it 

frequently becomes necessary to establish the relationship between the 

magnitudes of the most important parameters characterizing the opera¬ 

tion of the engine: the temperature of the products of combustion in 

the engine chamber and at the outlet section of the nozzle, the ex¬ 

haust velocity, specific thrust, etc., and the coefficient of excess 

oxidizer a0. 

We will demonstrate the most suitable sequence of carrying out 

the thermodynamic calculations in this case. We will assume the chem¬ 

ical composition of the fuel (combustible) and oxidizer, as well as 
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the pressure pk g of the products 

chamber and the pressure pv>s at 

have been given. We must conduct 

coefficient of excess oxidizer aQ 

0.95 to 0.55* 

of combustion within the combustion 

the outlet section of the nozzle to 

the investigation at values for the 

within the approximate limits of 

For the solution of the given problem, we will assume a series of 

values for the coefficient of excess oxygen a from those for which 

nomograms have been constructed, and with each of these we will suc- 

. . . 0 
cessively determine the values of the parameters aQ, v, A^, A^, A^, M- > 

Xc, Xjj, and according to the nomograms presented in Figs. 1 to 20 of 

the Appendix, the values of the parameters ij, nig, rr^, AiB^Vjf, and 

Further, at each fixed value of a we will continue the calcu¬ 
li, v, f 

lation to its end, successively determining the values of the param- 

eters it, c^B, í^qq, nef, c‘B, T^, as well as Sk>s, Sa, cpiH, c'H, 

Tv s" iv, s^ ^v.s* and Pud* 

Having determined the values of the sought parameters at all the 

selected values of a, we will construct the curve for these parameters 

as a function of the coefficient of excess oxidizer and we will use 

this curve to determine the values of the parameters at any intermedi¬ 

ate values of a0. 

B. Effect of the pressure of the products of combustion within the 
combustion chamber of an engine on the operating characteristics of 

the engine 

We will assume that it is necessary to establish the effect that 

a change in the pressure of the products of combustion within the com¬ 

bustion chamber of an engine has on the operating characteristics of 

the engine. Here, we must bear in mind that because of the approximate 

nature of the mathematical expressions established earlier the investi¬ 

gated region of change for pressure of the products of combustion with¬ 

in the engine combustion chamber will be limited approximately to a 
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range of from 20 to 100 atm abs. The least error In the values of the 

sought parameters Is attained If the calculation Is carried out at a 

pressure of 40 atm abs for the products of combustion within the com¬ 

bustion chamber of the engine. (The nomograms presented In Pigs. 9 to 

14 of the Appendix have been constructed for a pressure of 40 atm abs.) 

At greater pressures, the effect of dissociation diminishes and the 

utilization of the earlier established approximate expressions also 

results In no pronounced errors In the values of the sought parameters. 

At pressures below 40 atm abs for the products of combustion within 

the combustion chamber of the engine, the degree of calculation accu¬ 

racy diminishes, and this is all the more pronounced the lower the 

pressure. At these pressures, the dissociation reactions are fully de¬ 

veloped and the approximate nature of the derived expressions begins 

to have an effect on the calculation results. 

We will assume the chemical composition of the fuel (combustible) 

and oxidizer, the value of a'o, and this means the value of a' (we 

will assume for simplicity's sake that a' coincides with one of the 

values of a for which the nomograms in Pigs. 1 to 6 and 9 to 20 of the 

Appendix have been constructed), and the magnitude of the pressure p 
V • s 

of the products of combustion at the outlet section of the nozzle to 

have been given. A feature of the calculation procedure In this case 

is the fact that the values of all parameters Independent of the pres¬ 

sure of the products of combustion can be determined in advance and 

then used at any values of p, . 

Consequently, for a given a' we first determine the values of the 

parameters v, A^, A^, A^, |x0, X^, Xjj, and according to the nomograms 

presented in Pigs. 1 to 20 of the Appendix, the values of the param- 

eters i°, ar.â AiH;Vjf. 

Subsequently, we will assume a series of values for the pressure 
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p of the products of combustion within the combustion chamber of 

the engine and, at each of these values, we will carry the calculation 

to its conclusion, successively determining the parameters 

c 'b* Sk,s' Sa' c 'h* Tv.s^ ^V.s, 311(1 Pud‘ 

Having determined the values of the sought parameters at all the 

selected values of pk s, we construct the curve representing these 

parameters as a function of the pressure of the products of combustion 

within the combustion chamber and we use this curve to determine the 

values of the parameters at any intermediate values of PktS* 

C. Effect of pressure of products of combustion at outlet section of 
nozzle on operating characteristics of the engine 

Let us assume that it is necessary to establish the effect of a 

change in the pressure in the products of combustion at the outlet 

section of the nozzle on the above-mentioned operating characteristics 

of the engine. In this case it is assumed that the chemical composi¬ 

tion of the fuel (combustible) and oxidizer as well as the pressure 

p. of the products of combustion within the combustion chamber of 

the engine are known. 

A feature of the calculation procedure in the given case is the 

fact that the characteristics of the products of combustion are con¬ 

stant (primarily, temperature Tk s) at all values of the pressure of 

the products of combustion at the outlet section of the nozzle. 

We will adopt the following calculation sequence. 

1. At given values of a'Ja') and pk>s we will carry out the 

calculation of the parameters whose values are independent of the 

quantity pv>s: 

^N» Xc, ^H» m,,, 

^11,»,$» ^p,*’ ^p,*» ^2800* 

T'k.C ^»’ ^u.c* 
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asernsa 

2. We will assume a series of values for p1r in the chosen re- 

gion of pressure change and at each of these values we will carry out 

the calculation to its conclusion, determining the values of the 

parameters Sa, c'H, Ty>s, w^, and Pud. 

3. We will construct the curve representing the parameters T„ 

wy s, and Pud as a function of the parameter py s according to the 

calculation data. 

All other conditions being equal, the calculation accuracy for 

the parameters T , wy>s, and Pud increases as the value of py.g ap¬ 

proaches 1 atm abs, since the nomograms for the determination of the 

parameter Air. ? have been constructed precisely for this pressure. 

We have subdivided the calculation sequence into several of the 

most frequently encountered practical cases. In the subsequent sec¬ 

tion, we present calculation examples. 

In Example 1 we show the thermodynamic calculation for a liquid- 

fuel rocket engine operating on a propellant consisting of four chem¬ 

ical elements: carbon, hydrogen, nitrogen, and oxygen. 

In Example 2 we present the calculation for an engine operating 

on a propellant that is free of nitrogen and at a pressure of pk>s = 

= 50 atm abs for the products of combustion within the combustion 

chamber of the engine. 

In Example 3 we demonstrate the method used to carry out the cal¬ 

culations for established relationships between the operating charac¬ 

teristics of the engine and the coefficient of excess oxidizer in the 

propellant. 

In Examples 4 and 5 we demonstrate the method used in the calcu¬ 

lations for the establishment of relationships between the operating 

characteristics of an engine and the pressure of the products of com¬ 

bustion within the combustion chamber and at the outlet section of the 
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engine nozzle, respectively. 

15. Examples of Thermodynamic Calculations 

Example 1. Determine the exhaust velocity and specific thrust 

during the rated operating regime of a liquid-fuel rocket engine op¬ 

erating on technically pure (96$, by weight) nitric acid (admixture, 

water) and kerosene (Cg = 86.8$, Hg = 13.2$) at a'0 = 0.8. The pres¬ 

sure of the products of combustion within the combustion chamber was 

assumed to be pk.g = 40 atm abs, and the pressure at the outlet sec¬ 

tion of the nozzle was assumed to be p = 1 atm abs. 

1. We will determine the weight content of the chemical elements 

in 1 kg of oxidizer. 

The conventional chemical formula for the oxidizer is 

HN03 + mH20, 

where m is the number of gram-molecules of water per single gram- 

molecule of nitric acid. In the given case, chere is £ = 0.04 (by 

weight) of the admixture, water, in the nitric acid. 

Consequently, 

_L_ „ ülüüií? 
•‘hno. 

Here and M-^q are the molecular weights of the water and 

the nitric acid. 

Evidently, 

^HNO, 

0 — 

0,04 63 

0,96-18 
=0,1459. 

The conventional formula for the oxidizer is 

HN^O + 0.1459H20. 

The conventional molecular weight of the oxidizer is 

t\>-Phnoi+0.1459^,01 

|io=63 + 0,1459 • 18 = 65,627. 

The weight content of the chemical elements in 1 kg of oxidizer, 
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co = 0: 
H, _1 + 2-0,1459 1/w, 

65,627 

14 

1000=19,69 gj 

N°^63^71000 - 213,2 SJ 

Q, = i3-+.°' ^9) 16 1000 = 766,5 g. 
05,027 

2. We will determine the weight content of the chemical elements 

in 1 kg of fuel (combustible): 

Cg = 868 g; Hg = 132 g; Ng = 0j 0g = 0. 

3. The theoretically required quantity of oxidizer for the oxida¬ 

tion of 1 kg of fuel (combustible) is determined in accordance with 

Formula (3*2): 

8 
~-863 + 8-132 —0 

-7--=5,54. 
766,5- --0-8-19,69 

We will find the value of the coefficient of excess oxygen a1, 

which corresponds to the given a'0 in accordance with Formula (3.3a): 

_0.8-5,54_f 
8 ’ 

J-868 + 8 (132 + 0,8-5,54-19,69) 

*' = 0,834. 

4. We will assume a series of values for a: 0.95, O.90, O.8O, 

0.70, and for these we will calculate the values of aQ in accordance 

with Formula (3.3). 

a 0,95 0,90 0,834 0,80 0,70 

«0 0,939 0,877 0,800 0,761 0,649 

An example of the calculation for a = O.95 is: 
8 

#0= 
1 3 

-868 + 8-132-0 

5,54 766,5 

0,95 
-0-8-19,( 

«o=0,939. 
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5. The actual weight ratio v of oxidizer to fuel (combustible) in 

the propellant is determined in accordance with Formula (3-4): 

« 0,95 0,90 0,834 0,80 0,70 

V 5,200 4,860 4,432 4,216 3,595 

An example of the calculation for a = 0.95 is: 

v=0,939 • 5,54; v=5,200. 

6. The quantity of gram-atoms of carbon, hydrogen, and nitrogen 

in 1 kg of propellant is determined in accordance with Formula (3.5). 

c ■4h •4n 

0,95 11,69 37,82 12,78 

0,90 12,35 38,82 12,63 

0,834 13,32 40,39 12,46 

0,80 13,87 41,22 12,31 

0,70 15,77 44.14 11,94 

7. The value of the parameter p.0 is determined in accordance with 

Formula (3*6). 

a 0,95 0,90 0,834 0,80 0,70 

¡x0 0,02703 0,02625 0,02517 0.02458 0,02283 

An example of the calculation for a = 0.95 is: 

«o — ^ . 

11.69 + 0,5(37,82 + 12,78) ' 

*= 0,02703. 

8. The independent variables Xc and are determined in accord¬ 

ance with Formulas (1*39) and (1.4o). 
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<► 

4.» 

a XC 

0,95 12,65 40,90 

0,90 12,98 40,78 

0,834 13,42 40,65 

0,80 13.66 40,60 

0,70 14,40 40,32 

An example of the calculation for a = 0.95 is: 

xc = 40 • 0,02703 • 11,69 -12.65; 
= 40 • 002703 •37,82 =40,90. 

9. We determine the following parameters at selected values of a 

according to the nomograms presented In Pigs. 1 to 4, 9 to 12, and 15 

to 18 of the Appendix. 

• Mb. ». $ ^■B. ». $ 

0.Ç5 1335 666 14,52 

0,90 1462 560 11,87 

0,80 1721 393 8,20 

0,70 1998 274 5,82 

10. We will construct the curve representing the parameters ij, 

^BjVjf* and A1H,v,f as of the coefficient of excess oxygen 

a (Pig. 5). 

11. We will read the values of the parameters for the found coef¬ 

ficient of excess oxygen (a' = 0.834) from the curve: 

/“-1632; 

^..,.♦=438; 
», ¢^9,15. 

We will carry out our further calculations with a coefficient of 

excess oxygen of a' = 0.834. 

12. We will determine m^ in accordance with the nomogram presented 
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in Pig. 7 oí1 the Appendix: 

nig = 2.881. 

13. We will determine R according to Formula (1.42): P,.D 

^•=40¿T7I356'0 + (12’454'0’834“6,276)'13,42 + 

+ (3,114-0,834-1,221)-40,65- 

-0,797 lg (0,834 - 0,420) -40,651 • lO“8; c*p> , = 0,4760. 

14. We will calculate nef. according to Formula (2.4l): 

0,6242 Ig 

n,^=0,4925. 

40-2^.9,15 

438 

15. We will determine i 0 
28OO according to Formula (l.4l): 

1 1632 
‘2800 40-0,02517’ 

^,=1621,7. 

16. We will determine c'B, assuming p = pk s = 40 atm abs, ac¬ 

cording to Formula (2.44): 

,_yVfr 
C* 40(10 \pKX) 

k s = 40 atm abs and pB = 40 atm abs, c'B = Aig y f/40ii 
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= 438/(40.0.02517), 

c'B = 435.2. 

17. We will determine the heat content it of 1 kg of propellant 

according to the method presented In Section 20 of the given book. 

For a' = O.834, the conventional formula for the propellant Is 

C7.533HI3.2+6.740HNO,+0,984HtO. 

The conventional molecular weight of the propellant Is 

100 + 424.62 + 17.71 = 542.33. 

The weight fractions of the components In the propellant are: 

kerosene qker = 100/542.33 = 0.1843 kg; 

water qH 0 = (0.984-18)/542.33 = O.0326 kg; 

nitric acid (100$) qHN0 = 424.62/542.33 = O.7828 kg. 

The heat content of the propellant components has been determined 

by us in the solution of the examples In Section 20: 

•Hcer = 10 »399 kcal/kg; 

^0(liquid) =_ 459 kcalAg; 

■^HNO^ = _ kcal/kg. 

We should also take into consideration (with negative sign) the 

heat of solution for water in nitric acid, approximately equal to 12.6 

kcal per 1 kg of nitric acid. If we take into consideration the heat 

of solution, the heat content of nitric acid will be equal to: 

iHN0,= -128-12,6 =-140,6 kcal/kg. 

The heat content of 1 kg of propellant is: 

4=»«p^kcp+4ino,<7HNO| + íh,o?Hj0; 

tT= 10399 0,1843-140,6 0,7828 - 459 0,0326: 

/,=1791,9 kcal/kg. 

18. We determine ik according to Formula (3.7): 

/„ = 1791,9 — 1621,7+0,4760.2800; /„= 1504,2. 

19. The temperature Tk>s of the products of combustion in the 
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combustion chamber of the engine is determined in accordance with Eq. 

(3.8). 

We will assume a series of values for close to the antici¬ 

pated Tk s, and from the condition ^ ^ = ^ we determine Tk s. 

We carry out the calculations with the aid of the following type of 

table (only a single conclusive calculation line is presented in the 

table). 

Tul 
rK/-2200 

lg|2| «.131 lg«i 
IgA/./= 

-IU+151 
A/., 

*«/■_ 
-3+13 1200 

2940 0,6164 
7,7900 

-0,2100 
-0,6048 2,6388 2,034 108,1 1399,0 1507,1 

Tjç s = 2940° abs, since i^ ^ i^. 

20. We determine the entropy 8,. of the products of combustion 

within the combustion chamber of the engine according to Eq. (3*9)• 

Since c’B((Tk s - 2200)/1200)11¾ = Aik g = 108.1 (see column seven 

of the table), 

S«.e - 2,303-0.4760 Ig ^-004574 Ig 40+lOà.l . 
c 2800 ^02517 * T V2940T 0,4925 )' \.c= —0,2261. 

21. We determine the parameter c^ „ according to Formula (1.43): p, n 

¢. 1349,6 + (12.152 0,834 - 6.022) 13,42 + 

+ (3,038- 0,834-1,336) 40,65 - 0,825 Ig (0,834 - 0,42) 40,65] • lO"’; 
¢,.=0,4630. 

22. We determine the parameter m^ according to the nomogram pre¬ 

sented in Fig. 8 of the Appendix: 

m^ = 5*727• 

23. We determine SQ according to Formula (3.11) taking into con- 
a. 

sidération that p = 1 atm abs: 
V • s 

5a— __ 0,2261 —2,303-0,4630 «lg 2800; 

S-3.4489. 
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24. We determine the temperature TViS of the products of combus¬ 

tion at the outlet section of the nozzle. Since, in this case, 

3,4489 

■ 
0,4630 

=7,44 < 750, 

for the determination of the temperature we need not employ Eq. (3*12), 

we can carry out the calculation in accordance with Formula (3*13), 

IT* — —3J489—_ 3^239; 
B ** 2,303-0,4630 

T _ = 1707° abs. 
V« B 

25. The heat content of the products of combustion at the outlet 

section of the nozzle are determined in accordance with Eq. (2.51)- 

Here 

/.• /7Vc-H00V"h 
Cm \ 1400 ) 

-0; 

t.c = 1621,7 + 0,4630 ( 1707 - 2800) +0; 

1115,7 kcal/kg. 

26. The theoretical ideal exhaust velocity for the products of 

combustion is determined according to Eq. (3.14): 

07,=91,53 l/l79h9 -1 flSJ ; 

tp,c=2382 m/sec. 

27. The specific thrust in the case of a rated engine operating 

regime is equal to 

2382. 

Pjl 9.81 ’ 

Pud = 242.8 kg*sec/kg. 

28. The calculation results are presented in the curve in Fig. 7 

(see the points corresponding to a = 0.834). 

Example 2. Calculate the exhaust velocity and specific thrust in 

the case of a rated engine operating regime, said engine operating on 

ethyl alcohol (95$, by weight) (admixture, water) with a coefficient 

of excess oxidizer a'0 = 0.7 (a1 = 0.748). The pressure of the products 

of combustion in the combustion chamber of the engine is P^-jS — 50 
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atm abs, and the pressure of the products of combustion at the nozzle 

outlet is p„ 0 = 1 atm abs. 

There is an entropy diagram for the given propellant, and this 

diagram makes it possible to compare the calculation results produced 

in accordance with the proposed method and from the diagram. 

1. We will find the weight content of the chemical elements in 

1 kg of fuel (combustible). The conventional chemical formula of the 

fuel (combustible) is 

C2H50H + mH20, 

where m is the number of gram-molecules of water per single gram- 

molecule of ethyl alcohol. 

In this case there is £ = 0.05 (by weight) of the admixture, 

water, in the ethyl alcohol. Consequently, 

-J_W;iH,0 

1 ~ * (‘C.H.OH 

Here, q and ^ are the molecular weights of the water and 
2 2 5 

the ethyl alcohol, respectively. 

Evidently, 

m_ frcAOH M 0,05 46 

0-0^,0 " 0,95-18 : 

m = O.1345. 

The conventional formula for the fuel (combustible) is 

CjHsOH-f0,1345HjO. 

The conventional molecular weight of .the fuel (combustible) is 

Pr " 1*0,h,oh 0il345{iHjO; 

jir-46 + 0,1345-18 = 48,422. 

The weight content of the chemical elements in 1 kg of fuel (com¬ 

bustible) is 

C'“¿S'1000"49.5-7 Si 
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Hr œL«î«F‘1(XWî= 129,5 s; 

Nr=0; • 

°r"~ *16 • 1000 =■ 375,0 g. 
48,422 

2. The weight content of the chemical elements in 1 kg of oxi¬ 

dizer is: 
O,—0; 

Ho=0; 

Oo=1000 g; 

No-0. 

3. Let us assume a series of values for a: 0.95, O.90, O.80, 0.70, 

0.60, and 0.55; for these, as well as for the given a' = 0.7^8, we 

will carry out the calculation of the independent parameters and X^. 

In the given example, for the calculation of the values of Xç and 

X^ we do not require any preliminary determination of the parameters 

V V, Aç, Ajj, and |i°, since for Xc and X^ we can find simpler expres¬ 

sions. Indeed, since in the given case 

Co=Ho=Nr-No«0, 

then a Cf ■ 4 _ H, 
H l + > 

12(1+*) 

10 12(1+v)' 1 + »* 

I 

Ac + 0,54« Cr + 6Hr 

Consequently, the parameters X^, and X^ are determined by the fol¬ 

lowing expressions, regardless of the selected value of a: 

Xc-40|iMc- -Iff*. - — 40,495>7 -r, 15,5¾ 
c ^ c Cr + 6Hr 495,7 + 6-129,5 

XH=40iíMh = = ■ 4(M2?--5.--!2-=48,83. 
H r H Cr + 6Hr 495,7 + 6-129,5 

4. We determine the parameters i , Ai- „ and Ai,. „ P at the 
V tí,V,I n.,V,I 

selected values of a in accordance with the nomograms presented in 

Figs. 1 to 6 and 9 to 20 of the Appendix. 
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f 

w 
V 

a l°v r, ♦ 

0,95 1430 744 16,12 

0,90 1575 607 13,02 

0,80 1861 415 8,70 

0,70 2148 287 6,15 

0,60 2429 227 5,10 

0,55 2578 214 4,77 

5. We will construct the curve representing the parameters i^, 

Aig v £, and Ai^ v f as functions of the coefficient of excess oxygen 
a ( Pig. 6 ). 

6. The values of the parameters for a given coefficient of excess 

oxygen a' = 0.7^8 are taken from the curve: 

<2 = 2010; 

^..,.♦«34* 
<*♦“7,13. 

We will continue the calculation only with a coefficient of ex¬ 

cess oxygen a' = 0.748. 

7. We will use Formula (3*2) to calculate the quantity of oxi¬ 

dizer theoretically required for the oxidation of 1 kg of fuel (com¬ 

bustible) : 

-1-495,7 + 8.129,5 - 375,0 

v°= ÍÕÕÕ ’ 
v0= 1,983. 

8. Indeed, the weight ratio of the propellant components is de¬ 

termined according to Formula (3-4): 

v=0,70.1,983; 
v= 1,390. 

9* The number of gram-atoms of carbon and hydrogen in 1 kg of 

propellant is determined according to the formulas in (3.5): 

. 495,7__ = 173Q 

c 12(1 + 1,39) 
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V 

A _ 129.5 * 

hTTT35=54'2<- 

10. The value of the parameter is detennined according to For- 

mula (3.6): 

!»«=-._1 
17.30 + 0.5-54.24 ' 

.^=0.02252. 

11. We will determine nig In accordance with the nomogram presented 

In Pig. 7 of the Appendix: 

nig = 2.96. 

12. We will find c® g according to Formula (1.42): 

IS. 

c° = ■ l 
40-0,02252 

1356,0 + 

+ (12.454-0,748-6,276) X 

X 15,59 + (3,114-0,743- 

—1,221)48,83—0,797 Ig x 

X (0,748 - 0,420) 48,83), IO"3; 

cp, »=0,5297. 

We will calculate n^ In accordance with Formula (2.41): 

0,6242 lg 40-2^-7.13 
342 
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14. 

Hg— 0. 5O7 • 

We will determine I^qq according to Formula (l.4l): 

fi - 2010 . 
^00 40 0,02252 ’ 

¿?í00=2232 kcal/kg. 

15. We will determine c'B according to Formula (2.44), assuming 

P = Pk,s = 50 atm absj 

C' = 342 / 40 \Q.SQ7 
* 40 0,02252 U/ ’ 

<*'=339,2. 

l6. In accordance with the method outlined in Section 20, we will 

find the heat content 1^ of 1 kg of propellant. 

For a' = 0.748, the conventional formula for the propellant is 

CjHjOH +0,1345H,0 + 2,10,. 

The conventional molecular weight of the propellant is 

464-0,1345 • 184-2,1 • 32= 115,62. 

The weight fractions of the components of the propellant are: 

alcohol (100$) 

water 

oxygen 

46 
?c h,oh — = 0.3975 kg ; 

■ 0,1345.18 Ä 
^‘° kg; 

2 1-32 

^ïis^0,5818 • 

We will determine the heat content of the ethyl alcohol through 

special calculation in terms of the known magnitude of the heat of 

combustion: 

Qgg = 326 kcal/g-mole. 

At aQ = 1, the equation for the burning of alcohol in oxygen is 

CsHjOH 4-30a=2C0j+3H,0. 
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According to Formula (2) in Section 20 

1C2H50H = Qsg ” 3I02 + 2IC02 + 3IH20 (liquid)- 

According to Table 1 of the Appendix, under normal conditions 

(+20°C) 

In = 2.03 kcal/g-mole; 
2 

Ico = 2.18 kcal/g-mole. 

The heat content of the liquid water has been determined in Sec¬ 

tion 20: 

^0 (liquid) =~ 8,26 kcal/g-mole =- 459 kcal/kg. 

Consequently, the heat content of the alcohol is equal to: 

4:,8,011 — 326—3 • 2,03 + 2 • 2,18 + 3 ( - 8,26): 

/0,8,08=29),6 kcal/g-mole = 65IO kcal/kg. 

The heat content of the liquid oxygen, at the boiling point, at 

atmospheric pressure, can be found by subtracting the heats of vapori¬ 

zation from the heat content of the oxygen gas (at -l83°C). 

The heat content of the oxygen gas at -183°C is equal to O.63 

kcal/g-mole. 

The heat of vaporization for oxygen is 

Qj^gp = 1.63 kcal/g-mole. 

The heat content of liquid oxygen is 

I0 (liquid) = 0*83 “ 1,83 =~ 1,00 kcal/g-mole; 

102 (liquid) =- 31'25 kcal/kg. 

We will now determine the heat content of 1 kg of propellant: 

t,=0,3975 6510 + 0,0209 ( - 459) + 0,5818(-31,25) ; 

4—2559 kcal/kg. 

17- We will determine i^. according to Formula (3.7): 

4 = 2559 - 2232 + 0,5297 • 2800; 

4=1810. 

- 101 



18. The temperature of the products of combustion in the combus¬ 

tion chamber of the engine is determined according to Eq. (3.8) in ac¬ 

cordance with the method described in Section 9. The final result of 

the calculations on the determination of the value of temperature T, 
K* S 

is presented in the table. The value of the temperature T. has been 
xC* s 

determined from the condition i, . = i. 
K. 1 

Tk.s = 3120° abs' 

7-,/-2200 
«il 

1 
a

 

1
¾

 
1 

Ig*', 
IgA/,/« 

-111+13 A/,/ 
/, /— 

-Í7Í+18Í 1200 

3120 0,7670 
L.884Í 
-0,1152 -0.341 2,5305 2,1895 154,7 1652 1806,7 

19» The heat content in the products of combustion in the combus¬ 

tion chamber of the engine is determined according to Eq. (3.9). 

Since 

•\ 1200 ) ~ 

(see column seven of the table), 

£,= =2,303-0,5297]g^-^!*Iiig50+l54 7/. 
*2800 0,02252 

1 , 1,527-10-®' 

£.«=-0,2295. 
,3120 0,507 )= 

.0 
20. We determine the parameter c H according to Formula (1.43): 

¢..^-^02252 1349.6+(12,152-0,748 - 6,022) 15,59+ 

+ (3,038 • 0,748 -1,336) 48,83 - 0,825 Ig (0,748 -0,42) 48,831 • 10-*; 
¢, = 0,5142. 

21. We determine the parameter mH according to the nomogram pre¬ 

sented in Fig. 8 of the Appendix: 

mH = 5.78. 

22. We find S„ according to Formula (3.11). 

Since p = 1 atm abs, 
V. s 

5.= -0,2295 + 2,303-0,5142-lg2800; 

5.=3,8525. 
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23. Since in this case 

p. « 
-^525 ^750 

0,5142 ^7100, 

the calculation of the temperature Ty>s of the products of the combus¬ 

tion can be carried out in a simplified manner, using Formula (3.13): 

lgr _3.8525 _=325. 
2,303 0,5142 

TViS = 17800 abs. 

24. The heat content of the products of combustion at the outlet 

section of the nozzle can be determined according to Eq. (2.51). In 

this case, 

C-.pc-1400 Y"« = a/ s=0‘ 
■\ 1400 ) ,c 

¿,.c=2232 + 0,5142 ( 1780 - 2800) +0; 

4.c= 1707 kcal/lcg. 

25* We determine the theoretically ideal exhaust velocity for the 

products of combustion from the engine according to Eq. (3.14): 

«'.*=91,53/2559-1707; 

®V«=2673 m/sec. 

26. The specific thrust for the rated operating regime of the en 

glne is equal to: 

Pud = 2673/9.8l; 

Pud = 272.5 kg/kg/sec. 

Let us compare the calculation results against the data of the 

entropy diagram (see [7]). 

The calculation was carried out by means of a 50-centimeter slide 

rule, by one operator during 3 hours of working time. 

Example 3. For the propellant components cited in Example 1, es¬ 

tablish the specific thrust and temperature of the products of combus¬ 

tion in the combustion chamber and at the outlet section of the engine 
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1T 
#IC.C 

•aóc. 

2r 
« i.C 

°a6c. 

3 
O’,, c B MjCCK 

4 
„ Kl COK 
Pyx B - 

* Kl 

riorpeuiiiocTb anaie* 
ima yaeabHofl Tarn 
^ a npoueurax 

6 Pacier 3120 1780 2673 272,5 

0,4 

7 ÆiiarpauMa 3125 1780 1 2683 273,7 

i) T^, 0 abss 2) Tï>s, 0abs; 3) 

wv s, in m/sec; 4) Pud- in kg'sec/kg; 

5) error in the value of specific 
thrust, in percent; 6) calculation; 
7) diagram. 

a m. «h 

0,95 

0,90 

0,80 

0,70 

2,870 

2,875 

2,88-1 

2,892 

5.71 

5.72 

5.73 

5.74 

a 

1 

Kt'Kl 

2 

7hNO, 
KZ-KZ 

[3 

KZ,KZ 
KKUÂ 

KZ 

0,95 

0,90 

0,80 

0,70 

0,1615 

0,1710 

0,1921 

0,2180 

0,8045 

0,7960 

0,7760 

0,7510 

0,0340 

0,0332 

0,0323 

0,0313 

1550,3 

1650,9 

1873.1 

2148.1 

!) qker, kg/kgJ 2) qj^Q , kg/kg; 

3) q^Q, kg/kg; 4) it, kcal/kg. 

«0 ' 0,95 0,90 0,80 0,70 

0,4683 0,4712 0,4796 0,4899 

nozzle as functions of the coefficient of excess oxidizer (in the a- 

value region from 0.95 to O.70). For the products of combustion within 

the combustion chamber, the pressure p, = 40 atm abs, and at the 

outlet section of the nozzle, p = 1 atm abs. 



We will carry out the calculation for values of the coefficient 

of excess oxygen a, equal to 0.95, 0.90, 0.80, and O.70. The initial 

portion of the calculation (to item 9) is in complete agreement with 

the calculations carried out in Example 1. Farther on, we will carry 

out the calculation in accordance with the procedure described in Sec¬ 

tion 14a. 

1. We find the parameters mg and m^ according to the nomogram 

shown in Figs. 7 and 8 of the Appendix. 

2. The heat content of the fuel (combustible) and the heat con¬ 

tent of the oxidizer were determined in item I7 of Example 1. Having 

calculated the weight fractions of the fuel (combustible) and oxidizer 

(Og) and (qQ), respectively, in 1 kg of propellant, we find the heat 

content of 1 kg of propellant according to Formula (1) in Section 20 

at the selected values of a. The results of the calculations are pre¬ 

sented in the table (see third table, page 104). 

3. We determine c^B according to Formula (1.42) (see fourth 

table, page 104). 

An example of calculation for a = O.95: 

^,= 1070.02703 I356,0 + (12.454 0.95 - 6,276) 12,65 + 

+ (3,114-0,95-1,221) 40,90 - 0,797 Ig (0,95 -0,42)-40,90) 10"; 
¢,.=0,4683. 

4. We determine c® H according to Formula (1.43). 

a 0,95 0,90 0,80 0,70 

4.. 0,4552 0,4582 0,4663 0,4767 

An example of calculation for a = O.95; 

c0p,a 40 0,02703 1549,6+(12,152-0,95 - 6,022) 12,65-f 

+ (3,038-0,95 — 1,336)40,90—0,825 Ig (0,95 -0,42)-40,90) 10~8; 
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cp,H = °-4552- 

5* We will find i^goo to Formula (l.4l). 

a 0,95 0,90 0,80 0,70 

1° 
'2800 1234,9 1392,8 1749,2 2188,2 

An example of calculation for a = 0.95^ 

*2800 1335 
40 0,02703 ’ 

'2800=1234,9. 

6. We will determine i^ according to Formula (3-7) 

9 0,95 0,90 0,80 0,70 

/« 1625,9 1577,4 1466,8 1331,6 

An example of calculation for a = 0.95: 

ig = 1550,3 -1234,9 + 2800-0,4683; 

/,-1625,9. 

7. We will find nef. according to Formula (2.4l). 

9 0,95 0,90 0,80 0,70 

0,5022 0,4947 0,4927 0,4994 

An example of calculation for a = 0.95: 

40-2^-14,52 «.♦-0,6242 !g 

0,5022. 
666 

8. We will determine c'B according to Formula (2.44). 

*0 0.95 0,90 0,80 0,70 

» 
616,0 533,5 400,0 300,0 
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An example of calculation for a = 0.95: 

r> _ A/», »,»/;>«. »V1»» 
• 40|i0 \Pk J. > 

or, since s = atni a^s and pß f = 40 atm abs. 

ccc POO 

40-0,02703 

The temperature of the products of combustion within the combus¬ 

tion chamber of the engine can be determined according to Eq. (3-8), 

following the method described In Section 9. 

The final calculation of results at the selected values of a are 

presented In the following table. 

Tu 
T* /-2200 

IglJJ m»|T| 
IgA/,/« 

“lil+Ü 
A/,/ 

*«/“ 

“0+Ei 1200 

3023 

2998 

2890 

2670 

0,6860 

0,6650 

0,5747 

0,3915 

ï,8363 
-0,1637 

Î.8230 
-0,1770 

1,7596 
-0,2404 

ï,5930 
-0,4070 

-0,4700 

-0,5088 

-0,6934 

-1,177 

2,7896 

2,7272 

2,6020 

2,4770 

2,3196 

2,2184 

1,9086 

1,3000 

208,8 

165,4 

81,0 

20,0 

1416 

1413 

1386 

1308 

1625 

1576 

1467 

1328 

Consequently, at ^ = ^ the temperature T^ g Is equal to 

0,95 0,90 0,80 0,70 

1 r — * K. C 
a6c. 

3023 2998 2890 2670 

1) Tk.s, W 

9- We will calculate Sk s according to Eq. (3.9). 

a 0,95 0,90 0,80 0,70 

•^K. C -0,1602 -0,1869 -0,2524 -0,3354 



An example of calculation for a = 0.95: 

Sk.c = 2,303 • 0,4683 fg|e40+ 
8 2800 0,02703 

+ 208,8^-- 
’ \3023 

—0,1602. 

1,527-10-8 

0,5022 

10. We will determine S. according to Formula (3.11), taking Into 
Ci 

consideration that p = 1 atm abs. 
V • s 

a 0,95 0,90 0,80 0,70 

Sa 3,4528 3,4501 

• 

3,4498 3,4496 

An example of calculation for a = 0.95: 

•S» = - 0,1602 + 0,4552 • 2,303 lg 2800; 

5.=3,4528. 

11. We will determine c'H according to Formula (2.49), taking 

Into consideration that 

Pu ,, = 1 atm abs and p„ „ = 1 atm abs. 
n,I V.S 

a 0,95 0,90 0,80 0,70 

$ 

537,2 439,0 303,5 215,0 

An example of calculation for a = 0.95: 

C'_W . 

1 0,02703 ' 

¢,=537,2. 

12. According to Eq. (3*12) we find the temperature of the prod¬ 

ucts of combustion at the outlet section of the nozzle, at a coeffi¬ 

cient of excess oxygen a = O.95. 

The final calculation results are presented In the following 

table. 
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f 

T*.,, TV c i-UOO igm IgiVc. /= 

=51+Ei 1400 

1964 0,403 1,6054 
-0,3946 

-2,2540 2,730 0,476 

Continuation 

AVe./ 

-f- 

1 1,527-10-* 

7». c. 1 
m • Ei 2,303 e® , Ig 7,.,./ Sa/=j3+0çJ 

2,99 0,000539 0,0016 3,4513 3,4529 

Consequently, since Sai « Sa, the temperature of the products of 

combustion at the outlet section of the nozzle, at a = 0.95j is equal 

to 1964° abs. For the remaining values of the coefficient of excess 

oxygen, the calculation of T is conducted according to Formula 
V* s 

(3.13)- Finally, we obtain the following data. 

a 0,95 0,90 0,80 0,70 

«6c. 
1964 1861 1631 1387 

13. The heat content of the products of combustion at the outlet 

section of the nozzle is determined according to Eq. (2.51). 

a 0,95 0,90 0,80 0,70 

857,4 962,6 1204,2 1514.2 

An example of calculation for a = O.95: 

/..,=1234,9 + 0,4552 (1964 - 2800)+3,0; 

/,.,=857,4 Kcal/kg. 

14. Specific thrust. 

a 0,95 0,90 0,80 0,70 

Py* 245,6 245,0 241,7 235,0 



An example of calculation for a = 0.95: 

/^4 — 9,33 Y1550,3—857,4 \ 
^4-245,6 kg/kg/sec. 

The results of the calculations are presented In the curve shown 

In Pig. 7 In the form of the sought quantities as functions of the co¬ 

efficient of excess oxygen as well as of the coefficient of excess ox¬ 

idizer. 

Example 4. Establish specific thrust and the temperature of the 

products of combustion within the combustion chamber and at the outlet 

section of the nozzle of a liquid-fuel rocket engine, operating on 

technically pure (96$, by weight) nitric acid (admixture, water) and 

kerosene (C = 86.8$, H = 13*2$) as a function of the pressure p. g g K« S 

of the products of combustion within the combustion chamber, as p,. _ 

changes within the limits of 20 to 100 atm abs. 

The coefficient of excess oxidizer a'o = 0.8 (a1 = 0.834), and 

the pressure of the products of combustion at the outlet section of 
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the nozzle is py g = 1 atm abs. 

As we can see from the conditions of the problem, the composition 

of the propellant components and the coefficient of excess oxidizer in 

this example coincide fully with the corresponding parameters in Ex¬ 

ample 1. The initial part of the calculation (up to item 15) coincides 

with the calculations presented in Example 1. This calculation will, 

farther on, be carried out in accordance with the sequence described 

in Section 14b. 

We will assume a series of values for p, _ (20, 40, 60, 80, and 

100 atm abs) and at each of these values we will carry out the follow¬ 

ing calculations. 

1. We will determine c'g according to Formula (2.44). 

Fk. t 20 40 60 80 100 

0 

CB 612,3 435,2 352,5 339,4 277,2 

An example of calculation for p. = 20 atm abs: 1C« s 

r# = 438 /40X0.4925 

* 40 0,02517 \20/ ’ 

f>612,3. 

2. According to Eq. (3*8) we will determine the temperature T,. JC« s 
of the products of combustion within the combustion chamber. Let us 

remember that i^ = 1504.2. 

To calculate the temperature T^ g at each of the selected values 

of the pressure p^ _ we will assume a series of values for the tern- 

perature Tk i, close to the anticipated Tk g, and from the condition 

ik i = ik we will determine Tk g. 

The final calculation results are presented in the following 

table. 
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Tk,-2200 
lg[2J m,|£| Igci 

IgA/K,- 

-u+u A/k/ 
l*i- 

-ÜJ+1 1200 

0.5790 

0,6164 

0,6360 

0,6474 

0,6560 

ï,7630* 
-0,2370 

1,7900 
-0,2100 

1,8035 
-0,1965 

1,8120 
-0,1880 

í,8170 
-0,1830 

-0,6825 

-0,6048 

-0,5660 

-0,5413 

-0,5272 

2,7870 

2,6388 

2,5472 

2,4905 

2,4430 

2,1045 

2,0340 

1,9812 

1,9492 

1,9158 

127,2 
** 

108,1 

95,7 

89,0 

82,3 

1377 

1399 

1410 

1417 

1421 

1504.2 

1507,1 

1505,7 

1506,0 

1503.3 

1) Tk v 0abs. 

Thus, 

3. We will determine Sk s according to Eq. (3-9). 

P*.t 20 40 60 80 100 

S*. c .-0,1688 -0,2261 -0,2560 -0,2790 -0,2986 

An example of calculation for p, = 20 atm abs: iC* s 

5„=2.303 0,4760lg^-^.|g20 + 127,2^-L+Ält?\. 
S„-0.1688. ’ ^95 0-4925 >' 

4. We will determine S according to Formula (3-11). 

P*. c 20 40 60 80 100 

3,5062 3,4489 3,4190 3,3960 3,3764 

An example of calculation at p, 0 = 20 atm abs. 
K.« S 
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Since p„ „ = 1 atm abs, 
V# s 

^=-0,1688 + 2,303-0,4630-^2800: 
-^ = 3,5062. 

5. We will determine the temperature T of the products of com- 
V« s 

bustion at the outlet section of the nozzle according to Formula (3.13). 

P*. c 20 40 60 80 100 

7'° * ». e 
a6c. 

1932 

t 

1707 1599 1517 1452 

1) Tv.s, °abs. 

An example of calculation for pv 0 = 20 atm abs: 
K • S 

IgT*.,' 3,5062 

2,303 0,4630 
=3,286; 

T ^ = 1932 abs. 
V • o 

6. We will determine i according to Eq. (2.51)* 
V • s 

Put 20 40 60 80 100 

1222¡1 1115,7 1065,7 1027,7 997,7 

An example of calculation at p, = 20 atm abs: 
]£• S 

/..c = 1621,7 + 0,4630 ( 1032 - 2£00) + 0; 
/,.,-1222,1. 

7. We will determine PU(j. 

/»».i ! 20 
1 

40 60 80 100 

Pn 222,9 242,8 251,7 258,1 • 263,0 

An example of calculation at s = 20 atm abs: 

9,33 ]/l791,9-1222,l ; 

222,9 kg*sec/lcg. 

The results of the calculation are presented on the curve shown 
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* 

Pig. 8. 1) Tk-B, “abs; 2) Tv-S, 

°absj 3) P^.s* atm abs* 

in Pig. 8. 

Example 5. Establish specific thrust and the temperature of the 

products of combustion at the outlet section of the nozzle of a liquid- 

fuel rocket engine, operating on ethyl alcohol (95$* by weight) (ad¬ 

mixture, water) and liquid oxygen as a function of the pressure Pv<s 

of the products of combustion at the outlet section of the nozzle, 

with p ranging from 0.2 to 1.0 atm abs. 

The coefficient of excess oxidizer a'0 = 0.7 (a1 = 0.7^8), and 

the pressure of the products of combustion within the combustion cham¬ 

ber of the engine is P^ s = 50 atm abs. 

As can be seen from the condition, the composition of the propel¬ 

lant components, the coefficient of excess oxidizer, and the pressure 

of the products of combustion within the combustion chamber in the 

given example are the same as in Example 2 of this section. The solu¬ 

tion of the problem (to the actual determination of the entropy g 

- 114 - 



of the products of combustion within the combustion chamber) is car¬ 

ried out in the manner shown in Example 2. Later on, we will handle 

the calculation in accordance with the procedure described in Section 

l4C. We will assume the following values for p„ : 1.0, 0.8, 0.5, and 

0.2 atm abs, and we will continue the calculation at selected values 

of Pv.s- 

1. We will find S. according to Formula (3.11). 
CL 

Pt.c 1.0 0.8 0,5 0,2 

Stt 0,8525 3,8368 3,7935 3,7143 

An example of calculation for p = 0.8 atm abs. 
V • s 

Su=-0,2295-f 2,303• 0,5142• Ig2800 + 2,303 0,CO1986Ig0,8; 

5.=3,8525. 

2. Since in all cases here Sa/Cp ^ < 7*50, we will carry out the 

calculation of T according to Formula (3*13)* 
V • s 

Pb.c 1.0 0,8 0,5 0.2 

T° ' 1. c 
a6c. 

1780 1734 1585 1356 

An example of calculation for p = 0.8 atm abs: 
V • s 

IgTYc- 3,8368 

2,303 0,5142 
=3,239; 

Tv.s = 1734 abB- 

3. We will determine the heat content i of the products of 
V • s 

combustion at the outlet section of the nozzle according to Eq. (2.51) 

Pt.c 1.0 0,8 0,5 0,2 

l..«* 1707,0 1683,8 1607,2 1489,2 
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1/Ve 
ama 

2 Tlx b #a6c. 
tu cea 

5 pn B ’ Kl 
®riorpeuiHOCTfc 
yxeabHofl mH 

H no paciery 4 no 
Axarpauxe pacqery 7no * 

AHarpaMxe 

1.0 . 
0,8 

0,5 
0,2 . 

1780 
1734 
1585 

1356 

1780 

HOT JiaUHUX 
1565 

1340 

272,5 
276,0 
268,0 
305,2 

273,7 
HOT JtfHHUX 

289,0 
306,0 

0,4 
— % 

0,3 

0,3 

1) Pv>s, atm abs; 2) Tv>s, in °abs; 

3) according to calculation; 4) ac¬ 
cording to diagram; 5) Pud, in 

kg'sec/kg; 6) according to calcula¬ 
tion; 7) according to diagram; 8) 
error in specific thrust, $. 

Figure 9 presents a curve constructed according to the results 

obtained in the calculations that were carried out.The dashed lines on 

the diagram refer to data from the entropy diagram. 

16. Calculation Accuracy 

Let us examine the calculation accuracy for the proposed method. 

We assume that certain methods of thermodynamic calculation for rocket 

engines are based on the preliminary determination of the composition 

of the products of combustion, and these methods are exact. The degree 

of calculation accuracy for the basic operating characteristics of the 

engine in an approximate method can be evaluated by a comparison of 

the values of these characteristics, during their determination, by an 

exact method and by the approximate method proposed in this book. 

It was indicated earlier that with respect to the approximate ex¬ 

pressions, established in this book, the heat content i° of undisso¬ 

ciated products of combustion can be calculated with an error not ex¬ 

ceeding 0.4$ of its magnitude, and in the absolute majority of cases 

under consideration, the error did not exceed 0.1 to 0.2$. The heat 

content i° makes up the basic fraction of the heat content of the dis- 
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sociated products of combustion. The parameter Ai - the increment in 

heat content for the products of combustion as a result of dissocia¬ 

tion - in all cases functions as a correction for the parameter i°, 

and it is greater to the extent that temperature is higher and pres¬ 

sure lower. 

In this work we have adopted a system for the construction of 

nomograms which eliminates great errors in the calculation of Ai, and 

we have reference here to: 

at a temperature below l800 to 1900° abs, for the products of 

combustion, the magnitude of the parameter Ai may be neglected because 

of its smallness; 

at a temperature ranging approximately between 1900 to 2400° abs, 

for the products of combustion. Ai is small in absolute magnitude and 

the possible error in its determination, therefore, will have virtually 

no effect on the calculation results; 

at a somewhat higher temperature for the products of combustion 

at the outlet section of the engine nozzle, a temperature approaching 

2600 to 2800° abs, the possible error in the determination of Ai is 

smallest, since the nomograms for the determination of the parameter 

Ai ^ in the given temperature zone "H" were constructed for a tem- 
H,v,f 0 

perature of 2800° abs; 

at a temperature of 3200 to 36OO0 abs, for the products of com¬ 

bustion within the combustion chamber of the engine, the error in the 

determination of Ai will be smallest, since the nomograms for the 

parameter Ai^ P were constructed in the temperature zone "B" for a 
B, V, I 

temperature of 3400° abs. 

It was established earlier that the interpolation formulas of the 

type (2.35) are approximate, and the method, recommended in this book, 

for calculation of the exponent nef is not rigorous (see Chapter 2, 
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Section j). 

It is for this reason that the calculation accuracy in the case 

of the operating characteristics of the engine increases if the thermo¬ 

dynamic calculation for the engine is carried out at a pressure of 

Pj^ s = atm abs for the products of combustion in the combustion 

chamber, and at pv.s = l atm abs for the products of combustion at the 

outlet section of the nozzle. Since the nomograms for the determina¬ 

tion of the parameters Aig v ^ and Aipj v were constructed for pre¬ 

cisely these values of pressure, this circumstance eliminates the need 

to interpolate for pressure and makes it possible to avoid the errors 

that are associated with this interpolation. 

The calculation accuracy in the case of the operating character¬ 

istics of the engine, as was demonstrated in the calculations that we 

carried out, remains completely satisfactory if the calculation is 

carried out at a pressure in excess of 20 atm abs for the products of 

combustion within the combustion chamber. 

Speaking of the calculation accuracy of the proposed method, we 

should stress the circumstance that the entire calculation, on the 

basis of which the approximate mathematical expressions have been es¬ 

tablished and on the basis of which the nomograms were constructed, 

were carried out by conventional methods in which we have taken into 

consideration the products of combustion for six dissociation reac¬ 

tions and the reactions of the oxidation of nitrogen. On the basis of 

the considerations referred to above, we need not anticipate any major 

errors in the final calculation results. A sufficiently large quantity 

of thermodynamic calculations, carried out according to the proposed 

method, makes it possible to assert that the maximum error in the de¬ 

termination of specific thrust, when calculated according to the pro¬ 

posed method, in the absolute majority of cases, does not exceed 1% of 
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its magnitude. The error in the determination of the temperature of 

the products of combustion is not greater than 40 to 50°. 

Such an error in technical calculations is completely permissible, 

all the more so since the law governing variations in the operating 

characteristics of the engine from the most important parameters (Xc, 

-½ a’ pk s' pv s^ 1,0111211118 completely intact. 

[LIST OF TRANSLITERATED SYMBOLS] 

Manu¬ 
script 
Page 
No. 

93 

93 

iker "^kerosin "^kerosene 

(xMflKOH) (zhidkoy) HgO (liquid) 
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Chapter 4 

CALCULATION OF THE CHEMICAL COMPOSITION OF 

THE PRODUCTS OF COMBUSTION AT HIGH TEMPERATURES 

As was pointed out earlier, we require no preliminary calculation 

of the chemical composition of the products of combustion in carrying 

out the thermodynamic calculations for rocket engines according to the 

method recommended in this book. However, in certain special cases, 

particularly in the design of the cooling system, as well as in carry¬ 

ing out particularly exact calculations of operating characteristics 

for engines, it becomes necessary to calculate the chemical composi¬ 

tion of the products of combustion. 

The present chapter presents an outline of the method used to 

calculate the composition of the products of combustion taking into 

consideration their dissociation. This method will make it possible to 

calculate the composition of the products of combustion for the pro¬ 

pellants in the pressure region ranging approximately from 0.5 to 100 

atm abs and at temperatures up to 3600° abs. The amount of work in¬ 

volved in the calculations according to the proposed method is several 

times less than would be required in calculations for the products of 

combustion on the basis of certain methods of successive approxima¬ 

tions. 

The essence of the proposed calculation method consists in the 

following: the system of equilibrium and material-balance equations 
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which is solved by a method of successive approximations with use of 

the nomograms presented in Figs. 21 to 42 of the Appendix. In deriving 

the calculation equation, no substitutions were undertaken nor were 

any of the existing relationships replaced; there may be a drop in the 

accuracy of the determination of the content in individual components 

in the products of combustion only as a result of errors occurring in 

work done with the above-mentioned nomograms. 

A feature of the proposed method is that we should assume the con¬ 

ventional pressure p^ of the undissociated products rather than the 

actual pressure £ of the products of combustion. The quantities p° and 

£ are interrelated in the following manner: 

p=p°+Ap, 

where Ap is the change in the pressure of the products of combustion 

as a result of dissociation in a constant volume. 

17. Derivation of Calculation Equations 

For the derivation of the calculation equation we will carry out 

a series of transformations of existing equations. We will derive an 

algebraic sum of the type 

(4.1) 

In a consideration of Eqs. (2.6) and (2.7), we will obtain 

Expression (4.2), in consideration of (2.8), may be written in 

the form -- — 

‘A'i +FH,-Po-Po - OÆ/’no - -0,5Xn. 

Denoting ^4=^1 +0,5Xn, . (4.3) 

we will obtain 

û-Pufi +Ph-Po,-Po - °'5/,n0 - 0,5/>n. (4.4) 
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Let us now derive the algebraic sum of the form 

4~Xc-|-X0+Xh+Xn_2/>. (4.5) 

Taking into consideration Eqs. (2.5)-(2.8), we will obtain 

~ Pco, 4* Pwfl m~Pa ““Po ~ Ps' ( 4.6 ) 

And, finally, we will derive the algebraic sum 

•^3=xc—x0—xN-f/>, (4.7) 

Substituting the values of the terms in the right-hand part in 

accordance with Eqs. (2.5)> (2.6), and (2.8), we will be able to write 

Aí^Pco+Ph.+Ph-Po-Pho-Ph,' ( 4.8) 

Let us introduce yet another parameter into the examination 

4=4+0(5Xn. (4.9) 

It is not difficult to prove that 

^5=>co+Pn, + Pn -Po,+0*5/>n - OfipH0. (4.10) 

From Expression (4.2) we will find the relationship between p 
H, 

and Pq: 

where 

Paß+Pn-Po-Äi+E, 
(4.11) 

^BXPo,'^Pko+^n, + Pn —Po,+0,5/7NO + 0,SpN + 0,5XN.. lla^ 

The subsequent derivations can be simplified if we introduce ar¬ 

bitrary equilibrium constants into the examination, said constants as¬ 

sociated with the basic constants in the following fashion: 

4 

V Pn,o P\\fi 

/Cn = -%_=-foíL 
p\\,o V Pn, y Kj — -i/t-' 

ypHfiVPo, 
If —IS* Po.Ph, 
Aij—Ajs»-j—., 

Ph,o 

Substituting into (4.11) the value of the parameter pH 0, denoted 

in terms of the equilibrium constant K^, we will find 
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where 

(4.12) Ai + E + pç 

n + 1 

„=îa»=A. 
Ph, Kt 

It follows from (4.8) that 

Pco — -f £—/»Hj —pH —fu. ( 4. 13 ) 

Substituting into (4.13) the value of p„ from (4.12), we will 
n2 

obtain 

Xç A3n -)- + £/i—;)o — (pH -t-pM)(i -). „) 
* + Kn l+n * (4.14) 

Let us break down the right-hand part of Eq. (4.14). The numeri¬ 

cal values of the parameters A1A'g, and A’^ cannot be determined 

prior to the calculation of the chemical composition of the products 

of combustion, since the quantity jd — the pressure of the dissociated 
" t 

products — is not known. 

However, we have every possibility of calculating the values of 

the parameters A^, Ag, and A?, determined by the following expres¬ 

sions: 

A = XC+X„-^;- . (4.15) 

^2*bXc + Xh + Xo+Xn—2/^5 (4.16) 

^3isaXc—x0—xN4.p°, (4.17) 

since in view of (2.18) 

Xc=*Xc; Xh=Xh; X0=XS; Xn = Xn. 

The pressure p° of the undissociated products of combustion we 

assume, as was pointed out above, to be known. Taking into considera¬ 

tion that 

//>=p-Ap, 

in the simultaneous examination of Expressions (4.1), (4.5), (4.7), 

(4.15), (4.16), and (4.17), we will obtain 

A't=Al — Ap; 
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Á2~A3-2ip', (4.19) 

A/?, (4.20) 

and subsequently ^i=i41-A/r+0,5XN=ií4~A^, (4.21) 

^=¿,+A/>+0,5Xn=A + a/>. (4.22) 

Taking into consideration the derived expressions, we will trans¬ 

form (4.14): 
Xc _ ^3« + ^3--»<> + «A/> + 2A^ + £n—f0 —(/>H+^w)(l+n) 

> + *« 1+» * (4.23) 

The numerical value of the parameter Ap, evidently, Is equal to 

the total pressure of the products of dissociation (at a < 1, these 

are 0^, OH, NO, 0, H, N) after the subtraction of the reduced pres¬ 

sure of the "basic" gases present in the undissociated products of 

combustion. The total pressure of the products of dissociation is 

+/^0 "tPo +/¾ +PN* 

The drop in the partial pressure in the "basic" products of com¬ 

bustion during dissociation may be found through a comparison of Ex¬ 

pressions (1.11)-(1.14) and (2.3)-(2.8). Thus to balance the chemical 

element - hydrogen - the following expressions are valid: 

X0h-2^iO+2/>»|; 

Xh=*2/>Hj0+ ^Ph'+Poh+Ph' 

In accordance with (2.18) 

Denoting 

Xh^Xh. 

^Pufl—Pbfl—PHfil 

^Ph, —PH,’ 

we will find that the total drop in the partial pressures of the water 

vapor and the biatomic hydrogen, as a result of dissociation, is equal 

to: 

^,0 +^,=0-5/½+ 0.W 
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Analogously, for the other chemical elements, we will obtain 

^00, +AAx>=0; 

^Pn, *“ 0»5,Pno+0*'Vn* 

Then, by definition 

bP — Pn.x — {^Pttfi + + bpCQt + A/>c0 + A^n ) # 

or finally 

A^=0,5(/?h-{-/>Oh "ffN+^No^ ^rPo^Po- , ^ 23a) 

Taking into consideration Formulas (4.23a) and (4.11a), we will 

obtain 
\ _'c__ 

1 + Art 

¿4« + i43 - A, + (o.5/>OH + ~ pQH - 0,5/>h)n + (l+«) (y>N0 + PQ+1Pot) 

\+n (4.24) 

Here 

As =• 2XC—Xq 0,5Xh, 

Aj a 2Xg Xq, 
(4.25) 

(4.26) 

It also follows from a comparison of (4.25) against (4.26) that 

^5 — 0,5Xh. (4.27) 

We will denote 

ßi = 0,5/>oh + i_p0H _ o,5/^, 
n • (4.28) 
^i^Pno+Po+ZPo' 

(4.29) 

Equation (4.24) takes the following form, if we take into con¬ 

sideration (4.25)-(4.29): 

_ ¿4¿rt-f A5 — 0,5\'h + ßi« + ZMn 4 1) 
(4.30) 

__ An r A5 —0,5\'h + flirt + Bj(n -f 1) 
Kfi 1 + /1 

We will transform the expression for 

=* 0,5po„ + ~Poh - 0.5/¾=0,5^3 -^Sp+— 
^ Vph, n YpHi 

-0,5^ VpH~ VK, 1(0.5« -f 1) ^-0,5/(4]. ( 4.31 ) 

We will express ln terms of the ratio n = pH 0/pH . 

At one time, we obtained the following expression for p^ : 
h2 
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pn ~^ + E+pn- bp + E + pn 

1 + » 1 + /1 ' (4.12) 

Examining (4.12), (4.23a), and (4.11a) jointly, we will find 

or 

since 

and further 

where 

'h, 

'h. 

_ ^4 —0.5(/>qh +^,) 

1 + n 

_ —0,5 (^s'* + ^4) 

/1 + 1 

PoH^Kt 
Ph,o 

Vk, 
» Pn=K<VPnt, 

-b' JrV f'-Wc' 
2a' t 

^=0,5(/^+/0: 

a' = rt + l; 

c'=-^. 

(4.32) 

Thus parameter is a function of temperature, of the elementary 

composition of the propellant, and of the ratio n = pH q/Pu . 

Now let us examine parameter 

We know that 

Si—Pso+Po+2p0r 

PNo—^uflVpNi; 

Po—Kfl; 

Po~KXin\ 

We will determine pM under conditions of dissociation: 
n2 

Pv,—0,5Xn—0,5/r10n 

The quantity p^ of this equation can be found by solving the 

equation for . However, in actual practice, all cases of calcula¬ 

tion can be simplified by effecting the following substitution in the 

right-hand part of the equation: 



Thus, 

Pu, ~ 0,5/n - 0,5 (Ki0n + Kt) /0,5XN 

Finally, for B2, we obtain 

+*,+*;,»)/!. (4.33) 

We will rewrite Eq. (4.30) in the following form: 

XC _ (i4s + + g2) n + - 0,5.Vh + Bj 
\+Kn 1 + n 

Solving (4.30) for n, we will obtain a quadratic equation of the 

type 

where 

a»*-f to*+c=0, 

0=^(^6 + 
= + 5, + B2)+-0,5XH+BJ - Xc; 

f ■■ —0,5XH + Z?2) — Xc. 

(4.34) 

(4.35) 

If we assume that = = 0, Eq. (4.34) can be transformed into 

a conventional quadratic equation for n0 = q/p® for the undisso¬ 

ciated products of combustion at the same temperature. 

In the case of dissociated products of combustion, the parameters 

Bj and are not equal to zero. As can be seen from (4.31), the 

parameter B1 is a function of temperature, and of the ratios n and A^. 

Since 

A4= A, + 0,5 XN = Xc + XH-jfi+0,5Xn = Xc + XH - Xc - 0,5X„ - 

—0,5Xn -f 0,5XN =»0,5XH, 

in the final calculation B-^ will be a function of temperature, n, and 

Xjj. The parameter B^ depends upon temperature, n, and X^. 

l8. Method for the Calculation of the Chemical Composition of the 
Products of Combustion 

Let us maintain that it is necessary to calculate the chemical 

composition of the dissociated products of combustion for a given ele¬ 

mentary chemical composition of the propellants and a temperature T. 

Let us examine the course of the solution for this problem when using 
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the proposed calculation method. 

We know that a calculation of the partial pressures of individual 

components of the products of combustion is quite simple if we know 

the partial pressure of one of the components or the ratio of any two 

components, such as, for example n = Pjj q/^ • 

In calculations employing the proposed method, the primary goal 

is to seek out the magnitude of n. The calculation of the parameter n 

is carried out by the method of successive approximations on the basis 

of the method discussed below. Having assumed certain values for n^ 

(in the first approximation), we determine parameters B1 and B2 and, 

solving Eq. (4.34), we will find the value of n^. The true magnitude 

of n will be found between n^ and n2, and here, as has been demon¬ 

strated in calculation practice, the magnitude of n is found closer to 

n^. For this reason, in the second approximation, it is expedient to 

assume a value of n^, determined by the following formula: 

/t3=y »,(4*36) 

Once we have the value of n^ we again determine the parameters B^ 

and B2, and as a result of solving Eq. (4.34), we find the quantity n¿^, 

which is then compared against n,. 

The calculation is continued until the value of the parameter n, 

selected for the calculation, coincides with the value of this param¬ 

eter, as derived in accordance with Eq. (4.34), or until we obtain 

values that are close to one another. Generally, the problem is re¬ 

solved after two or three attempts. The found value of n is then used 

for the determination of the partial pressures of the components of 

the products of combustion. 

Which magnitude of n-^ should we take first? 

For an approximate determination of n-^ we should assume B^^ = B2 = 

- 129 - 



= 0 and according to Eq. (4.34) to determine n0 - the ratio of the 

partial pressures of the same gases, in the absence of dissociation. 

We know that as a result of dissociation the partial pressure of water 

vapor diminishes, and the partial pressure of biatomic hydrogen in¬ 

creases. Thus in all cases, n < nQ. To reduce the number of attempts, 

an initial value of n^ that is somewhat lower than nQ should be se¬ 

lected. 

As yet nothing has been said as to the manner in which we should 

calculate the quantities and B^. The determination of these quan¬ 

tities on the basis of Eqs. (4.31) and (4.33) is not desirable. This 

operation can be avoided by calculating B-^ and beforehand for a 

series of temperatures, and by constructing the corresponding nomo¬ 

grams. For B-^ and B^ two types of nomograms have been constructed: 

for the region of sufficiently high pressures and temperatures: 

p = 3-100 atm abs, T = 2600-3600° abs 

(see Figs. 21-32 of the Appendix); 

for the region of relatively low pressures and temperatures: 

P = 0.5-3 atm abs, T = 2000-2800° abs, 

(see Figs. 33-42 of the Appendix). 

The nomograms shown in Figs. 21-32 of the Appendix are intended 

primarily for the determination of the chemical composition of the 

dissociated products of combustion within the combustion chamber of a 

liquid-fuel rocket engine. The nomograms shown in Figs. 33-42 of the 

Appendix make it possible to determine the chemical composition of 

the products of combustion at the outlet section of the nozzle. A suf¬ 

ficiently wide range of variation in the quantity n makes it possible 

to employ these nomograms, in practice, at all values for the coeffi¬ 

cient of excess oxygen a of interest to us. 

Having determined the ratio n = pH q/ph , it is easy to calculate 
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the chemical composition of the products of combustion according to 

the known relationships 

b'=0,5(/(41+1(4)] 

a'=/t + l; c'= — 0.5Xh; 

VPH, 2*' ’ 

PH,0~nPH,t POH—^T—^V 
YPU, 

Ph=*K*Vph;> Po^Kji] Vp^,”**] 

Pc° J + f(n • Peo, “ Xc —Peo] 

Vp;~ -0,25/rion -1-/(0,25/C10«)*+0.5Xn; 

Pno= Ki4tVp¡¡t] Pk^KíVpÜ' 

Pn,=0,5Xn — 0,5 (/»K0 +ps). 

If it becomes necessary repeatedly to undertake any special cal¬ 

culations in the region of change for the parameters n, X^, Xjj, and T, 

said region not encompassed by the nomograms that have been constructed, 

these can easily be constructed in accordance with the known Relation¬ 

ships (4.31) and (4.33). When the number of special calculations is 

small and the construction of additional nomograms pointless, we can 

carry out calculations without nomograms, using Eqs. (4.31) and (4.33) 

for the determination of the parameters and 

The principle involved in the calculation of the chemical compo¬ 

sition of the products of combustion, the method proposed in this book, 

is maintained at any values for the equilibrium constants. However, 

nomograms have been constructed for specific values of the equilibrium 

constants, and these are presented in Table 2 of the Appendix. Since 

the equilibrium constants are refined with time, should it be neces¬ 

sary to determine and Bg at new values for these constants, new 

nomograms may be constructed or Eqs. (4.31) and (4.33) can be used di¬ 

rectly. 
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To calculate the heat content and the entropy of the products of 

combustion, we may make use of the tabular heat-content and entropy 

values for Individual gases — the products of dissociation - regard¬ 

less of the point which has been selected as the origin of the system 

for these parameters In the determination of their numerical values. 

In particular, Tables 1 and 3 of the Appendix may be used. 

The calculation of the chemical composition of the products of 

combustion Is simplest with those temperature values for which the 

nomograms shown In Figs. 21-42 of the Appendix were constructed. The 

chemical composition Is best determined for the intermediate tempera¬ 

ture values by the method of graphical interpolation for the known 

partial pressures of the components of the products of combustion at 

three or four adjacent temperatures. If desired, the calculation of 

the chemical composition of the products of combustion may be carried 

out at any selected temperature. For this, it is necessary beforehand to 

construct curves representing the equilibrium constants as functions 

of temperature and to determine the parameters B1 and directly from 

Eqs. (4.31) and (4.33) rather than according to the nomograms. 

To calculate the composition of the products of combustion and, 

first of all, to determine the values of the initial parameters Xp, 
V 

Xjj, Xjj, and Xq according to Formulas (l.lO), (1.13)-(1.17), and (2.18), 

it is necessary to assume the quantity p^ — the pressure of the prod¬ 

ucts of combustion in the absence of dissociation. The actual pressure 

£ of the dissociated products of combustion, whose composition is de¬ 

termined by calculation, exceeds p^ by Ap. 

Since the quantity Ap is a function of the temperature of the 

products of combustion, it is clear that with a constant p° the pres¬ 

sure jo of the dissociated products of combustion will take on various 

values at various temperatures. 
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In the design of rocket engines this method for the calculation 

of the products of combustion is inconvenient, since the composition 

of the products of combustion in rocket engines is determined at a 

given pressure £• 

In this case, the quantity Ap should be calculated in advance, 

and then the quantity p^, this quantity to correspond to the pressure 

In the temperature zone "B" (in excess of 2800° abs) to calculate 

the parameter Ap at given pressure and temperature for the dissociated 

products of combustion, we can use the equation 

(4.37) 

Equation (4.37) was derived through the joint consideration of 

Eqs. (2.43) and (2.34), wherein we took into consideration the circum¬ 

stance that in the general case £ is not equal to 40 atm abs. The 

parameters Aig v f, nef, and nig are determined, as before, in accord¬ 

ance with the nomograms and the formulas presented in Chapter 2 of the 

present book, with the value of a at which the calculation of the com¬ 

position of the products of combustion is carried out (the value of nig 

is independent of a). The numerical values of the parameters Xc = 

and Xg = x£j, by means of which we determine the values of Aig y f, nef>, 

and mB according to the nomograms and the formulas in Chapter 2, are 

found by Formulas (1.39) and (1.40) for the given propellant at one 

time and they are independent of the temperature T and the pressure jd 

of the dissociated products of combustion that were assumed for the 

purposes of the calculation. 

The parameter Ap is a function of the temperature and the pres¬ 

sure of the dissociated products of combustion and changes with a 

change in the pressure and the temperature, in accordance with Eq. (4.37). 
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If the magnitude of the pressure jd remains constant, and only tempera¬ 

ture changes, Ap will change in accordance with the change in tempera¬ 

ture. The sought pressure of the undissociated products of combustion 

(we will refer to this as p^) will change simultaneously with a change 

in Ap, since 

fi-P-LP- (4.38) 

In order for the pressure of the dissociated products of combus¬ 

tion to be equal to the selected pressure £, it is necessary for param¬ 

eters Xc and Xjj, used in the nomograms presented in Figs. 21-42 of the 

Appendix for the determination of and B^, to be calculated accord¬ 

ing to the following formulas: 

J.cr~fTv?A¿ (4.39) 

X„r=/r|.M„. (4.40) 

The values of the parameters Xq and X^ may be used for the de¬ 

termination of the parameters B^ and B^ from the nomograms only at the 

temperature T at which the calculation of the chemical composition of 

the products of combustion is carried out. If the calculations are 

carried out at another temperature for the products of combustion it 

is necessary to determine a new value of Ap according to Eq. (4.37) 

and to use this new value to find new values for p^, X^, , and Xj, . 

Experience has demonstrated, however, that for a variety of 

reasons the pressure of the dissociated products of combustion is not 

always obtained precisely equal to the given pressure £, but is some¬ 

what different, either one way or another. If the difference is small, 

we can, respectively, reduce or increase the partial pressures of all 

of the components of the products of combustion, assuming a linear law 

for the change in the partial pressures relative to the total pressure. 

In the case of a more or less substantial difference, the calculation 

should be repeated with corrected values of Xp and X^ (multiplied by 
*i|p 
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the ratio between the given pressure of the dissociated products of 

combustion and the obtained value for this pressure). 

At temperatures lying within the temperature zone "H" (below 

28OO abs), we use the following equation for the determination of the 

parameter Ap at a pressure jo: 

AO =-A. A/' /.1 YW 7--1400 \rn. 
forus-)'- (4.41) 

19. Examples of the Calculation of the Chemical Composition of the 
Dissociated Products of Combustion ~ - 

Below we present four examples of the calculation of chemical 

composition in accordance with the prope ^d method. The first two of 

these examples pertain to propellants consis'-ing primarily of hydrogen 

and containing no nitrogen. The two following calculation examples 

pertain to propellants consisting primarily of carbon and nitrogen. 

In Examples 1 and 3 we show the sequence employed in the calcula¬ 

tion of the chemical composition of the products of combustion at a 

given pressure p°. 

In Examples 2 and 4 we present the calculation of the chemical 

composition of the products of combustion at a given pressure p of 

dissociated products of combustion. 

Example 1. Calculate the composition of the products of combus¬ 

tion of a propellant characterized by the following parameters: Xp = 

= 14, Xjj = 52, X^j = 0, and a = 0.8945, at p^ = 40 atm abs and T = 

= 3000° abs. 

1. We will determine the ratio n0 = p£ q/p® (in the absence of 

dissociation). It is with this purpose in mind that we will carry out 

the following calculations: 

a) we will find the independent oxygen parameter: 

Xo=(2Xc+0,5XH)a; 

X0= (2-14 + 0,5-52) 0,894¾ 
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X0 = 48.34; 

b) we will determine the coefficient Ac: 
D 

Asss2Xc—X0 -f 0,5Xh; 

^=2-14 - 48,34 +0,5-5¾ 

i4,=5,66; 

c) we will use Formula (4.35) to establish the magnitude of the 

coefficients in the quadratic equation, assuming 

a=KAs; 

a =0,1445-5,66; 

a-0,8182; 

b~At+K(At—0,5Xh) _ Xc; 

5=5,66 + 0,1445 (5,66 - 0,5-52)-14; 

5--11,282; 

¢=(^-0,5XH)-XC; 

¢=(5,66-26)-14; 

¢=-34,34; 

d) we will find n0 

„ _ U ,282 + /117282» + 4 0,8182*34.84 
fin =  --* 

2-0,8182 * 

«0=16,35. 

2. Under given conditions we will determine the ratio n. 

a) in the first approximation we will select 

ni<«o=14. 

We will find B1 = 0.925 according to the nomogram presented in 

Fig. 27 of the Appendix. 

We will find = 1.02 according to the nomogram presented in 

Fig. 28 of the Appendix. 

We will use the formulas in (4.35) to determine the coefficients 

of the quadratic equation (4.34): 

a= 1,099; 5=-9,183: c=—33,32. 
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Having solved Eq. (4.34), we will find 

/12=11,09. 

The difference between the values of n^ and n2 turned out to be 

rather substantial; 

b) in the second approximation we will select n^, found accord¬ 

ing to Formula (4.36): 

/13= 11,09 + i. 14=12,07. 
3 3 

After rounding off, n^ = 12. 

We will find = O.858 according to the nomogram presented in 

Fig. 27 of the Appendix. 

We will find = O.76 according to the nomogram presented in 

Fig. 28 of the Appendix. 

We will find the coefficients of Eq. (4.34): 

a=l,051; b = —9,552; c=—33,58. 

We will solve Eq. (4.34), and we will find 

/»«=11,79; 

c) since the difference between the values of n^ and n^ is not 

great, the quantity n^ for the subsequent, third approximation need 

not be calculated according to Formula (4.36), but we may assume that 

n^ = n^. With minor rounding off, n^ = 11.80. 

According to the nomograms indicated above, we will find B1 = 

= O.85O and B2 = O.74. 

We will determine the coefficients of Eq. (4.34): 

a = 1,048; ¿>=-9,582; ¢=-33,60. 

Having solved Eq. (4.34), we obtain n^ = 11.84; 

d) for the true value of n, we assume 

Zt = --^- S3----80 ^ H.84 ,n<82> 

3. Solving the chain of equations presented in Section l8, we 
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will find the partial pressures of the components of the products of 

combustion under conditions of dissociation. The values of the equi¬ 

librium constants are taken from Table 2 of the Appendix. 

1 • 

noc.ieAOBaie.ib> 

HOCTb 

BbimiC.lCHHfl 

2 
3iia*iciiita 

napu iia.ib- 

HfclX A3B.1C- 

Hull raaoB 

ama 

3 
3iia<4ciiiiR 
napiuiaab- 

Hbix Aasjie* 
Huit raaoB 
npn paciere 
no toiHOMy 

netoay 
ama 

1 

nocacAosa- 

rejibiiocrb 

BhimcaeiiHii 

2 
3Haieiiini 

napiiHaab- 

iiMX .lanac- 

h h il raaoB 

ama 

3 
SiiaieHHii 
napiiHaab- 
HMx Aasae* 
1111ft rasos 

npii paciere 
no TomoMy 

MeroAy 
ama 

j/i f 
+*4> 

«' =n+l 
c' = — 0,5Xh 

V'H, 

Ph, 

Phfl 

POH 

Ph 

0,6766 

12,82 
-26 

1,397 

1,952 

23,09 

1,656 

0,235 

9 

1,960 

23,095 

1,6545 

0,2356 

'O 

VPv, 

Po, 

Pco 

Pco, 

0,0682 

0,579 

0,335 

5,170 

8,830 

0,068 

0,3331 

5,1801 

8,8199. 

4 HoAHoe 
Aasaenne 
npoAyKTOB 
cropaHHB 

41,336 41,3354 

l) Sequence of calculations; 2) values 
of the partial pressures of the gases, 
atm abs; 3) values of the partial 
pressures of the gases, in calculation 
according to the exact method, atm abs; 
4) total pressure of the products of 
combustion. 

The entire calculation in this and in the following examples is 

carried out by means of a 50-centimeter slide rule. For purposes of 

comparison, the right-hand column shows the partial pressures of the 

products of combustion for the same propellant, said partial pressures 

determined by an exact method involving the use of a computer. The 

calculation data produced by the two methods are so close to one an¬ 

other that the feasibility of using the proposed method in this case 

cannot be subject to any doubt. 

As can be seen from Example 1, the pressure of the products of 

combustion increased by 1.336 atm abs as a result of dissociation. If 
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? 

the calculation of the chemical composition had been carried out at 

some other temperature, the pressure increment for the products of 

combustion and the total pressure of the dissociated products of com¬ 

bustion would correspond to this new temperature and would deviate 

from the values presented in the Table. In the following example, we 

will demonstrate the sequence employed in the calculation of the chem¬ 

ical composition of the products of combustion at a given pressure jc 

for dissociated products of combustion. 

Example 2. Calculate the chemical composition of products of com¬ 

bustion for the same propellant as used in Example 1, at a pressure of 

p = 40 atm abs for the dissociated mixture of the products of combus¬ 

tion and at a temperature of T = 3000° abs. 

1. We will determine the pressure increment Ap for the products 

of combustion, due to dissociation, said increment corresponding to 

the pressure p = 40 atm abs of the dissociated products of combustion. 

With this purpose in mind: 

a) we will find the parameter f for a = 0.8945 by a method 

of graphical interpolation according to the data of the nomograms in 

Figs. 10 and 11 of the Appendix. In this case, we need not construct 

an auxiliary curve, since a = 0.8945 is quite close to a = 0.90. As¬ 

suming that Ai-r, f is a linear function of a in the sector ranging 

from a = 0.80 to a = 0.90, we will find its value at a = 0.8945 from 

the following relationship 

0,90 — 0,80 _ (A/,. V, ¢)0,90 — (M», ¢, ¢)0,00 

0,90 0,8945 (A/,, ¢)0,90 — (A/t, 9i ¢)04948 

For a = 0.90 we will find Aig v f = 596 according to the nomogram 

presented in Fig. 10 of the Appendix. 

For a = O.8O we will find AiH -= 412 according to the nomogram 
n, V, I 

presented in Fig. 11 of the Appendix. 
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Replacing the relationship written above with these values, we 

will find that at a = 0.8945, the parameter Aig v f = 586; 

b) we will find 2.95 according to the nomogram presented in 

Fig. 7 of the Appendix (the parameter nig is independent of the coeffi¬ 

cient of excess oxygen); 

c) we will determine Air, f for a = 0.8945 and we will use For- 

mula (2.4l) to find nef>. The method used for the determination of 

Alu p for the given a is similar to the method used for the deter- 
n, v,i 

mination of the parameter Aig v f (in the given example, nef. need not 

be determined, since the pressure p = 40 atm abs of the dissociated 

mixture is equal to the pressure at which the nomograms presented in 

Figs. 9 to 14 of the Appendix have been constructed, and there is no 

longer any need to Interpolate the magnitude of Ap for pressure); 

d) we will find Ap for a = 0.8945 according to Eq. (4.37)^ 

p .. //»..♦yw r-22oo y» 
P 130 40A , r>*( p ) ( TV* —2220/ ' 

In our case 

p = 40 atm abs; Aig v f = 586; pg = 40 atm abs; 

Tg f = 3400° abs; T = 3000° abs; nig = 2.95- 

Substituting the values of these parameters into Eq. (4.37), we 

will obtain 

Ap = I.362 atm abs. 

2. We will determine the pressure of the undissociated products 

of combustion: 

P°r=p-Lp; 

/#=40—1,362 = 38,638atm abs. 

3. We will find the independent parameters: 

Xcr=14-^- = 13,52; 

^=52^=00,23: 
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x07.= 48,34^=46,70, 

As=2-13,52 + 0,5 • 50,23 - 46,70 = 5,462. 

4. The problem Is then solved according to the procedure outlined 

In Example 1. In this case, the finding of the ratio n Is facilitated 

by the circumstance that we know the value of n. = 11.82 for the same 

propellant, at p = 41.336 (see Example l). Since here p = 40 atm abs, 

we may expect that the ratio of the partial pressure of the water 

vapor to the partial pressure of the biatomic hydrogen will be some¬ 

what less than 11.82. 

a) as the first approximation, we will take 

/11 = 11,50. 

For 0*5 Xj. = 25.12 we will find = 0.825 according to the 

nomogram presented in Fig. 27 of the Appendix. 

For 0.5 X^j = 0 we will find = O.7OO according to the nomo¬ 

gram presented in Fig. 28 of the Appendix. 

Using conventional formulas, we will determine the coefficients: 

a= 1,010; 6 = -9.273: ¢=-32,478. 

We will use Eq. (4.34) to find 

n2= 11,88. 

We will use Formula (4.36) to find n^ for the second approxima¬ 

tion: 

^=1-11.88+1.11,50: 

«3=11,72=« 11,70. 

According to the nomogram presented in Fig. 27 of the Appendix, 

we will determine 

ß,=0,832. 

According to the nomogram presented in Fig. 28 of the Appendix, 

we will find B2 = 0.730. 

- l4l - 



We will determine the coefficients: 

o=I,01; 6=-9,232; c=-32,448. 

Having solved Eq. (4.34), we will find 

«4=11,78; 

c) we will finally establish, according to Formula (4-.36), that 

78+j.ll,70; 

«=11,75. 

5. At n = 11.75 we will determine the partial pressures of the 

products of combustion at T = 3000° abs and at p = 40 atm abs. 

rioc.ieAOBare.ib- 

IIOCTb RUHIIC.1CHIIH 

1____ 

a,:=n+l 

f* - -0,5Xh 

/Ph, 

Ph, 

l'u,o 

PûH 

Ph 

3iiaMeiiHii naptiK- 
a.ikiibix AanaeiiHN 

raaoB b ama 

0,6731 
12,75 

-25,12 

1,378 

1,900 

22,32 

1,625 

0,232 

nocacAosareab- 

HOCTb BUMHCaeHHfl 

3iiaqeHHii iiapuH- 
aabiiux Aas.ieHHA 

rasoB b ama 

3AaB.icHiie ANcco- 
¡ IllilipoBaHHblX 

npoAyKTOB cro- 
1 paHHB 

39,996 

1) Calculation sequence; 2) values 
of the partial pressures of the 
gases, in atm abs; 3) pressure of 
the dissociated products of combus¬ 
tion. 

The results are so close to p = 40 atm abs, that it is absolutely 

unnecessary to undertake any recalculations of the partial pressures 

of the products of combustion to bring them into line with a pressure 

of 40 atm abs. 

Example 3* Calculate the composition of the products of combus¬ 

tion of a propellant characterized by the following parameters: = 

= 25, X^ = 8, and X^ = 22 at a = O.90I8, p° = 40 atm abs, and T = 
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= 3000° abs. 

1. We will determine the ratio n0 (in the absence of dissociation). 

With this purpose in mind, we will carry out the following se¬ 

quence of preliminary calculations: 

a) we will find the parameters 

Xo = (2Xc+0>5Xh)«; 

X0 = (2> 25-f 0,5-8) 0,9018; 

X0=48,69 
i4s=2XC — X0 -f 0,5Xh; 

¿» = 2-25-48,69+ 0,5-8; 

M5=.531 

b) we will determine the coefficients of the quadratic equation 

(4.3^), assuming that = Bg = 0, and we will find n0: 

a =0,1445-5^1; 

fl=0,7672; 

¿»=5^1+0,1445(5^1-4)-25; 
é=-19,501; 

c=(5^1-4)-25, 

f=-23,69; 

_ 19,501 + /( - 19,501)* <■ •> 0,7()72-23,ti«r 

0 2 0,7672 ’ 

«0=26,6 

2. Under given conditions, we will determine the ratio n: 

a) we will choose n^ = 20 in the first approximation. 

We will find B^ = 0.412 according to the nomogram presented in 

Pig. 27 of the Appendix. 

We will find B2 = 2.44 according to the nomogram presented in 

Pig. 28 of the Appendix. 

We will determine the coefficients of the equation: 

a=l,180; ¿>=—16,296; ¢=-21,25. 

We will find n2 = 15-02 according to Eq. (4.34); 

b) we will determine n^ according to Formula (4.36) in the second 
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approximation: 

«»«f 15,02+1.20; 

«3 »»16,67. 

We will round off to n^ = 17.0. 

We will find = O.382 according to the nomogram presented in 

Pig. 27 of the appendix. 

We will find B2 = I.83 according to the nomogram presented in 

Pig. 28 of the Appendix. 

We will determine the coefficients of the equation: 

a=lt087; 5=-17,024; ¢=-21,86. 

We will find n^ = I6.85; 

c) we will find n^ according to Formula (4.36) in the third ap¬ 

proximation 

«4=}-16,85 + 1.17; 

ns= 16,90. 

We will find B^ = O.38I according to the nomogram presented in 

Pig. 27 of the Appendix. 

We will find B^ = 1.82 according to the nomogram presented in 

Fig. 28 of the Appendix. 

We will determine the coefficients: 

a= 1,086; 5=-17,037; ¢=-21,87. 

According to Eq. (4.34), we will find 

/4=16,89. 

Finally, we select n = I6.89. 

At n = 16.89 we will find the partial pressures of the products 

of combustion. 
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riocjie.ioBa- 

TCJIbHOCTb 

numicjicHiifl 

1 

3iia'iciuia 
napuii- 
aahiihix 

.laB.iciiH.i 
raaoB 

Ä ama 
2 

3iia<ieiiHa nap- 
miaabiibix Aas- 
aeiiHfl rasos 

ipn pacMeie no 
TO'IHOMy MOTO 

3 ny b ama 

ft'=0,5 (ACyi-}- 
-+K4) 

c' = -0,5Xh 

V¿¡, 

Ph, 

Pttfi 

POH 

Ph 

Po 

/Po, 

0,931 

17,89 

-4 

0,4472 

0,20 

3,380 

0,7580 

0,0754 

0,0974 

0,828 

0,200 

3,384 

0,7577 

0,0754 

0,0976 

flocae^oBa- 

TCJIbHOCTb 

nunicaeiiiift 

1 

SiiaMeiiHB 
na pun- 
aabiiux 

AanaeiiBÍi 
raaoB 

„ ama 
12 

Siia'ieiiHii nap- 
UHaabMUx Aao- 

aeHHft rasos 
npH pacwere no 
TOUIOMy MCTO- 

ay b ama 

Po, 

Pco 

Pco, 

Vp*, 

Pno 

Ph 

Ps, 

0,685 

7,260 

17,740 

3,288 

0,3372 

0,0049 

10,829 

0,6868 

7,257 

17,743 

0,3388 

0,0049 

10,883 

^laBaeuxe 
AHCCOKH- 
lipOBailHUX 
npojyKTOB 
cropaHiia 

41,367 41,425 

l) Calculation sequence; 2) values 
of the partial pressures of gases, 
atm abs; 3) values of the partial 
pressures of gases, in calculations 
according to the exact method, in 
atm abs; 4) pressure of dissociated 
products of combustion. 

For purposes of comparison, the right-hand column shows the cal¬ 

culations of the chemical composition of the products of combustion 

from this propellant, said calculations carried out by the exact 

method. The results of the two methods in this example are virtually 

identical. 

Example 4. Calculate the chemical composition of the products of 

combustion for the same propellant as in Example 3* at a pressure p = 

= 40 atm abs for the dissociated products of combustion and at a tem¬ 

perature of T = 3000° abs. 

1. We will determine the pressure increment Ap which corresponds 

to a pressure of p = 40 atm abs for the dissociated products of com¬ 

bustion. 

a) We will find the parameter Ai^ „ for a = O.9OI8. 
.b, v,i 
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Since a = O.9018 is extremely close to a = O.90, the value of 

AiB,v,f ^01, a = °*90l8 will be found according to the following rela¬ 

tionship: 

0,95 — 0,90 ^ ¢)0,95 — (A/t, g, ^)o.go 

0,9018 — 0,90 (^/1, e, ¢)0,9018 "" (A/», », ¢)0,90 

Having determined the following quantities according to the nomo¬ 

grams presented in Pigs. 9 and 10, 

r. ¢)0,95^7555 

we will find 
». ¢)0.90-596, 

», ¢)0.9019^6025 

b) we will find mg according to the nomogram presented in Pig. 7 

of the Appendix 

W.-2.90; 

c) we will determine Ap according to Eq. (4.37): 

Ap== 1,488. 

2. We will find the pressure p¡j¡ of the undissociated products of 

combustion: 

/$-40—1,488; 

/$=38,512 atm abs. 

3- We will find the parameters 

Xcr=25^p=24,08; 

K«8~-2-7,705; 

XNr-22^-21,19; 

Xof=48,69 ^«46,90; 

^-2-24,084^-46,90 = 5,112. 

4. In 

but for p° 

Example 3 we obtained n = 16.89 for the 

= 4o atm abs. We can expect that in our 

same propellant, 

case the value of n 
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will be somewhat lower, since the total pressure of the products of 

combustion has diminished. 

a) We will select n1 = I6.8O. 

At 0.5 Xjj = 3-852 we will find B1 = 0.373 according to the nomo¬ 

gram presented in Pig. 27 of the Appendix. 

At 0.5 XN = IO.6O we will find = 1-78 according to the nomo¬ 

gram presented in Pig. 28 of the Appendix. 

We will determine the coefficients of the equation: 

a=l,051; 6 =—16,375; ¢=-21,04. 

Having solved Eq. (4.3^), we will obtain 

/12=16,77. 

Finally, we assume n = 16.78. 

5. At n = 16.78 we will determine the partial pressures of the 

products of combustion. 

rioC.lCTOBa- 

TC.lbHOCTb 

BblMlIC.ieHHli 

1 

Siia'ieiiiie 
iiapmi- 

a.ibiihix 
/lan.icHiiii 

raaos 
2ama 

3iia'ieiuie nap* 
luta.ibiiux 

WB.icimn raaoB 
noc.ie iicpecie- 
^ra h ama 

riocaejOBa- 

Te.lbllOCTb • 

BUMHcaeiiMA 

1 

3iiaHeHHC 
iiapuH- 
aabHux 

.laBXCHHH 
raaos 

2 ama 

SiianeNHe nap. 
KHaXbHUX 

jasaeBHfi rasos 
nocxe nepecMC- 
^ Ta b ama 

«*0,5 (^3/1 f 

+Ki) 
af =n f 1 

í' = -0,5.\h 

V'H, 

Ph, 

Phjo 

POH 

Ph 

Po 

• 

0,925 

17,78 

-3,852 

0,4392 

0,1930 

3,239 

0,7400 

0,0740 

0,0968 

0,822 

0,1936 

3,2500 

0,7420 

0,0742 

0,0973 

Po, 

Pco 

Pco, 

Vñ, 

Pao 

Ps 

Ps, 

0,676 

7,030 

17,050 

3,226 

0,3287 

0,0048 

10,428 

0,678 

7,052 

17,110 

0,3300 

0,0048 

10,475 

4üaB.ieHHe 
.THCCOKH* 
ItpOBaHHUX 
npoayKTOB 
cropaHHB 

39,8607 40,0000 

l) Calculation sequence; 2) value of 
the partial pressures of gases, atm 
abs; 3) value of the partial pres¬ 
sure of gases, after recalculation, 
in atm abs; 4) pressure of the dis¬ 
sociated products of combustion. 
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The pressure of the products of combustion was determined as 

equal 39.8607 atm abs. In view of the fact that the difference between 

40 and 39-8607 atm abs is extremely small, no subsequent calculation 

procedure is required. 

In this case, each of the partial pressures can be multiplied by 

the ratio 40/39.8607, assuming at the same time that the partial pres- 

sures of each of the components is a linear function of the total 

pressure of the products of combustion. The results of the recalcula¬ 

tion are presented in the right-hand column. 

20. Calculation of Heat Content of Fuel (Combustible). Oxidizer, and 
Propellant - -2- 

On the whole, the heat content of the fuel (combustible), oxi¬ 

dizer, and propellant must be presented within the same system as was 

adopted for the heat content of the products of combustion. 

We will denote by Qg and qQ the weight fractions of the fuel 

(combustible) and oxidizer in 1 kg of propellant, and by i and i , 
S 0 

respectively, their heat content in kcal/kg. 

In accordance with the additive law, the total heat content i, of 

1 kg of propellant is equal to: 

¿,—(1) 

The numerical values of the heat contents of the fuel (combustible) 

and oxidizer may be determined either through the heat of combustion 

Qgg of these materials or through the heat of formation of these 

materials, the values for which are determined from handbooks. 

We will demonstrate the method employed in the calculation of the 

heat content of matter with the heat of combustion Q known. By heat 
sg 

of combustion we refer to the quantity of heat generated on the com¬ 

plete combustion of organic compounds in oxygen. In this case it is 

assumed that the process takes place at identical pressure at the be- 
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ginning and end of the combustion, and the temperature of the products 

of combustion is equal to the temperature of the initial substance. 

The values for the heats of combustion of various substances are gen¬ 

erally cited in handbooks for temperatures of +20°C or values close to 

this (+18, +25°C). 

The quantity of heat generated during the combustion of the sub¬ 

stances under the conditions referred to above will be equal to the 

difference between the heat content of the fuel and the heat content 

of the products of combustion: 

whence 

Í = Qer "l* U,t *'°r 

Here i is the heat content of the substance at the same tempera¬ 

ture at which was determined the heat of combustion Qs ; is the 

heat of combustion of the substance (determined from handbooks); i 
p • s 

is the total heat content of the products of combustion; i^ is the 
u2 

heat content of oxygen. 

The heat-content values for individual components of the products 

of combustion, necessary for the calculation of i , as well as the 
p • s 

value of the heat content of oxygen (in ) is found from a table show- 
u2 

ing the heat contents of the products of combustion at the same tem¬ 

perature at which the heat of combustion Qsg was determined. 

Example 1. Determine the heat content of kerosene (conventional 

formula Cj 233H13 2^ a Siven heat of combustion = 11,000 kcal/kg 

= 1100 kcal/g-mole (per conventional gram-molecule of kerosene equal 

to 100 g) at 20°C (T = 293° abs). 

We will write the equation of the complete combustion of kerosene 

in oxygen: 

C7.233H.3.2 +10,5330, = 7,23300, + 6,6H,0. 
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According to Table 1 of the Appendix, for 20°C abs, we will find 

In = 2.03 kcal/g-mole; 
u2 

I^Q = 2.18 kcal/g-mole; 

Ir 0 = 2.31 kcal/g-mole. 

(water vapor) 

The heat content of water in the liquid state is determined ac¬ 

cording to the following formula: 

IH20 = IH20 + ^.sp^ 
(water vapor) 

where is the heat of vaporization, equal to 10.57 kcal/g-mole, 

for water at the given temperature. 

Consequently, the heat content of water 

/uj0 = 2,31 -10,57= -8,26 kcal/g-mole. 

The heat content of kerosene is determined according to Formula 

(3): 

/„„= 1100+7,233 -2,18 + 6,6 ( - 8,26) -10,533-2,03: 

^ker = 1039.9 kcal/g-mole = 10399 kcal/kg. 

We will demonstrate the method employed in the calculation of the 

heat content of various substances for a case in which the magnitude 

of the heat of formation Q0^r is known. The numerical value of Q0^r is 

a function of the state of the initial elements which go to make up 

the given substance. For the determinacy of the quantity Qobr these 

elements are regarded as existing in a certain standard state, i.e., 

in the state in which they occur most frequently in nature. We have 

assumed a state in the form of molecular gases H2, N2, and C>2 as the 

standard states for hydrogen, nitrogen, and oxygen. 

Carbon is assumed to be in the form of solid graphite. 

Handbooks present the values for the heats of formation of sub- 
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stances composed of elements existing In their standard state. We will 

determine the sign of the heat of formation on the basis of the fol¬ 

lowing considerations: If heat Is required for the formation of a 

given substance, QQbr is regarded as a negative quantity; If, however, 

the reaction resulting in the formation of substances whose elements 

are found in their standard state is accompanied by heat generation, 

Q0br assume<^ be a positive quantity. Since certain tables may 

present contradictory interpretations of the sign of the heat of forma¬ 

tion, it is necessary to establish whether heat is liberated or ab¬ 

sorbed during the reaction resulting in the formation of the substance, 

and this must be done prior to the determination of the heat content 

of the material; after this has been established, the appropriate posi¬ 

tive or negative sign should be applied to the parameter Q0^r« 

The heat content of a substance can be determined as the differ¬ 

ence between the heat content of the components of its chemical ele¬ 

ments and the heat of formation (selected with the appropriate sign): 

* ^ *'»—Qofc. (^0 

Here i is the heat content of the substance; i is the total heat con- 

tent of the chemical elements, in their standard state; is the 
^obr 

heat of formation, in kcal/g-mole (determined from handbooks). 

The heat content of the chemical elements oxygen, nitrogen, hydro¬ 

gen, and carbon in their standard state (T = 293° abs) in the adopted 

system for heat content are presented in the following table. 
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/I HaHMCHOBaHHC 
SJieMeHTOB 

* 2 TenjiocoAepwaHHe 

3 KKOA¡tmMOA 4 KKOAjKl 

Khcjiodoa (Oí) 
A30T (Nj) 
BoAOpOA (Hj) 
VraepoA (fUrpaÿHT) 

2.03 
2.03 

59,09 
94,23 

63,6 
72,5 

29300 
7884 

1) Designation of element; 2) 
heat content; 3) kcal/g-mole; 4) 
kcal/kg; 5) oxygen (Cy; 6) nit¬ 

rogen (N2); 7) hydrogen (H2); 8) 

carbon (ß-graphite). 

Example 2. Determine the heat content of nitric acid (HNO^) if we 

know its heat of formation 

^obr = kcal/g-mole. 

In accordance with Formula (4) 

=-59,09+1.2,03+2.2,03 - 41.66 = 

= - 8.O6 kcal/g-mole =- 128 kcal/kg. 

If the temperature of the fuel (combustible) or oxidizer is 

noticeably different from the temperature at which the parameters 

or %br were determined as they enter the combustion chamber of the 

engine, it is necessary to take this circumstance into consideration 

by reducing or increasing the heat content of the fuel (combustible) 

or oxidizer, respectively. Where they change in the aggregate state of 

the substance relative to the state for which the heat-content calcu¬ 

lation according to Formulas (3) or (4) is being carried out, it is 

necessary to take into consideration the heat of the transition from 

one state to another. 

The heat content of the propellant may also be determined accord¬ 

ing to the following formula 

! _4- W0 
T 1+v * 

(5) 
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Tables 4 and 5 of the Appendix present some of the physicochem¬ 

ical properties of the better-known oxidizers and fuels (combustibles). 
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APPENDIX 

TABLE 1 

Heat Content I of Gases, in kcal/g-mole 

2 r° a 6c. h2 02 N, CO NO OH C02 HjQ H O N 

0 

300 

400 

GOO 

800 

1000 

1200 

1400 

1600 

1800 

2000 

2200 

2400 

2GÛ0 

2800 

3000 

3200 

3400 

3600 

3800 

57.113 

59,149 

59,843 

61,241 

62,649 

64,077 

65,.540 

67,044 

68,584 

70,166 

71,785 

73,436 

75.113 

76,822 

78,555 

80,302 

82,061 

83,828 

85,606 

87,388 

0 

2,082 

2,792 

4,280 

5,854 

7,497 

9,185 

10,903 

12,654 

14,427 

16,220 

18,036 

19,876 

21,734 

23,610 

25,502 

27,416 

29,348 

31,299 

33,263 

0 

2,085 

2,781 

4,198 

5,667 

7,202 

8.793 

10,426 

12.090 

13,782 

15,500 

17,226 

18,966 

20,714 

22,475 

24,245 

26,023 

27,796 

29,576 

31,376 

66,760 

68,845 

69,543 

70.969 

72,459 

74,016 

75,628 

77,281 

78,963 

80,669 

82,397 

84,140 

85,891 

87,649 

89,417 

91,194 

92,975 

94,756 

96,536 

98,306 

21,400 

23,612 

24,326 

25,788 

27,321 

28,920 

30,569 

32,254 

33,967 

35,699 

37,447 

39,208 

40,980 

42,761 

44,549 

46,343 

48,142 

49,948 

51,800 

53,600 

34,444 

36,-563 

37,272 

38,684 

40,102 

41,548 

43,027 

44,564 

46,147 

47,759 

49,401 

51,068 

52,775 

54,4S>8 

56,240 

58,009 

59,799 

61,599 

63,409 

65.222 

0 

2.256 

3,197 

5,327 

7,696 

10,233 

12,886 

15,624 

18,424 

21,273 

24,159 

27,072 

30,014 

32,983 

35,967 

38,970 

41,987 

45,015 

48,056 

51,104 

0 

2,387 

3,233 

4,879 

6,662 

8,563 

10,583 

12,700 

14,918 

17,230 

19,622 

22,069 

24,566 

27,109 

29,686 

32,288 

34,910 

37,547 

40,197 

42,850 

/9,797 

81,286 

81,783 

82,776 

83,769 

84,762 

85,755 

86,748 

87,741 

88,734 

89,727 

90,720 

91,713 

92,706 

93,699 

94,692 

95,685 

96,677 

97,671 

96,664 

58,68 

60,170 

60,666 

61,659 

62,652 

63,645 

64,638 

65,631 

66,624 

67,617 

68,610 

69,603 

70,596 

71,589 

72,582 

73,575 

74,568 

75,560 

76,554 

77,547 

84,61 

86,100 

86,596 

87,589 

88,582 

89,575 

90,568 

91,561 

92,554 

93,547 

94,540 

95,533 

96,526 

97,519 

98,512 

99,505 

100,498 

101,490 

102,480 

103,470 

1) T° abs. 
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TABLE 2 

Constants of Chemical Equilibrium 

r aôc. 
K Pco,Ph, 

PcoPHfi 
Pco y p° „ Ph./po, PouYPhi 

Al » Pco, 
A 2*»-- 

Ph,0 
Ka- . 

Pttfi 

300 

400 

600 

800 

1000 

1200 

1400 

1600 

1800 

2000 

2200 

2400 

2600 

2800 

3000 

3200 

3400 

3600 

3800 

88520,0 

1469,0 

27,10 

4,074 

1,403 

0,7162 

0,4560 

0,3273 

0,2630 

0,2198 

0,1919 

0,1730 

0,1607 

0,1517 

0,1445 

0,1400 

0,1343 

0,1301 

0,1273 

0,000001 

0,000019 

0,000204 

0,001375 

0,006413 

0,02250 

0.06223 

0,1546 

0,3389 

0,6668 

1,208 

2,049 

3,282 

0,000006 

0,000054 

0,000392 

0,001231 

0,003891 

0,01 

0,02345 

,0,04898 

0,09333 

0,1622 

0,2666 

0,4179 

0,000006 

0,000065 

0,000398 

0,001820 

0,006457 

0,01820 

0,04571 

0,1003 

0,2065 

0,3793 

0,6362 

1.034 

TABLE 3 

K<-J* 
Vr°. 

K,—PJL 

V*. 
K,-_ 

VrH.Vro. 

0,000006 

0,000061 

0,000397 

0,001787 

0,006138 

0,01720 

0,04126 

0,08760 

0,1683 

0,2982 

0,4943 

0,777 

1,164 

0,000001 

0,000016 

0,000130 

0,000710 

0,002845 

0,009142 

0,02433 

0,05656 

0,1178 

0,2265 

0,3972 

0.6583 

1,032 

0,000007 

0,000038 

0,000158 

0,000525 

0,001497 

0,003759 

0,008433 

0,0170 

0,0265 I 

0,000006 

0,000089 

0,000541 

0,001968 

0,005188 

0,01099 

0,02018 

0.03319 

0,05012 

0,07080 

0,09572 

0,1239 

0,1560 

0,1901 

0,234 

0.280 

Entropy S of Gases, in kcal/g-mole-deg 

r aôc. Hj O, Nj CO NO OH C02 HjO H O N 

300 

400 

600 

800 

1000 

1200 

1400 

1600 

18C0 

2000 

2200 

2400 

2600 

2800 

3000 

3200 

3400 

3600 

3800 

10.648 

12,646 

15,480 

17,494 

19,100 

20,432 

21,580 

22,610 

23,55 

24,405 

25,170 

25,910 

26,600 

27,250 

27,850 

28,42 

28,96 

29,48 

29,98 

0 

2,060 

5,056 

7,320 

9,153 

10,680 

11,990 

13,190 

14,25 

15,173 

16,050 

16,87 

17,570 

18,27 

18,930 

19,55 

20,14 

20,70 

21,23 

0 

2,005 

4,873 

6,987 

8,699 

10,146 

11,403 

12,500 

13.516 

14,421 

15,241 

15,999 

16,699 

17,;'3 

17,964 

18,538 

19,078 

19,558 

20,043 

20,786 

22,795 

25,683 

27,825 

29,562 

31,029. 

32.310 

33,410 

34,430 

35,344 

36,140 

36,925 

37,650 

38.310 

38,909 

39,484 

40,024 

40,536 

41,02 

2,947 

4,996 

7,931 

10,131 

11,915 

13,421 

14,723 

15,870 

16,900 

17,830 

18,650 

19,433 

20.150 

20,813 

21,432 

22,012 

22,559 

23,076 

23,567 

9,106 

11,146 

13,990 

16,030 

17,648 

19,002 

20,192 

21,255 

22,21 

23,075 

23,870 

24,611 

25,300 

25,946 

26,556 

27.134 

27,679 

28,194 

28,685 

0 

2,694 

7,024 

10,410 

13,230 

15,655 

17,720 

19,590 

21,280 

22,810 

24,160 

25,457 

26,660 

27,764 

28,800 

29,773 

30,691 

31,561 

32,386 

0 

2,321 

5,713 

8,274 

10,391 

12,229 

13,870 

15,340 

16,710 

17,980 

19,160 

20,234 

21,240 

22,199 

23,100 

23,946 

24,745 

25,496 

26,21 

17,117 

18,564 

20,561 

21,988 

23,106 

24,005 

24,777 

25,440 

26,026 

26,553 

27,016 

27,451 

27.857 

28,225 

28,566 

28,886 

29,187 

29,470 

29,740 

13,718 

15,216 

17,355 

18,639 

19,932 

20,852 

21,611 

22,308 

22.912 

23,436 

23,921 

24,385 

24,759 

25,136 

25.491 

25,844 

26,144 

26,432 

26,706 

13.48 

15,31 

17.33 

18,773 

19.67 

20,42 

21,22 

21.91 

22.48 

22,99 

23,41 

23,89 

24,30 

24.68 

25,01 

25.33 

25,62 

25.91 

26,19 
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TABLE 4 

Physicochemical Properties of Certain Oxidizers 

V iche,mlcal.formulaj 3) molecular weight; 4) elementary 
composition, in kg/kg; 5) heat of formation Qobr, kcaí/g-molej 6) 

specific weight at 15°C; 7) tplavl in °C at 1 atm abs; 8) t in 

nitric acid; 10) nitrogen tetroxide; 11) tetra- 

watermethane; ^ liquid oxygen; 13) hydrogen peroxide; 14) liquid 
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TABLE 5 

Physicochemical Properties of Certain Fuels (Combustibles) 

V . 
F opnwee 

2 Xhmh- 
MecKan 

ÿopMyaa ° - 

^SjieMCHTapHbifi cocrae b ki¡ki 

Hr 

9 KepocHH rpaxTopHuft 

10 CnHpr BTMJIOBUtt 

11 CnHpT MCTNAOBUfi 

12 Ahimhh 

13 ♦yp^ypHiOBU# CnHpT 

14 TpHSTMjaXHH 

13 Kchbnjihh 

16 ÜHSTMjaHHH 

17 AMMCTHarMApaaHM 

18 rHapasHHrMipai 

19 THjipaaMH 

Ammnbk 20 

Or 

21 Cuccb 
yraeaoAopojioB 

CjHjOH 

CHjOH 

CfHjNH} 

C4H3OCH1OH 

(CjHjJjN 

(CHjJaCjHaNH, 

C«H„N 

(CHjJjNjH, 

(NH2)2H,0 

n2h4 

NH, 

Nr 

5TenaoTa 
ofipaaoBaHHB 

Qüßp 
KKUA 

Z-MOA 

Vaeab- 
Hbiä sec 

npH 
15° C 

46.04 

32,03 

93,08 

98,06 

101,07 

121,12 

73,14 

62,12 

50,06 

32,03 

17,03 

0,858 

0,522 

0,375 

0,774 

0,614 

0,712 

0,793 

0,657 

0,400 

0 

0 

0 

0,135 

0,131 

0,125 

0,076 

0,061 

0,149 

0,091 

0,152 

0.134 

0,122 

0,125 

0,177 

• ‘Kim 
B °C 
npx 

1 ama 

^OAtM 
b «C 
npx 

1 ama 

0,007 

0,347 

0.500 

0 

0,325 

0 

0 

0 

0 

0,318 

0 

0 

0 

0 

0 

0,150 

0 

0,139 

0,116 

0.191 

0,466 

0,560 

0,875 

0,823 

+66,36 

+57,02 

- 7,09 

+63,1 

+42,33 

+46,2 

+29,3 

-11,28 

+63,15 

-12,05 

+16,60 

0,79^-0.84 

0,789 

0,791 

1,022 

a* 

0,728 

0,98 

0,70 

0,83 

1,03 

1,01 

0,68 

-170 

78,3 

64,6 

184.4 

171 

89,5 

210 

56 

63 

118.5 

113.5 

-33 

-60 

-117,3 

-94,9 

-6.2 

-32 

-114,8 

-54 

-50 

-58 

-40 

-2 

-77 

l) Fuel (combustible); 2) chemical formula; 3) molecular weight: 
4) elementary composition, in kg/kg; 5) heat of formation Q u , 

kcal/g-mole; 6) specific weight at 15°C; 7) t^ in °C at 1 atm 

abs; 8) tplavl in °C at 1 atm abs; 9) tractor kerosene; 10) ethyl 

methyl alcohol; 12) aniline; 13) furfuryl alcohol; 
14) diethylamine; 15) xylidene; l6) diethylamine; 17) dimethyl- 
hydrazine; 18) hydrazine hydrate; I9) hydrazine; 20) ammonia; 21) 
hydrocarbon mixture. 
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Fig. 2 
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Fig. 6 
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Fig. 7 

Fig. 8 
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Fig. 13 

Fig. 14 
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Fig. 33 

-184- 
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Fig. 37 

I 
! 

-IS?- 



T 

<• 

I 

I 

n*1 2 3 <t 5 g 7 8 9 W V tt 13 18 

0 0.001 0.002 0,003 0,004 0,005 0,006 0,007 0.008 Bt 

Pig. 38 

-188- 



- 



"•1234 5 6 7 8 9 10 ft 12 13 14 15 

Fig. 40 

FTD-TT-62-271/I+2 
-ISO- 



T 

i 

< 

< 

£_S J S 9 10 

.'0.0003 'B,r 

Fig. 4l 

FTD-TT-62-271/1+2 
-191- 



Fig. 42. 

FTD-TT-62-271/1+2 
I92 



DISTRIBUTION LIST 

DEPARTMENT OF DEFENSE Nr. Copies 

HEADQUARTERS USAF 

APCIN-3D2 

OTHER AGENCIES 

CU 
NSA 
AID 
OTS 
AEC 
FWS 
POE 

RAND 
SPECTRUM 

1 
2 
2 
2 
2 
1 
1 
1 
1 

MAJOR AIR COMttlDS IF« OopiM 

AFSC 
SCFTR 
ARO 
A8TU 
TD-Blâ 
TD-Blb 
AEDC (AET) 
SSD (SSF) 
APOC (PCF) 
BSD (BSF) 
AFFTC (FTT) 
TD-B2 

O 

FTD-TT-62-271/1+2 193 
I 



UNCLASSIFIED 

UNCLASSIFIED 




